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-Abstract-
The molecular composition and localization of Dystrophin-

Associated Protein Complexes (DPCs) and g-sar coglycan in mammalian

brain.

Duchenne muscular dystrophies (DMD}pearirom mutations in the DMD
gene. In the brain, the DMD gene product, dystmoplocalizes at the post-synaptic
density (PSD) of inhibitory GABAergic neurons (Brgnet al, 2002). PSDs are
specialised cytoskeletal structures that undentid are attached to the post-synaptic
membrane. In PSDs of the brain, dystrophin is pad multi-protein complex, namely
the dystrophin-associated protein complex (DPC)nébwexclusively at GABAergic
synapses. Recent studies have identified a noterhatively spliced dystrophin product
in the brain, referred to as delta dystrophin, veho®lecular associations and functions
are unknown. In this thesis | have investigatedtivredelta dystrophin may form novel
DPC complexes at GABAergic synapses of the braasuRs suggest that in the brain,
delta dystrophins exhibit different regional andbailular distributions when compared
to classical dystrophins and do not co-localisenveity of the PSD markers or DPC
components tested. Rather, delta dystrophins faltylocalise with 33-tubulin, a
component of the microtubule (MT) cytoskeleton. Jdestudies suggest, that unlike
classical dystrophin, delta dystrophin is likely form novel delta DPC complexes
outside rather than within the GABAergic synapgsa] therefore may have a different
molecular composition and function compared to sitad dystrophin-containing DPC
complexes. Therefore, delta dystrophin co-locabsatvith the MT network may provide
a potential novel route by which cognitive pathglag DMD patients may be initiated.

g-sarcoglycan, is a well-established DPC componentsmooth muscle.
However, the present studies suggest that it mayaca component of classical and
delta dystrophin-containing DPC complexes at GARfersynapses and microtubule
structures, respectively. Its membrane localizatioggest€-sarcoglycan is likely to be
part of novel, yet unidentified complexes in thaibr However, attempts to raise high
affinity antisera that could be used to purify afdaracterizee-sarcoglycan complexes

were unsuccessful.
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1.1 The DPC complex in the Brain

1.1.1 Introduction and major aims

Duchenne Muscular DystrogBWD) is a recessive, fatal, X-linked
disorder discovered by French physician Duchenn®adogne (Duchennet al,
1860), whilst he was examining the motion and Veskdls of a seven year old boy
(reviewed by Blakest al, 2000). It was only by 1987 that Koengy al, through a
technique known as positional cloning approacHated and characterized the gene
responsible for DMD, and named it the DMD gene (#iget al, 1987; Koeniget al,
1988). The protein product of the DMD gene, namegstrdphin, was identified by
Hoffmanet al (1987). The name of the DMD gene product, whostatian gives rise
to DMD, was chosen to reflect the effects the nauseldergoes in DMD patients. In
brief, when a DMD muscle carries out a simple mosetnthe muscle tears and only
at the early stages of the disease can the muspharrthe damages caused. With
time, the muscle is no longer able to rescue al damage being continuously
created, degenerates and thus the disease stémtgetover. It is this muscle wasting
that suggested the DMD protein product to be nathedrophin, in latin, meaning
muscle wasting. Muscle dystrophin is a very largggin, precisely 427kDa.

DMD involves a complex paphysiology that is not easily explained
by the loss of the protein dystrophin, the primdeject in DMD (Wehling-Henricks
et al, 2009). This is because dystrophin (427kDa) in thescle is part of a
multiprotein complex called the Dystrophin Assoe@tProtein Complex (DPC),
which in turn binds to a series of additional pnade many of which have already
been identified, that together lead to DMD. Onelwstablished function of the DPC
complex is to maintain the integrity of the mustsue by linking the intracellular
parts of the cell to the exterior of neighborindix@nd the extracellular matrix. In
other words, when a healthy individual utilizes/hés own muscle, the muscle
remains intact, thanks to these functional intekihg mechanisms between
neighboring cells of the muscle tissue. A mutatainthe DMD gene disrupts the
dystrophin protein, which in turn breaks the lirkimechanism normally exhibited by

the DPC complex, thus generating DMD in the musdienever the muscle is being
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utilised. At birth, these boys appear clinicallyrmal, but the continuing muscle
tearing as a consequence of a mutated DMD geneaaeseneuromuscular wasting
which becomes clinically evident by the age of figes they grow older, the muscle
progressively weakens such that by the age of avitey are confined to a wheel
chair. It is the weakening and hence failure opdragm and cardiac muscles that
eventually leads to death of most patients by tbaity twenties (Bensoet al, 1996;
Blakeet al, 1999; reviewed in Blaket al, 2002).

The muscle is not the ootgan to be affected in these individuals,
the brain, the focus of this thesis, is also a#fdctCognitive defects were first
identified as a feature of the pathology of DMDLB68 (Duchennet al, 1868; Allen
et al, 1960, Marshet al, 1974). When numerous DMD individuals faced simple
language skills (IQ) tests, it became evident isllD boys have 1Qs that are about
one standard deviation below normal, and more 8@ of DMD boys score in the
mentally retarded range (Karagenal, 1979; Emeryet al, 1993; Denget al, 2009),
encountering poor language skills as well as atbgnitive impairments (Lidoet al,
1996). There is now a sufficient body of evidenzestiow that cognitive impairment
in one third of these patients is a consequencthefmutation of the DMD gene
(reviewed in Blakeet al, 2002). The route by which mental impairments in DM
patients originates appears to have high simildotyhat in the muscle, as several
groups (Bruniggt al, 2002, Culligaret al, 2002) including our collaborators (Blake
al, 1999) have revealed the existence of DPC complexése brain, which are of
similar although not identical composition to thesole DPC complex. However, the
neurological aspects of DMD are still not well ursteod.

The DMD gene product inibravhich in this thesis | will refer to as
classical full-length dystrophin, is a 427kDa pnoetedJnlike the muscle, the brain
contains a variety of shorter classical dystropisimforms that arise from highly
regulated promoters located along the DMD genesdlshorter classical dystrophin
isoforms are also known to form additional DPC cteres in the brain (Blaket al,
1999), however, to date only DPC complexes comigirthe classical full-length
dystrophin have been identified at the synapsesafans (Blakest al, 1999; Culligan
et al, 2002; Blake et al 2009). Studies have shown thae facking the full-length

protein only, whilst shorter classical dystrophsnforms continue to be expressed in
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the brain, can lead to mental impairments that &gy similar to the brain
dysfunctions observed in DMD patients (Ketnal, 1992). This is a crucial finding as
it demonstrates that classical full-length dystiopplays a major role in the brain
abnormalities observed in DMD patients. On the daéthese studies, in this thesis |
present a new and potentially very important protdi is the alternatively spliced
form of classical full-length dystrophin proteinnamed this novel protein delta full-
length dystrophin. Very little is known about thotein, but given its high
homology to classical full-length dystrophin, ahe trucial importance classical full-
length dystrophin is known to have on the braire (section on the mdx mouse), |
determined (chapter 3 & 4) whether delta full-léndystrophin can replace classical
full-length dystrophin to form novel and yet unitiied delta DPC complexes in the
brain. This would help better understand the molecularadyies underlying DMD
brains, and increase our understanding on the milalecomplexity and functional

roles of DPCs in the rat brain.
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1.1.2 Molecular genetics of the DMD gene and encoded

proteins

| begin by describing thelewular genetics of the DMD gene (figure
1.1.2.1). The DMD gene is the largest gene founduman beings, it comprises of
nearly 0.1% (2.5 Mb of genomic DNA) of the entirengme (Koeniget al, 1987;
Andersonet al, 2002) and it is found within chromosome Xp21.2 ¢k et al, 1987;
Muntoni et al, 2003). This gene is very complex, and comprises8®fexons
including seven unique exons (figure 1.1.2.1) Iohki® the independent tissue-
specific promoters, generating at least threeléngth and four shorter dystrophin
isoforms (Muntoniet al, 2003; Sadoulet-Pucciet al, 1996). Three independently
regulated promoters (namely B, M and P) are fouitbimva 400kb genomic interval
(Mehleret al, 2000), these encode full-length dystrophin for aeigDp427m), brain
(Dp427b) and Purkinje cells (Dp427p) (reviewed iak@ et al, 2002; Muntoniet al,
2003). Each transcribed product consists of aueiist promoter, followed by a
common set of 78 exons that generate a 427kDaiproteduct (Torelliet al, 1999;
Spencest al, 2004). Four internal promoters independently isguhe expression of
shorter dystrophin proteins. The four shorter aystin isoforms each contain a
unique 5’-exon, but contain a C-terminal domairt teadentical to that of full-length
dystrophin. Each of these promoters (figure 1.}.2d9es a unique first exon that
splices into exons 30, 45, 56, and 63, respectivtelygenerate shorter dystrophin
products whose names are given based on their olaleaveight, i.e 260kDa
(Dp260), 140kDa (Dp140), 116kDa (Dp116) and 71kDpA1), respectively.

In addition to these isofs:; the dystrophin gene generates an even
greater number of isoforms by using an alterngioly(A)-addition site, localized in
intron 70 of the dystrophin gene, and also by a#Bve splicing that occurs at the 3'-
end of the dystrophin gene (Feeeeal, 1989; Kudolet al, 2005). This thesis strictly
focuses on two dystrophin isoforms only, the cledsiull-length dystrophin and the
delta full-length dystrophin (figure 1.1.2.2). Irther words, the DMD gene is
transcribed into pre-mRNA, and if the cell machyndecides to keep classical exon
78, a classical full-length dystrophin protein istained (figure 1.1.2.2A). On the
other hand, if the pre-mRNA of dystrophin undergaksrnative splicing of classical
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exon 78 (Cexon78) at the C-terminus, and replatdsyia longer and unique
sequence | name delta exon 78 (Dexon78) (figure22R), a delta full-length
dystrophin product is produced. This alternativéicspy is known as mutually
exclusive alternative splicing. That is, the twmes are never present together in the
dystrophin protein, if classical exon 78 is presdetta exon 78 is not, and vice versa.
Hence the two proteins can be easily distinguisirech one another using an

antibody that strictly targets one of the two exonky.
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Figure 1.1.2.1: Domain structure of classical full-length and shorter dystrophin
isoforms. The figure shows the domain structure of classiyatrophin isoforms.
There are 7 tissue-specific promoters along the Dj4be. The dystrophin proteins
are named according to their molecular weight, BeBp427 (427kDa protein),
Dp260, Dpl140, Dpll6, and Dp71. The promoters aferresl to as M-promoter
(Muscle), B-promoter (Brain), P-promoter (Purkinj®-promoter (Retinal), Brain-3
promoter (Brain & kidney), S-promoter (Schwann €elind G-promoter (General).
CH, calponin homology domain; H1 & H2, hinge regpnWW, tryptophan-
containing domain; EF, EF hand domain; Cys, cysteich region; ZZ, zinc finger

domain; CT, C-terminal domain. This figure is adapfrom Blakeet al (2000).
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Figure 1.1.2.2: Domain structure of classical and delta dystrophin.

The figure shows the domain structure of classical delta full-length dystrophin,

both have a similar molecular weight close to 42@kDhey comprise of an N-

terminal domain, a rod domain, WW domain, cysteiobk-domain (2 EF hands and 1
ZZ domain) and a C-terminal (CT) domain. An unknos@main region separates the
coiled-coil domain from the C-terminal site wheremative splicing can occur.

Cexon 78 and Dexon78, represented by the blue etidoox respectively, are the
exonic sequences that distinguish classical fulifle dystrophin from delta full-length

dystrophin. Delta full-length dystrophin arises vadternative splicing, whereas
classical full-length dystrophin is taken as a amtional isoform. In brackets is the
amino acid sequence of Cexon78 (blue) and Dexomé8),( respectively. Delta

dystrophin is 20 amino acids longer than classilyatrophin. This figure is adapted
from Blakeet al (2000).
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1.1.3 Localization and developmental expression of

dystrophins

As highlighted in the prdo® section, dystrophin in the brain exists as
various isoforms of differing molecular weightsv8e separate promoters at the DMD
gene locus code for alternate transcripts thatb#xhiervous system developmental,
regional and cell type specificity (figure 1.1.2.There are three separate full-length
dystrophin transcripts whose protein products asgricted to distinct sites. Dp427m
(muscle dystrophin) is expressed predominantly keletal, cardiac, and smooth
muscles, and also at very low concentrations, iainbrastrocytes and vascular
endothelial cells (Mehleet al, 2000). Dp427b (brain dystrophin) is an isoform
expressed in the forebrain, precisely within higpapal and cortical neurons (Nudl
al, 1989; Mehleret al, 2000). Dp427p (Purkinje dystrophin) is expressediatal
cerebral cortex and in mature cerebellar Purkiejés and skeletal muscle (Tored
al, 1999; Mehleret al, 2000; Spencet al, 2004). Immunofluorescent studies on adult
mice have demonstrated that the dystrophin isofototalize within proximal
somadendritic regions, notably in cerebral cortbippocampus and cerebellum
(Goreckiet al, 1992; Lidovet al, 1993). According to immunoblotting studies, oriigt
full-length dystrophin isoform localizes in neurdisdov et al, 1990; Kimet al, 1993;
Blake et al, 1999), whereas the shorter isoforms localize lial gells (Blakeet al,
1999).

The brain contains addidibshorter dystrophin transcripts whose cell,
tissue and developmental transcription are alshlfigontrolled.Dp260 is present in
the retina, precisely at the synapse between tgtimatoreceptor and on bipolar cells
(reviewed in Mehleret al, 2000). Dp140 is expressed in the brain and kidaey
various other parts of the CNS, such as the asitqgiocesses throughout the neuropil
during development, on leptomeningeal surfacesahoilg penetrating blood vessels,
ensheathing the olfactory nerve and in the neuroplypsis (Lidovet al, 1990; Lidov
et al, 1995; Lidovet al, 1996). Dp116 is expressed in the late human betah and in
the postnatal diencephalon (caudate/putamen). Dp$l@lso expressed in the
peripheral nerve. Dp71 is ubiquitously expressethebrain (Lederfeiret al, 1992;
Austin et al, 1995). Dp71 is found in early embryonic stem cells areas of

24



mesenchymal-epithelial interactions, in embryonidbrain and hindbrain (reviewed
in Mehler et al, 2000). It is also present in perinatal brain elated with stages of
terminal neural differentiation, and preferentialtyearly embryonic forebrain. Dp71
expression continues from embryonic stages untiltdifie, specifically in the cerebral
cortex, granule neurons of the dentate gyrus of Hipgpocampus, olfactory bulb,
pituitary and retina (reviewed in Mehleat al, 2000). Dp71 is also present in
neocortical regions associated with continuing agenesis and synaptic plasticity
(reviewed in Mehleet al, 2000). At a subcellular level, Dp71 transcripts present in
association with synaptic vesicles, microsomesraitdchondria (reviewed in Mehler
et al, 2000).

Dystrophins play importambles in brain neural development.
Truncated dystrophin isoforms are known to be presethe developing neural tube
prior to the onset of neurogenesis and the staregional patterning (reviewed in
Mehler et al, 2000). They are also located in selected areaheofembryonic and
postnatal neuraxis, suggesting dystrophin isoformay be involved in the regulation
of neurogenesis, neuronal migration and cellulfietintiation during development
(reviewed in Mehleret al, 2000). Separate studies suggest full-length dgktrois
only detectable at week 12 of gestation, reacheakmt week 15 and then remaining
stable, thus full-length dystrophin is most prolyablolved in stabilization of specific
neuronal structures, rather than participationearonal network formation (Spenee
al, 2004). Thus existing synaptic connections are taaiad and excessive remodeling
prevented (Bruniget al, 2002; Fritchyet al, 2003). However, there is still no clear
understanding on the function of dystrophin durid®yelopment. Furthermore, given
that the brain contains classical and well as déjistrophin isoforms, it would be
interesting to separately investigate their lo@lan and expression time points during
brain neural development, such that their involveimia brain development can be

studied and compared in more detail.

Once all the neural netvgodee formed and have reached a state of
maturity, classical full-length dystrophin, but sborter isoforms, is enriched in the
PSD fraction (Blaket al, 1999; Bruniget al, 2002). What is more, Brunig al (2002)
show classical dystrophin exclusively localizeshet PSD of inhibitory (GABAergic)

synapses in mature hippocampal neurons. Togettese tstudies suggest classical full-

25



length dystrophin modulates the functions of théibitory synapse apparatus.
Immunochemical analyses using adult mouse braifiroothe localization of classical
dystrophins at post-synaptic densities (PSDs) nbt m hippocampus, but also in the
cerebral cortex, cerebellum, and olfactory bulbthwhighest regional expression of
dystrophin being in the cerebellum (Kighal, 1992; Lidovet al, 1993). The PSD is a
proteinaceous structure found at the post-synapseewrons and is important for
receiving many signals from the presynaptic nemvaireg and converting them to the
appropriate responses in the postsynaptic neurarenGts localization at the PSD,
classical full-length dystrophin may be implicated modulating synaptic terminal
integrity, plasticity as well as cellular signategration. PSD localization of classical
full-length dystrophin at these brain regions at@gests that it is implicated in
cognitive functions, motor coordination, olfactanformation processing, and altered
synaptic plasticity, respectively (Kimt al, 1992). In fact, mutation of classical full-
length dystrophin in brain, whilst shorter claskidgstrophin isoforms continue to be
expressed, leads to mental impairments that ane siarilar to the brain dysfunction
observed in DMD patients (Kirat al, 1992). This clearly suggests that classical full-
length dystrophin exhibits a very important roletle brain. It is therefore one of the
foci of my thesis to compare the cellular and silblae distribution of classical full-
length dystrophin with a novel and potentially imjamt delta full-length dystrophin
(figure 1.1.2.2), to determine whether it too mawtcibute to the brain dysfunctions in
DMD patients.
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1.1.4 Structure of classical and delta dystrophin

Koenigt al (1988) carried out a number of structural stuchesl
sequence analyses that highlight five differenticgtrral domains (figure 1.1.2.1 &
1.1.2.2) present in the DMD gene product. Given thassical and delta exon 78 are
not included and do not interfere with these stmadtdomains, | confidently suggest
that these structural domains apply to both clasdidl-length dystrophin as well as
delta full-length dystrophin. The proteins contamN-terminal domain, a rod domain,
WW domain, ZZ-type domain and a coil-coiled C-teralidomain. At the N-terminus
of both dystrophin proteins there exist two calpohiomology domains (CH1 and
CH2) altogether encoding three actin-binding s{fBS1-3), thus allowing dystrophin
to associate with actin (Winder al, 1997; Norwoodet al, 2000). CH is a superfamily
of actin-binding domains found in both cytoskeledald signal transduction proteins,
which cross-link actin filaments into bundles aretworks. Pairs of CH domains are
also said to confer binding to microtubules antielical peptide motifs (Slept al,
2007, Sjoblomet al, 2008), however, this binding ability has yet ®ihvestigated in
dystrophin proteins. An unknown domain region safes the CH domain from the
rod domain, made of 23 spectrin-lilee-helical repeats. The rod domain (R1-23)
enables the protein to be flexible, such that hoar@ hetero-oligomeric parings can
take place. The two subdomains R1-3 and R4-19adaterwith lipids and F-actin,
while the distal sub-domain R20-23 does not exlahit interaction (Legardiniat al,
2009). R16 and 17 in classical full-length dystiopanchor nNOS to the membrane
(Lai et al, 2009). An unknown domain region separates the oydaih from the WW
domain, a short 32 amino acid sequence which fatda stable, triple stranded beta-
sheet. The name of the WW domain derives from tlesgnce of two signature
tryptophan (Trp,W) residues. The WW domain of dyshin binds to proteins with
proline rich domains (for example, the cytoplasmioline rich C-terminal domain,
XPPY motif, of 3-dystroglycan) (Einbonét al, 1996), and it is frequently associated
with other domains typical for proteins in signedrtsduction processes, suchyas
syntrophin (Culligaret al, 2002). An unknown domain separates the WW donraim f
the ZZ (zinc-binding)-type zinc domain. The ZZ domas able to bind two zinc
atoms, and contains finger-like protrusions thaken@ndem contacts with their target
molecule, thought to function in protein-proteiteiractions.
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The coding significance aéssical exon 78 and delta exon 78, for
classical and delta dystrophin proteins respegtjvisl not known. Both exons encode
two completely different sequences to one anothiguré 1.1.2.2). In chapter 3 & 4 |
have investigated the significance of these exbhave determined whether they are
homologous to any already established functionahalns recently published on the
database. What is more, | have tested whetherGiftesminal difference affected the
subcellular distribution and function of classib@al-length dystrophin when compared

to delta full-length dystrophin.
Shorter classical and dalistrophin isoforms are identical to the

classical and delta full-length dystrophin isoforrosit lack parts of the N-terminus

domain, as shown in figure 1.1.2.1.
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1.1.5 DM D gene mutations

The DMD gerf@s a high mutation rate, 1 x 1@enes per generation
(Amalfitanoet al, 1997), that occurs at a frequency of about 1,%0@ new born males
(Emery et al, 1993). Duchenne Muscular Dystrophy (DMD) and Bmckuscular
Dystrophy (BMD) are two disease phenotypes thajimaike by mutation of the DMD
gene. As a result, the brain and other organs féeetad. Approximately one third of
all new cases result from a spontaneous mutatianb{Baniet al, 1990; Andersoret
al, 2002; Nowaket al, 2004) of the DMD gene, these are mostly due ty wenall
deletions and point mutations that lead to preneastop codons (reviewed in Blake
al, 2002). Hundreds of independent mutations can beddreviewed in Blaket al,
2002) which include frame-shift (due to insertiomeletion or point mutations
(www.dmd.com). Spontaneous mutations seem to leathé expression of very
unstable protein products, which may explain they Y@wv amounts of the protein that
can be detected (reviewed in Bladtal, 2002).

Depending on the type of DMene mutation, a more severe (DMD)
or less severe (BMD) phenotype is obtained. Thet mm®mon type of mutation in the
DMD gene is an intragenic deletion. In fact theseoant for 65% of dystrophin
mutations, whose consequences can induce eitheDMP or the milder BMD
phenotype. Less frequent mutations are gene dtipisathat account for only 5-15%
of the cases of dystrophin mutations. There are‘ha@b spots’ where large deletions
often take place, and these are found to clustexams 45-53 (which remove part of
the dystrophin rod domain), and exons 2-20 (whaiave some or all of dystrophin
actin-binding domain, and part of its rod domairgusing the DMD phenotype
(reviewed in Blakeet al, 2002). Outside of these ‘hot spots’ however, theree been
only a few cases, whereby gross deletions do nfittekk normal open reading frame,
and smaller but functional truncated dystrophintgires are produced, leading to the
milder BMD form (reviewed in Blaket al, 2002; reviewed in Muntorst al, 2003).

The “reading frame hypotkésepresents 90% of DMD gene mutations

observed to date, and is commonly used both asagnadstic confirmation of

dystrophinopathies and for the differentiation d¥iD and BMD (reviewed in Muntoni
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et al, 2003). In DMD, deletion and duplications have bebéserved which disrupt the
reading frame (frame-shift, also known as out affe), resulting in unstable RNA that
eventually leads to the production of nearly uncketele concentrations of truncated
proteins, hence leading to the more severe dysgropmed DMD (reviewed in Muntoni
et al, 2003). In BMD, mutations have been observed whetintain the reading frame
(in-frame), generally resulting in abnormal but tharfunctional dystrophin, hence
leading to the less severe dystrophy named BMDigvead in Muntoniet al, 2003).
There is no relation between the size of the d®etind the resultant clinical disease, as
shown in a BMD patient that possessed a largeideléhat involve nearly 50% of the
gene (Englandtt al, 1990). On the contrary, deletion of exon 44 omas found in a
patient with DMD. Generally, the outcome on thees#y of the disease is manifested
by the in-frame or out-of-frame nature of the migtatrather than the size of the deletion
(reviewed in Muntongt al, 2003). When studying the effects that mutationseehan the
dystrophin protein, Legardinieet al (2009) and Singhet al (2010) showed that
mutations alter the stability and folding processkthe protein, leading to a decrease in
the net functional dystrophin concentration. Thesechanisms shed light as to how

mutations trigger muscular dystrophy.

There are exceptions t@‘thading frame hypothesis”, however, where
frame-shift mutations yield a BMD phenotype rathban the expected DMD
phenotype (reviewed in Muntosi al, 2003). These mutations can either be a result of
deletions or duplications in the 5’ end of the DIgéne (exons 3-7; 5-7; 3-6) or further
downstream (exons 51, 49-50, 47-52, 44 or 45)h#ésé children have no family
history of such a disease, diagnosis of the sevefitthe disease with a purely
molecular genetic approach (for example, forwardegjes) may be difficult in these
patients. In fact, only some will develop DMD or BMreviewed in Muntongt al,
2003). It is not clear why, it may be down to tliiceency in exon skipping, creating
in-frame deletions which lead to the productionfunfictional dystrophin. Therefore,
the best method to diagnose whether the diseasssedy develops or not, would be
to carry out a muscle biopsy in this patient inevrtb verify whether dystrophin is
produced or not. Only at this point can the seyeodt the disease be predicted
(reviewed in Muntoniet al, 2003). Exon skipping events, whereby the cellular
machinery is encouraged to “skip over” specific rexaare limited to a few fibers and

are routinely found in the dystrophin deficient mdice and in about 50% of children
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with DMD. The induction of exon skipping (by usirsgnall pieces of DNA called
antisense oligonucleotides (AO) in order to maskdkon that needs to be skipped) is
currently being investigated for gene therapy byesal researchers, in the hope that it
will provide a possible therapeutic strategy in tiweure for patients with DMD
(reviewed in Muntonét al, 2003; Wiltonet al, 2008).

A second exception to “tteading frame hypothesis” involves the
diagnosis of in-frame mutations that yield DMD eatlthan then the expected BMD
phenotype. Normally the disease phenotype is kklate the ability to produce
dystrophin. But this is not always the case. Thaeeexceptions whereby the disease
phenotype is dictated by the location of the matatlong the gene. For instance, in-
frame deletions of the rod domain generally seeratese BMD, as long as the amino
and carboxy-termini of dystrophin are maintained.t@e other hand, when the 5’ ABS
domain has an in-frame deletion of say, exons 3#ii8, is usually associated with
DMD. Disruption of the ABS domain, severely affette ability of the dystrophin
protein to link the cytoskeleton of the cell witleighboring cells, via the DPC
complex. Thus it would resemble a situation wheyedystrophin protein is expressed
(reviewed in Muntonét al, 2003).

As highlighted earlier, theain and the muscle exhibit differences in
the severity of the disease. One of the causesigsta the different physiological
stresses they are faced with. Secondly, the diftes® between the brain and the
muscle is further accentuated by the location ef iutation along the gene. In the
muscle, mutations at the 5’-end of the dystrophotgin disrupt the ABS domain of
full-length dystrophin, the only dystrophin expredsn the muscle, thus blocking the
intercellular linkage of neighboring cells leaditqymuscle wasting. The situation in
the brain is completely the opposite. In fact, rtiates in the 5’-end of the dystrophin
protein reduce the severity of the mental impairmerbrain (reviewed in Muntoret
al, 2003). This is because mutations found at then8-enly affect the full-length
dystrophin isoforms, but the brain also containgrign dystrophin isoforms that lack
the exon containing the mutation of full-length @gphin, hence leaving intact the
transcription and function of all remaining shorigoforms, and hence the DPC-like
complexes they are found in brain are able to foncs normal. Consistent with this,

DMD patients that possess 5 mutations have beagndised with just a mild form of
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cognitive impairment. On the other hand, DMD pasefound to have mutations in
proximity to the 3’-end of dystrophin gene, causedisruption of all classical
dystrophin isoforms in the brain, and as a consecgieghese DMD patients have been
diagnosed with more severe cognitive impairmentiéseed in Muntoniet al, 2003).
The availability of a greater number of dystropisoforms in the brain may partly
explain why the mental disorders in DMD patients lass severe than the outcomes in

the muscle.

DMD patients display a rangf cognitive deficits including memory
impairments, and these have been attributed tokadbdystrophin in brain structures
involved in cognitive functions, such as the hippopus and neocortex (Andersen
al, 2002). Classical dystrophin is a major candidattégin considered to participate in
cognitive deficits of DMD, but with the discoveryf several shorter C-terminal
isoforms of the full-length protein, the complexdf studies directed at understanding
the molecular and cellular bases of the cognitmeairment in brains of DMD has
increased in complexity. It is believed that thesaxre of classical full-length
(427kDa) brain dystrophin affects cognitive funatito a variable extent, although
most patients exhibit some degree of memory dsfi@itinton et al, 2000), whereas
mutations also affecting the shorter forms of dysiin lead to more severe cerebral
dysfunction (Moizardet al, 1998). However, the nature, magnitude and bicklgi
support of the cognitive deficits involving clasdidull-length dystrophin still remain
unclear, and it is still just partly addressed twdees in the dystrophin-deficient mouse
(see the subsequent section), a genetic model ob @@MmMonly named the mdx
mouse (Andersost al, 2002; Vaillendet al, 2002; Vaillendet al, 2004). This mouse
model shows that total deficiency of full-lengthstipphin alone, leads to abnormal
brain responses recorded via a humber of electsaplogical studies. It is important
to note that in the brain of mdx mice, all remagnghorter dystrophin isoforms remain
intact, as the mutation is not in the sequenceamoiny shorter dystrophin isoforms.
Hence the brain malfunctions in mdx mice is exedrd can therefore be attributed to
the full-length dystrophin alone, rather than thentated isoforms. In this thesis, I

therefore focus on full-length dystrophin proteimyo
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1.1.6 A naturally occurring mutation in mice to study the

function of dystrophin in brain: the mdx mouse

Studies on dystrophin CN$dtion have benefited from the mdx
mouse, a naturally occurring animal model for DMiatthas been available for over
20 years (Allamancet al, 2000). Mdx mice arise via a naturally occurringirp
mutation in exon 23 of the DMD gene that createpr@mature stop codon. The
pathological dystrophin transcripts lack the nornhaterminus and therefore are
unable to attach to the plasma membrane and aradezjin the cytoplasm, leading to
total deficiency of full-length dystrophin proteim muscle (Vainzokt al, 2008). This
total deficiency of full-length dystrophin proteis also observed in the brain of these
mdx mice (Muntoniet al, 1991). On the other hand, the brain contains tizdil
shorter dystrophin isoforms whose expression resnaitact in these mdx mice models
(Sicinski et al, 1989). At the early stages of life, mdx mice shaoevobvious muscle
weakness and their lifespan is not grossly redusglike human DMD, however
simple in vivo tests have confirmed that mdx mioceresemble DMD, but exhibit such
resemblance at later times relative to the lifensjpahumans DMD. The reasons for
these differences between humans and mice arenootrk The accessibility of the
mdx mice model has meant that more invasive bioatedrmeasurements have been
possible in order to study the function of dystropho screen for strategies to treat the
disease, and also to test the treatments on thiesg(Adlamandet al, 2000).

The major clinical issue DMD is the skeletal muscle pathology,
however there is now a sufficient body of datagpraciate that the brain functions of
these patients are impaired (Andersenal, 2002). Cognitive defects are non-
progressive in these brains (Emetyal, 1993), and have been linked to the absence of
classical full-length dystrophin that is otherwis@pressed in cerebral structures
involved in cognitive functions, such as the hipgpopus and neocortex (Lidat al,
1996). The functional importance of classical falgth dystrophin in the brain has
been reported in numerous studies in mdx mice.nitbe mutant shows morphological
alterations of pyramidal neurons (Sbricaglial, 1995), specific learning and memory
deficits (Muntoniet al, 1991, Vaillendet al, 1995; Vaillendet al, 1998), facilitated
synaptic plasticities (Vaillenet al, 2002), altered neuronal calcium homeostasis (Hopf
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et al, 1992), and enhanced sensitivity of CA1 hippocdmparons to hypoxia (Mehler
et al, 1992).

The mdx mouse is not thy omouse model created to represent DMD,
but it is the most commonly used mouse model tdysthe brain and muscle. Only
briefly, a number of mdx strains will be describ&tie md<®’ mouse model contains a
point mutation in the splice acceptor sequence nofom 42 that abolishes the
expression of Dp427 and Dp260 only, whilst the neimg shorter dystrophin isoforms
continue to be expressed (Bnal, 1996). The md¥%" mouse model contains a mutant
splice acceptor site in intron 65 that abolishesdkpression of all dystrophins (Sesay
et al, 1996; Imet al, 1996; Vaillendet al, 1998). The md¥X" mouse model contains a
point mutation in exon 53 that abolishes the exgpoesof Dp427, Dp260 and Dp140,
thus allowing only the expression of Dp116 and Dp&forms (Imet al, 1996). The
mdxX’®’ mouse model contains a 53bp deletion in exogditerating a premature stop-
codon that impedes the expression of Dp427, wthistremaining shorter dystrophin
isoforms continue to be expressed (&nal, 1996). The md¥X" mice have been
reported to display essentially the same muscleopagy as mdx mice, with additional
phenotypes observed (lehal, 1996).

Recently, and most impattigna DMD-null mouse model has been
produced via a 2.4Mb deletion of dystrophin geie @ntire DMD gene) through the
use of Cre-loxP recombination system (Kudahal, 2005). The DMD-null mouse
model is important as it is the only mouse modelemghthere is absolutely no
expression of the dystrophin protein or isoforms.cbntrast, a range of reversion
frequencies has been reported in the various m@insimouse models listed above
(Dankoet al, 1992). Given that the production of multiple dgghin isoforms through
alternative splicing or exon skipping is totallyegented in the DMD-null mouse, these
new mutants will provide an improved model systeon functional studies of
dystrophin and its isoforms. With this recombinatigystem, it is possible to
specifically inactivate the expression of specificforms in the brain, and study their
individual functions. Regardless the availabilifydifferent DMD mouse models, the
mdx alone remains the most widely used mouse mod&ludy the neurodegenerative
and muscle disease in DMD (Allamasgidal, 2000; Durbeegt al, 2002; Collinset al,

2003). This is because the phenotypic discrepanmedaeen all the mouse strains

34



currently available have not been explained cledusthermore, they all show similar
phenotype and little advantage over the originak mbdel (Allamandet al, 2000;
Durbeejet al, 2002; Collinset al, 2003).

Through the availability tfe mdx mouse brains, there is histological
evidence connecting cognitive impairment with theekl of classical full-length
dystrophin in the brain. First of all, the cell gaging of the mdx mouse is varied when
compared to control mice. For example, some mdibraave been found to have a
higher cell packing density than controls, wheredeer mdx brains contained a lower
cell density than controls (Andersah al, 2002). What is more, these brains often
exhibit neuronal loss, gliosis, neurofibrillary thes, Purkinje cell loss, dendritic
abnormalities, disordered architecture, astrocgtoand perinuclear vacuolation
(Andersonet al, 2002). The Red nucleus, a structure in the reirderior) midbrain
involved in motor coordination, revealed signifidgnlower cell counts in mdx
animals when compared to controls (Carredteal, 2001). Sbriccioliet al (1995)
demonstrated a reduced number of cortico-spinalomsuin the major motor pathway
of the cortico-spinal (CS) system when compared ctmtrols, suggesting an
involvement of the CNS in DMD (Sbricciodt al, 1995; Carrett&t al, 2001; Carretta
et al, 2003; Carrettat al, 2004; Venowet al, 2008). In analogy to mdx mice, in DMD
brains examined pathologically, there is evidenteisordered cortical architecture,
predominantly in frontotemporal regions, alteredino@al migration, and abnormal
neuronal orientation with attenuated terminal dgmdarborizations (Mehleret al,
2000). Variable decreased cortical excitation s a feature in patients with DMD
(Mehleret al, 2000).

Muntoret al (1991) was the first to report cognitive defieitthe mdx
mice following mass training in the water maze, aonticed a reduced memory of the
passive avoidance response in mdx mice when cochgareontrols. Vaillencet al
(1998) also found that following massed traininghe water maze, mdx mice are not
impaired in task acquisition, procedural memoryhaworal exploration of a novel
object, nor the encoding of a new experience ortdbam memory for objects (Sesay
et al, 1996, Vaillendet al. 1998). However, the consolidation or expressibfong-
term recognition memory and long-term spatial mgmeas impaired in mdx mice,
whilst their acquisition abilities remained unatit (Vaillendet al, 1995; Vaillendet
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al, 2004). The impairments described above are vieryas to the brain dysfunctions
observed in DMD patients (Kiret al, 1992).

To identify the cellular amanisms that may underlie the deficits in
DMD brains, a number of electrophysiological stedieave been carried out in the
brains of mdx mice. Although no single region o tirain is solely responsible for the
formulation or recall of memories, numerous obsiowng implicate the hippocampus
(Deng et al, 2009). For example, a human patient who receigeedilateral
hippocampectomy lost all ability to remember recewénts, although long-distant
memories and higher, abstract cognitive skills rieeth intact (Scovillest al, 1957).
Similarly, rodents with hippocampal lesions showpaimed memory (Morrist al,
1982). Together, these observations indicate tehippocampus may be a site in the
central nervous system in which functional defeetwult from the loss of full-length
dystrophin (Denget al, 2009), and is therefore used by electrophysistsdgio study

the altered functions of mdx brains.

Electrophysiological stuglieshow that although basal synaptic
transmission in mdx mice is similar to that obsdrue wild type (wt) (Vaillendet al,
2002), dystrophin deficiency in CA1 hippocampal nogs facilitates the induction of
short-term potentiation (STP) and depression (STéayly long-term potentiation
(LTP) and depression (LTD) of glutamatergic newosmission in mdx mice
(Vaillend et al, 1998; Vaillendet al, 1999; Vaillendet al, 2002; Vaillendet al, 2004;
Kuehet al, 2008).These forms o$ynaptic plasticity in CA1 hippocampal neurons are
known to be via the NMDA receptor of glutamatergymapses (Vaillenet al, 2002).
The enhanced NMDA receptor-mediated synaptic @li&gin mdx mice may be due to
a reduced GABAergic neurotransmission due to dgkirodeficiency (Vaillenckt al,
2002). In fact, Knuesel et al (1999) found cladsial-length dystrophin co-localizes
with GABAA receptors clusters at inhibitory synapses in vyide (wt) mice. The
author (Knuesett al, 1999) reports a 50% decrease in the number of &ARceptor
clusters in the hippocampus of mdx mice, which maaduce GABAergic
neurotransmission, thus increasing the capacitiNl/dDA receptor to be activated.
This is possible because Vailleadal (2002) showed that by application of a GABA
receptor antagonist bicuculline, both mdx and wpond with the same magnitude of

potentiation. Hence, the abnormal organization AB@& 5 receptor clusters is involved
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in facilitating synaptic activities, and may do dmy reducing GABAergic
neurotransmission (Vaillenet al, 2002; Vaillendet al, 2004; Kuehet al, 2008),
leading to the various facilitated forms of plagyiobserved in mdx mice. Vaillenet

al (2002) further showed that it is the reduced®Mgn block in NMDA receptors of
mdx that enhances the NMDA receptor mediated symafasticity in mdx mice. This
is becausevhen they reduced the Mlgion concentration in the bath, the facilitated
induction in mdx was blocked and became similawild type. All in all, the lack of
classical full-length dystrophin disrupts the GABReceptor cluster size, which may
reduce inhibitory neurotransmission. Thus, althotlylh mechanism is not known, it
may modulate the voltage-dependent block of NMDA&eptor by M§*, hence,
facilitating synaptic activities in mdx mice (Vahdet al, 2002).

The absence of dystrophayrhave important consequences in cellular
signal integration, in addition to the already stimembrane integrity, ion channel
physiology, and structural reorganization of thaagyse (Mehleet al, 2000). This too
may underlie some of the behavioural problems aghitive impairment reported in
DMD (Kueh et al, 2008). DMD and mdx exhibit an 80% loss of an eneynamed
nitric oxide synthase (NOS) because dystrophincaefcy leads to a secondary loss of
a specific form of NOS in muscle, named nNOS (neardOS) (Brenmaset al, 1995;
Changet al, 1996; Denget al, 2009). Interestingly, the concentration of nN@She
brain is not affected in mdx mice (Deegal, 2009). The consequences for a loss in
NOS activity are numerous. NOS activity produces, i the muscle-derived NO is
not only used by the muscle but it is also delidessewhere via the systemic
circulation for use by other organs, such as tlanbiThe brain produces its own NO
but also makes use of systemic NO, and NO is saibtmalize cell proliferation and
neuronal differentiation in the dendate gyrus (Dg&)Xhe hippocampus (Deng al,
2009). In fact, muscle-derived NO regulates adeltrogenesis in the brain and loss of
muscle nNOS has been shown to abnormally incregis@umber and cell density in
DG (Denget al, 2009). Therefore, loss of muscle-derived NO inxnmdice may
underlie the cognitive defects in the CNS of DMDtigats (Denget al, 2009).
Dystrophin is therefore important for preventing tbss of nNOS in muscle.

Through the availability ahdx, Wehding-Henrickset al (2009)

showed that there is a reduction in the glycolytietabolism and an increased
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fatigability in dystrophin muscle. They proposetth@ss of nNOS may underlie the
defects in glycolytic metabolism observed in mdxceniThis is because their studies
demonstrate that mdx mice containing nNOS transgdm@eglycolytic metabolism is
enhanced and the endurance of mdx mice increashdt W more, they demonstrate
that nNOS can modulate the glycolytic pathway brectly interacting with a rate-
limiting enzyme of the glycolytic pathway, namedopphofructokinase (PFK). They
also show that PFK activity is increased upon lgdio nNOS transgene. They
conclude that a loss of positive allosteric intéac between nNOS and PFK may
partly underlie the defects in glycolytic metabwlisobserved in mdx muscle.
Dystrophin is therefore somehow important in prangtsuch interaction between
NNOS and PFK.

The metabolic profile in mi easily distinguishable from wild type
(wt). In mdx brain, a number of metabolic processesaffected, and these inclygle
oxidation, the TCA cycle, phosphocreatine/ATP cyclgid metabolism and
osmoregulation (Griffinet al, 2001). Mdx mice have also been shown to be more
sensitive to brief periods of severe hypoxia coragdo wt, as synaptic transmission in
the CAL region of mdx mice is markedly more sewusitio hypoxia-induced damage
compared to wild type. This suggests dystrophitygpkn important role in protecting
neurons from hypoxia-induced damage (Mehktr al, 1992), but the precise
mechanism is yet to be established. It is beingyssigd that the altered response to
hypoxia may also be influenced by the reported ceduGABA, receptor clustering in
mdx mice (Knuesekt al, 1999), as GABA receptor activation has been shown to
exacerbate oxygen deprivation-induced neuronalryn{Muir et al, 1996). What is
more, mdx neurons have increased intracellulaiwalevhen compared to wt (Hopf
al, 1992), due to a calcium-specific regulatory defacgranule neurons. Changes in
neuronal calcium homeostasis could have profoungligations for the proper
elaboration of a number of integral cellular funos, including excitability,
associativity, neurotransmitter release, synaptstieity, gene transcription and the
graded regulation of neuronal firing patterns (Mehlet al, 2000). A
compartmentalized elevation of calcium could haveomsequence of activating

proteolytic enzymes and or apoptotic pathways (Betdal, 2009). Altogether, all
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these mechanisms are likely to participate in geivey the mental impairments

observed in DMD patients, due to the absence adtioimal dystrophin.

As therapeutic approaches DMD are being developed, mutant
animals represent good models in which they catested (Allamandt al, 2000). It is
the ease with which the murine genome can be miatgul that has made it
particularly useful in testing functional hypothsdgarly transgenic experiments, using
full-length as well as mini-dystrophin construdiaye demonstrated that expression of
20% of the dystrophin protein is sufficient to peav the development of muscle
pathology in mdx mice, thus generating great hape ftreatment for DMD (Allamand
et al, 2000). Proteosome inhibitors as a therapy for DS been tested in mdx mice
and results emphasise the effectiveness of ther@atalogical approach as a potential
treatment for DMD (Bonuccelbt al, 2007).

The mdx mouse is the mdéctive model for characterizing the
structural and functional properties of dystrophand therapeutic interventions
(Chamberlairet al, 2007). The study of animal models for genetiedses, in spite of
the existence of differences in some phenotypes,ptavide important clues to the
understanding of the pathogenesis of these disoraled are also very valuable for
testing strategies for therapeutic approaches @édiet al, 2008). For clinical trials, it
is being suggested to move one step forward framidx mouse, and use the canine
golden retriever MD model, as it represents a notirecally similar model of DMD

due to the animals larger size and significant feuaeakness (Vainzat al, 2008).

In conclusion, studies madrout on mdx mice have demonstrated that
brain full-length dystrophin performs diverse degehental and mature cellular
functions. In the mature state these cellular fionst are limited to a highly restricted
subset of anatomically distributed neuronal subfaimns. These particular
populations may mediate the specific cognitive fioms and subsystems that are
impaired in patients with DMD. There is contradigtievidence on the function of full-
length dystrophin during development. Some say (btedt al, 2000) that full-length
dystrophin may be involved in neuronal migrationellldar maturation and
synaptogenesis during neural development (Meleteral, 2000), whereas other

researchers (Trettet al, 2008) suggest that full-length dystrophin is kelly to induce
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synaptogenesis. It is being suggested that dystroptay orchestrate the dynamic
organization of neuronal microdomains by regulatidrthe orientation, spatial array
and complement of multiple cellular proteins (Mehdeal, 2000). It is important to
note that the mdx mutation of full-length dystraplm the brain leads to the abolition
of classical full-length dystrophin, as well astddlll-length dystrophin. It is therefore
important to establish the functions of delta falkgth protein. As previously stated,
one of the major aims of this thesis was to study molecular associations and
subcellular localization of delta full-length dygphin to determine its potential
involvement in the pathology of DMD.
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1.1.7 Protein interactions of the DMD gene product: the
DPC complex

Through a series of co-inmoprecipitation, yeast two-hybrid
interactions and co-localization studies, clasdigidlength dystrophin has been found
to interact with a range of proteins, which in aggl to the muscle, make up the DPC
complex in the brain (figure 1.1.7.1). The braiontains a variety of DPC-like
complexes whose composition varies according toctletype it is found in and the
dystrophin isoform it associates with (Blaéeal, 1999; Culligaret al, 2002; Grafet
al, 2004; Blakeet al, 2009; Pilgranet al, 2009; Waiteet al, 2009). In this thesis, only
the DPC complex containing the classical full-léngtystrophin is described and
investigated. In the brain, the DPC complexes comg classical full-length
dystrophin are exclusively localized at PSD struesgwof inhibitory synapses (Brungg
al, 2002) whereas DPC complexes containing the shdysrophin isoforms are said
to localize in glial cells (Blaket al, 1999; Culligaret al, 2002; Grakt al, 2004; Blake
et al, 2009; Pilgramet al, 2009). DPC complexes containing classical futiglia
dystrophin comprise of: a transmembrane and exiwae domain §, -
dystroglycan), a cytoplasmic complex (classical-tehgth dystrophin, syntrophin-
(a1, v1, y2), B-dystrobrevin and neuronal nitric oxide (nNOS) damn extracellular
domain (figure 1.1.7.1). While some say (Blakeal, 2009; Pilgramet al, 2009) that
a-neurexin is the extracellular component that litdkshe DPC, others state that only
B1l-neurexin, rather tham-neurexin, is present at inhibitory synapses arsb@ates
with the DPC (Culligaret al, 2002; Grafet al, 2004). Classical dystrophin is always
found associated with the DPC complex only, andeiter appears to be on its own
(Brunig et al, 2002), therefore, based on studies on mdx néejrplicates the entire
DPC complex, and not just classical full-length tdyshin, to participate in brain
impairments found in DMD brains.
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Figure 1.1.7.1: The established molecular organization of the DPC complex in

neurons.
This figure shows the suggested model for the DB@ptex present at PSDs of

GABAergic synapses. Post-synaptic density (PSPINeurexin (-NX), a-
dystroglycan ¢-DG), B-dystroglycan -DG), syntrophin ¢1 andyl), Neuronal
nitric oxide synthase (NNOS)B-dystrobrevin [-DB), classical full-length
dystrophin (cDp427), GABA receptor (GABAR). For the purpose of clarity, only
a subset of syntrophin isoforms has been added.fifjire is adapted from Culligan
et al (2002), Pilgranet al (2009) and Waitet al (2009).
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The molecular interactiobstween the DPC components are as
follows. The extracellularly exposed side @fDG (the N-terminus) binds with high
affinity (figures 1.1.7.1 & 1.1.7.2) to pre-synapfil-neurexins (LNS domain) (Graf et
al, 2004), and the latter associates with postysynaeurologin 2 (Clarrigt al, 2002;
Grafet al, 2004). The C-terminal domain afDG (figure 1.1.7.2) forms non-covalent
contacts with the N-terminus ectodomainfelDG (Sciandreet al, 2001).3-DG has a
transmembrane domain, hence it anchors the enBr@ @mplex into the postsynaptic
membrane of GABAergic synapses (figures 1.1.7.1 &.712). The intracellular
domain off3-DG contains a 15 amino acid C-terminus WW domgimia et al, 2007)
that binds to the WW-domain of classical dystrop{@avaldeskt al, 1999; Huanget
al, 2000). The EF hand and the ZZ-type-zinc fingemdms (figure 1.1.2.2) in the
classical dystrophin protein stabilize and streagtthis interaction (reviewed in Blake
et al, 2002). Classical dystrophin utilises the CH damiai enable a tight interaction
with actin, such that the protein and the entire DPC complexanshored to the
cytoskeleton that underlies the membrane of neuffqgre 1.1.7.1). The coiled coil
region of B-dystrobrevin (figure 1.1.7.3) is required to asate with the coiled coill
region of classical dystrophin (Petetsl, 1997). Classical dystrophin has an unknown
domain that separates the ZZ-type domain from diled:coil region, found at the C-
terminus of dystrophin, and is made of two heptapeats of leucine that make up
helical coils (reviewed in Blaket al, 2002) with which it can bind to syntrophins
(figure 1.1.7.4). R16 and 17 in classical full-lémglystrophin anchor nNOS to the
membrane (Laet al, 2009) whereag-dystrobrevin contains two syntrophin binding
domains within the ZZ domain, which enables iteiattion with the PH2 and SU
domains of syntrophin (Blaket al, 2002; Blakeet al, 2009) (figure 1.1.7.4). The
syntrophins utilize their PDZ domain to interactttwithe PDZ domain of nNOS
(Brenmanet al, 1995; Albrechtt al, 2002).
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Figure1.1.7.2: Domain structure of a and B-dystroglycan.

The figure shows the domain structure cofand -dystroglycan. The two proteins
initially arise as a single dystroglycan productldeed by a post-translational
cleavage site (serine), generating two dystroglymaducts:a and 3-dystroglycan.

The N-terminal (residues 35-315) globular domaimedystroglycan is utilised for

binding to the LNS domain of pre-synapfid-Neurexin. The mucin-like region
separates the N-terminus from the C-terminus ofotftlystroglycan protein. The C-
terminal (residues 485-651) globular domainaeflystroglycan forms non-covalent
contacts with the N-terminus ectodomain @dystroglycan. The transmembrane
domain (TM) of B-dystroglycan anchors the entire dystroglycan cempio the

membrane, whereas the WW domainBedlystroglycan binds to the WW domain of

classical dystrophin. This figure is adapted froac@ariaet al (2001) and Hniat al
(2007).
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Figure1.1.7.3: Domain structure of 3-dystrobrevin.

The figure shows the domain structurefedystrobrevin. Two EF hands and one ZZ
domain comprise the cysteine-rich domain. The BWlhalomain contains hairpins of
a-helices that can bind C&, while the ZZ domain, a putative zinc finger, may
function as a calmodulin-binding site. The carboéegminal domain comprises ofca
helical region and two sets of helical leucine-adpmotifs (H1 and H2). The-
helical region contains two syntrophin binding sitasterisks), one of which is within
the vr3 (alternatively spliced variable region 8yion. The two helical leucine-heptad
motifs (H1 & 2) are predicted to combine to forne ttoiled-coil region, which binds
to the coiled-coil region located on dystrophinisTfigure is adapted from Newey

al (2000), Albrechet al (2002).
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Figure 1.1.7.4: Domain structure of syntrophin isoforms.

The figure shows the domain structure of syntropkimforms. Syntrophins are
molecular adapter proteins found at the cytoplaswite of the peripheral
membrane. They contain at least one plekstrin hogyo(PH) domain utilized to
bind phosphoinositol 4,5-phosphate. The PDZ donmintilized to interact with
other PDZ-containing proteins, such as signalindecwde nNOS (Brenmast al,
1995). Syntrophin utilizes PH2 and the syntrophimue (SU) domain to associate
with the ZZ domain of3-dystrobrevin (Blakeet al, 2002; Blakeet al, 2009), and
utilizes these same domains to associate withajysiin (Piluscet al, 2000, Cheret
al, 2006; Blakeet al, 2009). The SU domain is slightly different in kagyntrophin
isoform and this ensures each syntrophin isoforrhawee different specificities to
the protein it associates with. The figure is addgtom Albrechtt al (2002).
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1.1.8 Thefunctions of the DPC complex in brain

DPC complexes containingsslical full-length dystrophin localize at
PSD structures of GABAergic synapses and are saitlet important for cell-cell
adhesion. Such adhesion is provided by the dystragl (DG) complex (figure
1.1.7.2), the core component of the DPC complexhef PSD, as it is capable of
associating with the pre-synaptic nerve endingcadimking neighboring cells to one
another (Ervasit al, 1993; Mooreet al, 2010). Precisely, dystroglycan associates with
the pre-synaptic protein neurexin, and concomiyaagbkociates with the post-synaptic
protein dystrophin, which in turn binds to actinltogether these DPC components
provide cell-cell adhesion, by linking the intrda&r actin-binding dystrophin protein
to the extracellular pre-synaptfid-neurexin of a neighboring cell. There is deénit
evidence that disruption of dystroglycan expressmhrain impairs neuronal adhesion
at some sites (Mooret al, 2002; Satzt al, 2010). In fact, Cre-inducible conditional
mutation in the dystroglycan gene of mouse neurontilires showed that the knock-
out of the dystroglycan gene eliminated the enDRRC complex from GABAergic
synapses (Lusche#t al, 2004), and impaired neuronal adhesion at thesapsgs
(Mooreet al, 2002).

The DPC is also importamt post-synaptic differentiation (Clarres
al, 2002; Grafet al, 2004), based on the association between theypiagsc protein
Bl-neurexin and post-synaptic neurologin-2, whichiates the clustering of post-
synaptic GABA, receptors at inhibitory synapses. Upon the foromatf GABA
receptor clusters, the DPC complex prevents disasg®y, or shifting of GABA
receptors around the synapse. Hence the DPC congp&so important for stabilizing
the newly formed GABA receptor clusters. Maintaining the stability of B
receptor clusters is important, as these are thénta respond to a major inhibitory
neurotransmitter named GABA, which translates imtoibitory synaptic responses
(Clarriset al, 2002; Grafet al, 2004). In DMD patients, the DPC complex is unable
stabilize GABA. receptors (Knuese#t al, 1999), therefore the GABAreceptor
clusters disassemble, the inhibitory responseseoheuron become altered, this may in
part underlie the mental impairments exhibited hese patients. Hence, the DPC

complex may participate in mental impairments of Diglatients.
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The DPC complex may paptte in memory formation. In fact, mice
that have dystroglycan selectively deleted in tin@rbonly, but whose expression
continues and is unaltered outside the brain, sHaWwat defects in the dystroglycan
gene, a core component of the DPC complex, is @&lemtr the pathogenesis of
structural and functional brain abnormalities (M®et al, 2002; Satzet al, 2010).
High frequency stimulation (HFS) induced in hippaogel neurons of mice brains
lacking dystroglycan, induced only a short-termembiation (STP) rather than the
expected long-term potentiation (LTP) as obtaimedantrol mice (Mooret al, 2002).
This suggests dystroglycan is required for HSF-oeduL TP at CA3-CAl synapses in
the hippocampus (Mooret al, 2002). Satzt al (2010) studied in more detail the
functions of dystroglycan in the brain, and proddgenetic evidence that dystroglycan
functions in the adult and developing CNS are tgle specific. In fact, when Sagr
al (2010) selectively deleted dystroglycan expressimm neurons only, whilst
dystroglycan expression in glial cells was allowedcontinue, he found that the
cytoarchitecture of these mice appeared normak &atl (2010) therefore suggested
that loss of dystroglycan expression in glial celghe primary mechanism responsible
for the abnormal cytoarchitecture of the cerebaatex observed in dystroglycan null
mouse brain. Hence, dystroglycan in glial celld, ot in neuronal cells, is involved in
generating the normal cytoarchitecture of the aaletortex. What is more, Sa¢r al
(2010) was also able to demonstrate that deletibrystroglycan expression in
neurons blunted hippocampal LTP, indicating thatenrons, dystroglycan is involved
in synaptic activity. Given that dystroglycan igtpaf the DPC complex in neurons and
glial cells (Blakeet al, 1999; Bruniget al, 2002), these results suggest that the
structural and functional brain abnormalities in Dhay be a consequence of DPC-
like complexes in astrocyte cells in addition te thPC complex found at the PSD of

neuronal synapses.

The precise mechanisms Iyckv 3-dystroglycan may lead to brain
pathogenesis is unknown. Studies in Cos-7 cellse hehvown thatB3-dystroglycan
associates with signaling molecules such as ERKKRIESpenceet al, 2004) and
Grb2 (Russoet al, 2000; Spenceet al, 2004), thusf-dystroglycan appears to be
implicated in more than one signaling pathway. Mmsld therefore also implicate the
DPC complex in signaling cascade events. The memk of dystroglycan in the

transduction and modulation of various signalingceales is not yet clear. In muscle
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cells it has been established that dystroglycaniategrin are both able to bind to the
extracellular matrix laminin component, and theg aaid to have opposing roles in
laminin-mediated extracellular signal-regulatedalsi@ activation (Ferlett al, 2003).

In other words, upoB-dystroglycan association with laminin, the fornethen able
to target MEK to membrane ruffles rather than toafcadhesions, consistent with the
ability of dystroglycan to suppress the activat@hMEK and ERK in response to
integrin engagement (Ferleteh al, 2003). In these muscle cells, dystroglycan may
therefore simply sequester MEK away from the rdsthe MAP kinase cascade,
preventing the efficient phosphorylation of ERK HWMEK. Whether or not
dystroglycan exhibits the same role in neurond, reteds to be established. However
these experiments shed light to novel functions diyatroglycan may have in neurons
as well. MAP kinases mediate specific cellular ceses, including morphogenesis,
cell death and stress responses. Dystroglycanitiassociation to laminin may be

important in participating in the regulation of sieesignaling responses in the brain.

In addition to classicalllfength dystrophin and the dystroglycan
complex, B-dystrobrevin and syntrophira(yl, y2) are also components of the core
DPC that are expressed in the PSD of neurons irbtam. 3-dystrobrevin (figure
1.1.7.3) is a 71kDa dystrophin-related protein sgtic component of the DPC
complex in the PSD, and it is suggested to padteipn the transportation of some
DPC components to specific sites of the cell (Meeiet al, 2003). The suggested
transporting abilities of3-dystrobrevin came from a yeast two-hybrid expenme
which identified KIF5A as a binding partner pfdystrobrevin. Kif5A is a neuronal
member of the Kif5 family of proteins that consisfsheavy chains of conventional
kinesin, and is known for its role in transporifpobteins along neuronal processes. The
C-terminal region of Kif5A binds t@3-dystrobrevin via the heavy-chain-mediated
kinesin interaction (Maciocet al, 2003). There are separate studies that suppert th
transportation capabilities of-dystrobrevin, as studies shos-dystrobrevin
translocates from the neuronal membrane and bathetmucleus. It lacks a nuclear
localization signal and instead possesses a ZZ-uipraafeature typical of nuclear
proteins. This nucleus to membrane translocatioohaagism has also been described
as important not just for transportation capaleiti but it also reflects a number of

proteins that are involved in the acquisition aigeerm memory (LTP) (Blaket al,
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1999). B-dystrobrevin associates with classical dystrophithe DPC complex, it is
therefore possible that classical dystrophin isdp@rted via the KIF5A-kinesifi-
dystrobrevin complex (Ceccarist al, 2005). The route and mechanism by whgeh
dystrobrevin may transport some or perhaps all @B@ponents still needs to be

established.

B-dystrobrevin binds directly to classical full-lehglystrophin through
reciprocal coiled-coil interactions (Petestsal, 1997; Beeslewt al, 1999; Albrechtet
al, 2002). In additionf-dystrobrevin and classical full-length dystroptuimd to the
syntrophin protein family (figure 1.1.7.4). In tHmrain, there exist 3 syntrophin
isoforms €1, y1, y2) of approximately 57-60 kDa (Pilugbal, 2000). Each syntrophin
has a characteristic domain organization in manmanabrain (figure 1.1.7.4). Two
pleckstrin homology (PH1 and 2) domains and one [D@ain are present, with the
first PH domain split into two regions (PHla and1®Mby the PDZ domain and its
flanking regions. Syntrophin utilizes PH2 and tHg @yntrophin unique) domain to
associate with the ZZ domain pfdystrobrevin (Blakest al, 2002; Waiteet al, 2009),
PH2 and SU domains are also used to associatedystnophin (Piluscet al, 2000;
Chenet al, 2006; Waiteet al, 2009). However, in the majority of studies repuayt
these syntrophin-dependent interactions, the etfiedhe DPC has not been explored.
Even so, a number of functions have been attributedyntrophin based on its
cytosolic binding partners. Syntrophins, like manpZ-domain-containing proteins,
have been shown to play a key role in targetinghanng and stabilizing proteins to
the cell membrane, leading to a cascade of celkeNants that would otherwise be
unable to occur. Syntrophins may therefore impiidae DPC complex in aggregating

and stabilizing protein complexes at the PSD.

Syntrophins have been shawrassociate with neuronal nitric oxide
(nNOS) via reciprocal PDZ domains (Brenmenal, 1995; Brenman teal, 1996),
anchoring nNOS to specialized cellular domainshe PSD (Thomast al, 1998;
Sanderet al, 2000). Neuronal NO synthase (nNOS), the enzyna¢ tbnsistently
produces NO in brain (Southa&hal, 1996; Denget al, 2009), is a component of the
DPC complex (Yoshidat al, 1994) and contributes to transmission from ongareto
another (Denget al, 2009). In addition to syntrophins, other proteliesaring a PDZ
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domain can interact directly with the PDZ domainndfOS (Brenmaret al, 1996),
thus influencing the subcellular distribution aradivdty of the enzyme (Sandet al,
2000; Thomast al, 1998). nNOS modulates physiological functionshsas learning
and memory, neurogenesis and is involved in a nurobeliseases (Hindlegt al,
1997; Chenget al, 2003; Parckeet al, 2003; Moreno-Lopeet al, 2004). The DPC is
involved in regulatory mechanisms that control nN&gression (Dengt al, 2009), in
fact, loss of dystrophin from the DPC complex ledadsdecreased NO levels in
dystrophic neurons (Deng al, 2009). This in turn leads to alterations in syi@ap
plasticity normally mediated by NO (Derg al, 2009). In conclusion, the DPC
complex is important for affecting the subcelluthstribution and function of nNOS,
and therefore the DPC complex indirectly modulaibgsiological functions such as
learning, memory, neurogenesis and more (Hingtesl, 1997; Chenget al, 2003;
Parckeret al, 2003; Moreno-Lopeet al, 2004).

NO plays an important rdigring development (Deng al, 2009). In
fetal brains, nNOS concentration is significantighter than in adults, suggesting an
important role of NO during neuronal developmenb(Mhleset al, 2001). It has been
demonstrated that NO may be involved in the reguiabf process outgrowth and
remodeling and may be capable of changing the notogly of growth cone
(Moukhleset al, 2001). Thus lower amounts of NO in developingrsaf dystrophic
neurons may lead to altered neuron maturation artie establishment of abnormal
connections by developing neurons. Although symtimpnd dystrophin, and therefore
the DPC complex, can together modulate the funstioh nNOS, the cell has
established a mechanism that can block such irtena@loukhleset al, 2001). This is
achieved by splicing-out exons 71-74 found withiystdophin, which removes the
syntrophin-binding site, hence blocking the intéat between dystrophin and
syntrophin, and any downstream signaling normalyried out by the syntrophin
protein (Mehleret al, 2000). Thus the DPC can modulate the functionN®S as well

as syntrophin in neurons.
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1.1.9 Summary

It is evident that the ftioos of the DPC complex in brain neurons
containing full-length dystrophin are important fdevelopment, appropriate cell
targeting, stability of the synapse as well as &B@& 5 receptors, and for bringing in
proximity various signaling proteins which wouldhetwise be mislocalized and
therefore unable to carry out their functions. Inmojprecipitation experiments and
immunocytochemistry identify classical full-lengtfigstrophin to always associate with
the DPC in the PSD of the brain, and to exclusivebalize at inhibitory synapses.
There is no knowledge on the cellular localizateomd function of delta full-length
dystrophin. Studies on mdx mice however, refleet filmction of classical as well as
delta full-length dystrophin in these mice, as bptbteins originate from the same
gene and are absent in the mdx mouse. To date,amempairments have been
attributed to the absence of full-length dystroplprotein only. With the recent
discovery of delta full-length dystrophin (Blalet al, 1999), it is now becoming
evident that delta full-length dystrophin, in cditaation with classical full-length
dystrophin, may also contribute to the mental impants observed in these mice.
Therefore, one major aim of this thesis was to rdatee whether delta full-length
dystrophin may replace classical full-length dygtrim in the formation of novel delta
DPC complexes at the PSD of inhibitory synapsesicéeparticipating in brain
alterations found in the mdx mouse. As describelieeaclassical and delta dystrophin
only differ by a single exon, therefore, unless tbhange affects delta dystrophin’s
localization, function or structure, it is highlikely that the latter replaces classical
full-length dystrophin to yield novel DPC-like coteges in PSDs of inhibitory

synapses in the brain.
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1.2 Part 2:

53



1.3 g-sar coglycan and the DPC complex in the Brain

1.3.1 Intration and major aims

Recently, a protein thakmown to associate with the DPC complex in
the muscle has also been identified in the bratrt, its association with the DPC
complex in the brain remains to be establisheds photein is known assarcoglycan.
g-sarcoglycan is a member of the sarcoglycan prot@mily (Chanet al, 2005),
composed ofo, B3, Y, 0, and {-sarcoglycan (Fanimt al, 1997; Wheelegt al, 2002),
each encoded by a separate gene. Most members satboglycan family, including
g-sarcoglycan, have been shown to contribute tofdnenation of the dystrophin-
associated protein complex (DPC) in muscle (&iwal, 1999; Durbeegt al, 1999;
Straubet al, 1999; Imamurat al, 2000), which serves to link the extracellular mxat
to the cytoskeleton of the cell (Hott al, 1998). Unlike other sarcoglycan family
members, which are largely or exclusively restddie muscleg-sarcoglycan is highly
expressed in many tissues including brain (Rober@ds, 1994; Noguchgt al, 1995;
Zimprich et al, 2001; Xiaoet al, 2003), therefore in chapter 5 | determine whe#ier
sarcoglycan may associate with DPC-like complexeghée brain, in analogy to the
muscle, or whether it is part of separate molecatanplexes. Antisera against
sarcoglycan were raised in order to further puiafyd characterize&-sarcoglycan
complexes. The aim of the second part of this shesis to increase the knowledge on

the molecular complexity and functional rolesefarcoglycan in rat brain.

The cellular function efsarcoglycan remains unknown. Unlike other
sarcoglycans whereby recessive mutations resulvainous types of limb-girdle
muscular dystrophies (LGMDS), mutations of thesarcoglycan protein are not
associated with muscular dystrophy, instead itdeiada different disorder known as
Myoclonus Dystonia (MDS), a syndrome of neurolotisagin (Estradaet al, 2006;
Hjermindet al, 2008). MDS is a non-degenerative neurologicabrdier (Grabowsket
al, 2003) principally characterized by myoclonic gr&nd dystonia (Asmus et,
2002; Charet al, 2005; Taiet al, 2009) but also exhibits mild psychiatric symptoms
(Tai et al, 2009; Chanet al, 2005; Asmuset al, 2002). The study of the cellular
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localization and molecular associations &6arcoglycan in mammalian brain is
therefore important for the identification of maldar partners, candidate neuronal
groups and circuits through whi@hsarcoglycan mutations lead to the dystonic and

specific psychiatric symptom complex associatethWDS.
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1.3.2 Molecular genetics of the g-sar coglycan gene and
encoded protein

The-sarcoglycan gene (SGCE; OMIM: 604149) has beentiiikd
only relatively recently by an electronic databasarching for sequences homologous
to a-sarcoglycan (Ettingest al, 1997; McNally etal, 1998; Kobayashet al, 2003). It
is being suggested that both genes may have otégirfeom a common ancestor by
gene duplication (Ozawet al, 2005), given their high similarity in gene sturet. The
human gene foe-sarcoglycan consists of 12 exons (figure 1.3.2yesponding to
71kb of genomic DNA in human chromosome region 78ZMcNally et al, 1998;
Grabowskiet al, 2003), whilst the murine gene fersarcoglycan maps to mouse
chromosome 6 (McNallyt al, 1998). A potential promoter region upstream @& th
initiation codon facilitates the transcription dfet SGCE gene into a major 1.7 kb
MRNA product (www.dMDS.nl/), subsequently transthteto a 47kDa glycosylated

protein in a variety of tissues, including the hrai

According to studies catrieut in the mouse, the brain is the only
tissue where the mRNA product derived from the S@EEe is alternatively spliced to
yield more than one-sarcoglycan isoform, whilst all other tissuesadsbnly express
the conventional 47kDa protein (Nishiyang al, 2004). There are however,
inconsistencies as to the numbereefarcoglycan protein isoforms detected in brain.
Ettingeret al (1997) identified a total of threesarcoglycan protein isoforms in the
mouse brain, with molecular weights 45kDa, ~47kDa a48kDa. However, later
publications by different research groups (Nishigagnal, 2004; Charet al, 2005;
Esapa etal, 2007) consistently detected only tveesarcoglycan isoforms (figure
1.3.2A) that correspond to approximately 47 kDa 48kDa proteins in mouse whole
brain. The third isoform is never visible in theuestern blots, and these authors
(Nishiyamaet al, 2004; Charet al, 2005; Esapat al, 2007) do not justify the inability
to identify the third alternatively spliced isofortinat has been previously reported by
Ettingeret al in 1997. Only Yokokt al (2005) proposed a third alternatively splieed
sarcoglycan mRNA (type 3 isoform), however theyrmidd verify whether the type 3
MRNA isoform is also translated into a protein. Blatudies are clearly required to
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verify the number of isoforms expressed in therrat the protein level. In chapter 5 |

present the number efsarcoglycan isoforms | have identified in rat adwhins.

Nishiyamat al (2004) searched for variations in the alternagivel
spliced e-sarcoglycan transcripts, to determine the exoeguences that distinguish
the 47kDa protein from the 49kDa protein (figur8.2B). They found that alternative
splicing occurs at the C-terminus. More precis@lifpen alternative splicing removes
exon 11b only, whilst exon 8 is kept, the 47kBaarcoglycan isoform is obtained
(figure 1.3.2B). Whereas when alternative spligiegoves exon 8 only, and maintains
exon 11b, the 49kDa&-sarcoglycan isoform is obtained (figure 1.3.2B)ptiBe-
sarcoglycan isoforms, therefore, clearly differtweir alternatively spliced C-terminal
end (figure 1.3.2), whilst they exhibit identicattBrminal ends. Yokogt al (2005)
describes the novel potential alternative splicdNARariant (type 3 isoform) having a
new exon named 11c, from which two subtypes ofedoencoding type 3 C-terminal
MRNA sequences have been isolated. These eith&icar lack exon 8, similar to
what has been reported for the 47kDa and 49kDarist by Nishiyamat al (2004).
Again, these potential mMRNA variants described lokdf et al (2005) remain to be
confirmed at the protein level, and therefore haoebeen included in figure 1.3.2.
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A. Protein domains of mouse brain 47kDa and 49kDa g-sar coglycan

isoforms, respectively.

Signal Extracellular ™ Intracellular
46AA 262AA 23AA  98AA
A — ——

Mouse 47kDa €-sg isoform

C
Ser 343 Leu 377 Thr 408
Cadherin-like domain Asn200  Cysresidues

Ser 343 Leu 377 Thr 408

Mouse 49kDa g-sg isoform

B. Exonic composition of mouse brain 47kDa and 49%Da e-

sar coglycan isofor ms, respectively.

47kDa &-sy

1 2 3 41 5 6 7 8 9 1:112

49k Da €-sy

1 2 3 4 5 6 7 9 11 I'11bl 12
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Figure 1.3.2: g-sar coglycan protein structure and relative exonic composition

A. This figure shows the domain structure of tevsarcoglycan isoforms expressed in
the brain, 47kDa and 49kDa, respectively. Bothasof contain a 46 amino acid (AA)
N-terminus signal sequence, followed by a 262 A&apellular domain. The 262 AA
domain contains a cadherin and calcium-binding domend the potential N-
glycosylation site on the asparagines (Asn) 20@ 262 AA domain also contains four
cysteine residues (Cys235, Cys248, Cys258 and Qys@hich enable the protein to
form intramolecular S-S interactions. Adjacent thist domain is a 23AA
transmembrane domain, and a 98 AA intracellular @ianfwww.dmd.nlf Ettingeret

al, 1997). The 98 AA cytoplasmic domain differs beén the two isoforms, as
highlighted by the yellow and red boxes.

B. This figure shows the exonic composition of tweo e-sarcoglycan isoforms
expressed in the brain. The 47kDa protein contaxos 8 (yellow) whilst it lacks exon
11b (red), whereas the cytoplasmic domain of tHé>&9protein isoform contains exon
11b (red) whilst it lacks exon 8 (yellow). Thesdfatences suggest that the two
isoforms bind different partners. Both murine isafs contain three consensus sites
for phosphorylation at their cytoplasmic domainger®3, Thr377 and Thr408
(www.dmd.nl/ Nishiyamaet al, 2004). Exon 10 of the SGCE gene has not beerdfoun
in the mouse genome database (Nishiyatra, 2004), hence it is not included in the
figure. This figure is adapted from Ettinggral (1997)and Nishiyamaet al (2004).
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1.3.3 Localization and developmental expression of
€-sar coglycan

The precise expressiongpatbfe-sarcoglycan in the human CNS has
not been studied (Kinugawet al, 2009). On a wider scale, western blot analyses
demonstrate that-sarcoglycan is widely distributed in the bodyfdat, its expression
has been detected in whole brain homogenate sarnaglesell as in whole heart
samples, striated muscle, smooth muscle, vascuteroth muscle, kidney, liver,
spleen, testis, sciatic nerve, capillary blood gksssSchwann cells in peripheral nerves,
and lung samples (alveoli and bronchioles) (Mahjioetchl, 1967; Ettingeet al, 1997;
Imamuraet al, 2000; Hacket al, 2000; Xiaoet al, 2003; Nishiyamaet al, 2004). The
highest level of expression efsarcoglycan appears to be within the heart and lun
(Ettingeret al, 1998; McNallyet al, 1998; Xiaoet al, 2003; Nishiyamaet al, 2004),

although its expression in the brain is also abohda

Mouse brain slices contagnvarious brain regions have been used to
study e-sarcoglycan distribution at the protein and mRN&els by methods such as
immunohistochemistry and fluorescence in situ hdibation (FISH), respectively.
Results suggest that both mRNA and protein levetssarcoglycan exhibit a “distinct
and inhomogeneous distribution” in many brainsdtres, but only a subset of cells
in these brain structures have been found to aomtaarcoglycan both at the mRNA
and protein level (Chad al, 2005). The protein has been detected in neurdtmsnw
pons, cerebral cortex, hippocampal formation, ndego olfactory bulb, cerebellar
cortex, cerebellar Purkinje cell layer, in midbramonoaminergic cell groups,
brainstem nuclei, basal ganglia and spinal corca@X@@ al, 2003; Nishiyamaet al,
2004; Chanet al, 2005; Kinugawaet al, 2009). Different neuronal groups express
different levels of the protein (Chahal, 2005). In fact, the highest level of expression
was found in the “mitral cells of the olfactory bulPurkinje cells of the cerebellum
and in monoaminergic cell groups of the brainsterd hypothalamus” (Chast al,
2005). This is followed by slightly lower levels @fsarcoglycan expressed in
dopaminergic (DAergic) neurons, serotoninergic (bekyic) neurons and in
noradrenergic (NAergic) neurorf€hanet al, 2005). In the hippocampal formation,

there are moderate levels of thearcoglycan protein. It is also found in moderate
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levels in several hypothalamic nuclei, the amygdata the molecular cell layer of the
cerebellum (Chamt al, 2005). Low expression level of the protein has beetected
within the neocortex, globus pallidus and thalamiclei (Charet al, 2005).

g-sarcoglycan is anchored at the plasma membramewional bodies
and processes in the CNS, and is found within ¢etralar inclusions and the Golgi
apparatus (Nishiyamet al, 2004;Charet al, 2005; Esapat al, 2007; Kinugawaet al,
2009). According to western blot analysis by Nigimaet al (2004) using various
subcellular fractions of mouse whole brafrsarcoglycan appears to be predominantly
extrasynaptic rather than at PSD structures (Nashaet al, 2004), because both
sarcoglycan isoforms enrich in the membrane frachiot neither isoform is enriched
in the PSD fraction of total mouse brain homogesaaéthough their results highlight
it certainly exists within the PSD (Nishiyamat al, 2004). These studies also
demonstrate that the twosarcoglycan isoforms (47kDa and 49kDa) differdiytia
localize within the synaptosomal membranes isolatedi attribute these differences to
the structural differences of the two isoforms fouat their alternatively spliced

cytoplasmic domains (figure 1.3.2B).

To date, there is no immeytochemical data singularly describing the
localization of the 47kDa isoform or the 49kBaarcoglycan isoform in the brain,
because no antibody reacting to just the 47kDaher49kDa isoforms is currently
available (Nishiyamaet al, 2004). Nishiyamaet al (2004) carried out an
immunocytochemical study using an in-house antibgdgerated against the whole
cytoplasmic region of-sarcoglycan, therefore unable to distinguish theD& isoform
from the 49kDa isoform, and shows tlsgaedarcoglycan isoforms (47kDa and/or 47kDa
isoforms) are not only expressed in neurons, bey Hre also expressed in astrocytes
and capillary endothelial cells (Nishiyaraal, 2004). They further determined, via a
western blot analysis, the expressionsefarcoglycan isoforms in an astrocyte-rich
fraction. Only the 47kDa-sarcoglycan isoform, but not the 49kDa isoformglasely
associated with astrocytic cells. It would be iagting to obtain antibodies that can
distinguish the two isoforms, enabling a detailesnunocytochemical study that can
be carried out to study which isoform is expressedvhich cell (neurons and/or
astrocytes) and subcellular structures of the brhirwould also be interesting to
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investigate whether the known DPC components fanraktrocytic cells, such as the
astrocyte-specific cDp140 dystrophin isoform (Blaeal, 1999; Waiteet al, 2009),

may associate with the 47kRsasarcoglycan isoform.

The developmental expressi@itgon of e-sarcoglycan in the brain
remains to be established. Instead, developmetudies carried out outside the brain
highlight e-sarcoglycan is a widely expressed protein, whatase, its developmental
expression patterns and time-points have been showelearly differ from other
sarcoglycan family members. Developmental studs&eguan immunohistochemical
approach on mouse embryos have detexttcoglycan protein expression as early as
embryonic day 8.5 (E8.5), whereas other sarcoglyfeamily members are absent
(Straubet al, 1999; Xiaoet al, 2003). At E12¢g-sarcoglycan is found in myoblasts,
myotubes, cardiac myocytes, surrounding lung, iorand vascular endothelium
(Straubet al, 1999; Xiaoet al, 2003), whereas, other sarcoglycan family membsgs
absent. By El5¢-sarcoglycan is abundant in smooth muscle of lumgshe smooth
muscle of the bronchi, skeletal myotubes and candigocytes, and other tissues from
a variety of endodermal and ectodermal lineagesaBtet al, 1999), whilst other
sarcoglycans are largely restricted to skeletal @ardiac muscle (Straudt al, 1999).

In adult mouseg-sarcoglycan is expressed in smooth muscle cellgasfrointestinal
tract, bladder, lung and uterus (Straalal, 1999), whereas some sarcoglycan family
members are absent (Strasb al, 1999). In skeletal muscle of adult mouse,
sarcoglycan expression dramatically declines, whilse expression of other
sarcoglycan family members is high in the adulystdn contrast, smooth muscle cells
continue to express-sarcoglycan protein at high levels in adult miega et al,
2003). These are only a few examples to highligatdevelopmental profile and time-
points ofe-sarcoglycan, which clearly differ and precede thiabther sarcoglycans.
Early expression of-sarcoglycan during development suggests it maticgzate in

the development of the organs it is found in.
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1.3.4 Protein structure of 47kDa and 49kDa g-sar coglycan
isoforms

47kDa and 49kDae-sarcoglycan isoforms are considered type |
transmembrane glycoproteins (Singgral, 1990), because they are glycosylated
proteins that transpass the membrane only oncé, tvé N-terminal portion of the
polypeptide exposed to the exterior of the cell #ral C-terminal portion exposed to
the interior of the cell, a typical feature of tlukass of proteins (Singet al, 1990).
Both isoforms share an identical N-terminal dom@igure 1.3.2) that is found at the
extracellular interface of the cell. The N-termimlmain is composed of a 46 amino
acid hydrophobic signal sequence (McNadtyal, 1998), and a large 262 amino acid
extracellular domain (amino acid 47-316). Withire th62 amino acid domain, there
exists a cadherin-like domain (Dickegtsal, 2002), one conserved site for asparagine-
linked N-glycosylation (Asn 200) (McNallgt al, 1998) and four conserved cysteine
residues (Cys235, Cys248, Cys258 and Cys271) (ista et al, 2004,
www.dmd.nl). Adjacent to the extracellular domasnai stretch of 23 amino acids that
constitute the hydrophobic transmembrane (TM) nre¢aa317-339) that enables either
isoform to transpass the membrane of the cell oftos. TM region is also identical in
the two isoforms. Adjacent to the TM is the 98 amcid cytoplasmic domain (aa339-
437), whereby the two isoforms exhibit differengesheir exonic composition (figure
1.3.2), giving rise to two well distinguished isofts of 47kDa and 49kDa. The
functional significance of the exons (exon 8 andredl1b) that distinguish the two
isoforms from one another has yet to be establishied cytoplasmic domain of both
isoforms contains three phosphorylation consenges at Ser 343 (next to TM region
exon 7), Leu 377 and Thr408 (exon 9, cytosolic danéNishiyamaet al, 2004;
Ettingeret al, 1997).
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1.3.5 &-sarcoglycan mutationslead to MDS

Myoclonus-dystonia syndeorMDS, DYT11) is caused by a non-
degenerative neurological disorder (Grabowskial, 2003; Estradaet al, 2006;
Hjermind et al, 2008) that generates myoclonic jerks and dystGhsanuset al, 2002;
Chanet al, 2005; Tai et al 2009). In some cases, mild pstakisymptoms are also a
feature of this syndrome (Asmesal, 2002; Charet al, 2005; Taiet al, 2009). MDS
can either be inherited in an autosomal dominaatner (Zimpricket al, 2001) or may
occur sporadically, such as birth-related or ofptersical trauma or infection (Valente
et al, 2003; Hedrichet al, 2004; Schulest al, 2004) The disease becomes apparent
during the first or second decade of life (Gergtal, 2009). Myoclonus is usually the
main and most disabling feature in MDS patientspigdominantly affecting the upper
limbs and axial muscles and is alcohol respondfireugawaet al, 2009). Dystonia is
also a feature of the disease, but it is in a nmdber form and often manifests as
cervical dystonia or writer's cramp (Kinugawtal, 2009). The symptoms presented
by MDS patients are not related to age or sex (famaet al, 2009).

Myoclonus Dystonia Syndromg considered to be genetically
heterogeneous (Kocét al, 2004) because some MDS patients have been digjnos
with allelic heterogeneity, whilst other MDS patigmave been diagnosed with locus
heterogeneity (Asmuat al, 2002). Allelic heterogeneity has been observeatiwithe
SGCE gene, a major culprit gene in MDS patientaifigawaet al, 2009; Grabowski
et al, 2003; Zimprichet al, 2001; Kleinet al, 2002). This is because various families
having the MDS phenotype do not exhibit the sam#atian within the SGCE gene,
instead, many families differ in the region of ntiga within the SGCE gene (Asmus
et al, 2002; Grabowsket al, 2003). MDS also exhibits locus heterogeneity beeahe
SGCE gene is not the only gene whose mutation éas linked to MDS. In fact, other
loci have been found to yield the MDS phenotypel drese patients do not exhibit
mutations within the SGCE gene. One example ishii@15 gene (OMIM number;
607488), located in chromosome region 18pl1, whogation gives rise to an MDS
phenotype identical to that of patients with mutasi in the SGCE gene (Grimetsal,
2002). In these patients, no mutation in the SGE@&egwas detected. In a separate
study, Asmuset al (2005) also found that 30% of familial cases eiimg MDS had
no mutation in the SGCE gene, suggesting that mouataf a different locus may also
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give rise to MDS. Valentet al (2003) describes 16 patients with either sporadic
familial MDS, with no mutations in the SGCE generntfied. It is clear from these
studies that a lot more work is required to chamdoe¢ the causes of MDS. The
mutations in the genes that lead to MDS vary fromoasense mutation, missense

mutation, deletion, insertion, duplication, or spig mutations (Kinugawet al, 2009).

Pedigree analysis shows reduced pmm=t of the phenotype upon
maternal inheritance of the mutated SGCE allelachvis a consequence of maternal
imprinting (Grabowskiet al, 2003). In the brain, the CpG island containing th
promoter region of the maternal SGCE allele, togetiith the first exon of the SGCE
gene, is completely methylated (Mullgral, 2002; Grabrowsket al, 2003). This leads
to silencing of the maternal allele and consequyetite transcription of thee-
sarcoglycan gene from the maternal allele is preeenwhilst the paternal allele is
always expressed (Asmasal, 2006; Tezenas du Montcetlal, 2005). In other words,
when the paternal SGCE allele is in the wild-typates whilst the maternal SGCE
allele is mutated, the individual is healthy beeati®e paternal allele yields the native
g-sarcoglycan protein. However, when the paternaCE@llele is mutated, whilst the
maternal SGCE allele is in the wild-type state, ithdividual will exhibit the MDS
syndrome because the maternal wild-type SGCE atlalenot be transcribed and

translated due to methylation.

The molecular mechanisnreuggh which the detected mutations may
contribute to MDS remain to be established (Klgial, 2002). One possible route has
only recently been suggested after comparing theeslular localization of wild-type
g-sarcoglycan with several mutategarcoglycan proteins. The mutated proteins each
carried a single mutation that has been previotegpprted in MDS patients (Esapa
al, 2007). According to their studies, these mutatilead to misfolding of the proteins
and block their trafficking to the plasma membrareere the protein normally resides
(Esapeet al, 2007). Therefore, impaired trafficking may be afanany mechanisms
that contribute to the initiation of the diseasep&ate studies also suggest high levels
of expression of-sarcoglycan protein in wild-type monoaminergic brain neurons,
thus mutation of the SGCE leading to the reductbr-sarcoglycan activity at the

membrane of these neurons may provide a potergiabehemical explanation of both
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movement disorders and psychiatric symptoms obdearvéIDS patients (Chadt al,
2005).

Pharmacological treatmestgh as clonazepam and valproate are
currently available to treat the disease (Kudisal, 2010), and ethanol has been
demonstrated to often ameliorate the symptomse{Gif, 2004). However, when MDS
patients become refractory to pharmacological imeats, Deep brain stimulation
(DBS) seems to be the only cure (@ifal, 2004). DBS induces bilateral electrical
stimulation of the Gpi (globus pallidus internuajy effective and safe treatment for
MDS, which suppresses abnormal movements and ireprquality of life (Cifet al,
2004; Kurtiset al, 2010). This amelioration has been recognizetiénldng term as an
efficient therapeutic strategy for MDS patients wéai@ not necessarily immune to
pharmacological treatments, as well as for patiemteo are immune to

pharmacological treatments (@ifal, 2004).

66



1.3.6 Proteinsinteracting with g-sar coglycan

In the brain, the molecudasociations cé-sarcoglycan are not known.
g-sarcoglycan is part of a sarcoglycan family, cosgub of a, 3,y, dand (-
sarcoglycan. Outside of the brain, the sarcogly@esknown to associate with one
another to form a tetrameric sarcoglycan complex ttequently (Ervastet al, 1990;
Yoshidaet al, 1990; Ozawat al, 1998), but not always (Durbestjal, 1999; Forét al,
2005), associates with DPC-like complexes in varitypes of tissues. The (3, y, &
sarcoglycan complex is restricted to skeletal neusodd associates with the DPC
complex therein (Ervastt al, 1990; Yoshidat al, 1990; Ettingeket al, 1997; Ozawa
et al, 1998; Liuet al, 1999; Durbeegt al, 2000; Imamurat al, 2000). Theg, B, Y, &
sarcoglycan complex exists in both skeletal mugtia et al, 1999) and smooth
muscle (Straulet al, 1999; Imamurat al, 2000). In the smooth muscle, the3 ,y,5-
sarcoglycan complex associates with the DPC com{@&aubet al, 1999; Lapidost
al, 2004; Imamuraet al, 2005; Shigaet al, 2006), and this is also true in skeletal
muscle (Lapidost al, 2004; Imamuraet al, 2005). In the Schwann cell outermost
membrane, a sarcoglycan complex composeg] [0fd, { sarcoglycans associates with
dystroglycan and a Schwann cell-specific dystropsaform (Dpl16) (Imamurat al,
2000; Caiet al, 2007). In the lung, a sarcoglycan complex coimgia-sarcoglycan is
found associated with DPC components (Durlseel, 1999). Separate studies have
transfected the various sarcoglycan components @Gfimese Hamster Ovary cells
(CHO), in order to determine the molecular comboreg of sarcoglycan complexes
that may form. Their results show four differentigrotential sarcoglycan complexes
that may also formn vivo, and these include: d..[3, , &sarcoglycan, 2, [3,Y, &
sarcoglycan, 3, 3, ¢, &sarcoglycan and 4.3, y, &sarcoglycan, all of which have
been shown to associate with the DPC complex (Sétigad, 2006) in the plasma
membrane of CHO cells. No studies have yet beemedaout to determine whether
any of these sarcoglycan complexes exist in thénbaad whether any of these

associate with the DPC complex in the brain.
According to various publions studying sarcoglycans and their

expression in the brain, it appears that if a glyoan complex exists in neurons, it

will differ significantly from the complex found imuscle. In facty-sarcoglycan is
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absent in braingénnemanret al, 1995; Limet al, 1995; Nigroet al, 1996; Haclet al,
2000; Noguchiet al, 2000) whereasd-sarcoglycan and(-sarcoglycan are both
expressed in the brain at the mRNA level (Skaigal, 2006), although their translation
into a protein has yet to be confirmed. Oalgndp-sarcoglycan have been detected in
the brain at the protein level (Wheektral, 2002; Shigeet al, 2006). According to
studies by Shigaet al (2006), all four sarcoglycan components({ and &-
sarcoglycan) that have to date been detected @titbe mMRNA or protein level in the
brain, have been shown to complex together in Cldl¥,csuggesting that a similar

complex may also form in the brain.
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1.3.7 Thefunction of g-sarcoglycan in the brain

The function @fsarcoglycan in the brain remains largely unknown

(Chanet al, 2005; Taiet al, 2009; Kinugawat al, 2009), however an important role
for e-sarcoglycan in the brain is defined by the appeagaf the myoclonus dystonia
syndrome (MDS) when the SGCE gene is mutated (étaal, 2003). Biochemical

fraction studies of rat/mouse forebrain highlightatt e-sarcoglycan is present in
synaptic membranes, raising the possibility thatrcoglycan might be involved in
neuronal functions, particularly in dopaminergicansmission, given its high
expression in dopaminergic neurons of the substamgra (Nishiyamaet al, 2004).

Other neuronal-types also expressarcoglycan, but the identity of these still remsai
to be identified (Charet al, 2005). Overall, the broad expressioneedarcoglycan

within the brain suggests that it may influencargé part of the brain.

Non-invasive studies haveee carried out to study the
neurophysiological profile in MDS patients, in orde begin to unravel the function of
e-sarcoglycan (Marelliet al, 2008). This methodology is known as transcranial
magnetic stimulation (TMS). Studies using TMS h&esn able to show that MDS
patients exhibit a reduction in the power of theB&4 receptor circuitry, because of
primary dysregulation of the striato-pallido-thalautortical loop (Marelliet al, 2008).
Parallel studies on MDS patients further highligimat there exists a delayed event-
related synchronization (ERS) of the motor cortaerineuronal function, which they
suggest it may be due to a defective post-exciantibition in the motor cortex at the
end of the movement, which may reflect a lack ofspplogical synchronization of the
GABAergic interneuron network (Cassim et al 2005r#lli et al 2008). Given that
sarcoglycan is widely localized in various brairgioms including the cortex and
brainstem, Marellet al (2008) suggested that neuronal dysfunction idylike occur at
multiple brain levels in MDS, rather than cortiaalpairment alone. What is more, the
subcellular localization of-sarcoglycan in neuronal membranes suggests tmaayt
play a role in synaptic functions, thus leadingato interneuronal system imbalance
that sustains physiological inhibition in multigdeain regions (Marellet al, 2008). No

studies have yet been carried out to determine hehetsarcoglycan is localized
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within GABAergic synapses, where classical fullgdn dystrophin-containing DPC

complexes are exclusively localized (Brueigl, 2002).

In non-neuronal tissuesrbie fore-sarcoglycan is less apparent and it
may be because mutation @karcoglycan may lead to subtle consequences (Xiao
al, 2003). Although wild-type&-sarcoglycan is highly expressed in both embryanid
neonatal rodent striated muscle, MDS patients oegrg mutation in the SGCE gene
never exhibit muscular dystrophy or myopathies X al, 2003). It is being
suggested that eithersarcoglycan is not critical for striated musclebeypogenesis, or
closely related sarcoglycans may be capable of eosgiinge-sarcoglycan deficiency
and therefore no counter effects umesarcoglycan mutation can easily be identified.
Substantially higher levels of the protein are esped in smooth muscle when
compared to skeletal muscle, it is therefore bsunggested thatsarcoglycan is likely
to play a more important role in smooth muscle whempared to skeletal muscle
(Xiao et al, 2003). To date, it is not known what this funotimay be.

To begin to get a bettedenstanding on the function efsarcoglycan
in neurons and MDS pathology, development studies-sarcoglycan have been
compared with other better-studied sarcoglycan lfamiember proteins (Xiaet al,
2003). Unlike the other sarcoglycan family membersarcoglycan is more widely
expressed among adult and embryonic tissue (Ettietgal, 1997). What is moree-
sarcoglycan expression is very early in developmmmd precedes that of other
sarcoglycans (Straud al, 1999; Pirast al, 2000). According to these findings, it is
being suggested thatsarcoglycan may therefore have a more widesprebal in
maintaining cell adhesion and tissue integrity, wkempared with other sarcoglycan
family members (Piragt al, 2000). In other words, it is being suggested #iat
sarcoglycan may participate in early developmenbrain, muscle, liver, kidney and
heart tissue, as levels are higher in the fetalcleusompared to adult muscle of rats
(Hjermindet al, 2008).

It is not known for the brabut in muscleg-sarcoglycan is always
associated with other sarcoglycan family membdéia, together form the sarcoglycan
complex. There are two functions attributed toshecoglycan complex in the muscle,
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the first is a mechanical function, and the seasnal signaling function (Ozawet al,
2005). In terms of mechanical function, studiegiedrout in the muscle have shown
that in the absence of the sarcoglycan complexdimgnof both3-dystroglycan to
dystrophin as well a-dystroglycan toa-dystroglycan are weakened. That is, the
components of the dystrophin bolt are apt to dieech (Ozawaet al, 2005).
Therefore, in muscle, the sarcoglycan complex setweestrengthen the connection
between the core components of the DPC completerins of signaling functiomy-
dystrobrevin connects to the sarcoglycan complessatl-terminus and to dystrophin
at its C-terminus, which in turn binds to syntraphin turn syntrophin binds to nNOS
and to voltage gated sodium channels, thereforelving the sarcoglycan complex in
signaling functions. No evidence has yet been phbti to demonstrate whether
sarcoglycan is involved in such functions in thaibr However, given its known
sarcoglycan complex formation in the muscle anda$sociation with the DPC
complex therein, it is plausible to suggest thatnailar scenario may also be occurring

in the brain.

According to biochemicalafysis on sarcoglycan complex formation,
results suggest that the loss-of function mutationghe SGCE gene, including the
disruption of the sarcoglycan complex, does notlpce detectable abnormalities in
the peripheral nervous system (PNS) (Imamairal, 2000), whereas it does induce
vascular smooth muscle irregularities with consegas such as cardiomyopathy
(Coral-Varquezet al, 1999). These results suggest that in sarcoglytfitiency,
differences exist between the pathophysiologicathaaisms in smooth muscle and
PNS (Nishiyamaet al, 2004). It is therefore interesting and import@ninvestigate the
cellular associations and functionsse$arcoglycan within the brain as these may also
differ to those observed in the muscle and otheyams, and may reveal novel
pathophysiological mechanisms that can be targetdd pharmacological treatments
to cure patients with MDS. One major differencewsstn the muscle and the brain is
that the muscle undergoes mechanical stress whiredsain does not. Therefore the
functional requisites fog-sarcoglycan in the muscle are likely to be differ® those

in the brain.
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In 2002, Dickens et al discovered a cadherin-dorhamologue within
the extracellular portion ad-sarcoglycan (figure 1.3.2). The function of th@nthin is
not known for e-sarcoglycan. However, cadherin-domain-containirgtgins are
typically adhesion molecules that modulate a widgety of processes including cell
polarization and migration (Tepast &, 2000; Dickenset al, 2002; Roemeet al,
1996). Multiple cadherin domains have been showfotm Cd*-dependent rod-like
structures with a conserved Cdinding pocket at the domain-domain interfacet iba
utilised to form homotypic or heterotypic interacts with other proteins. Most of the
calcium-binding residues found in the domain-domaiterface in the cadherin
domains ofe-sarcoglycan are conserved and therefore may bgedtifor interactions
with other proteins (Dickenat al, 2002). However, it remains to be established what

proteins interact with the various binding sitesrfd along the-sarcoglycan protein.
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1.3.8 Summary

It is evident that mutations in the (& gene, in most cases, leads to
MDS. Given the wide expression patterns exhibitgd-barcoglycan in and outside the
brain, the mutated protein is likely to affect aigty of organs, and the consequences
of such mutation will in part depend on the leveElredundancy of that protein in a
specific organ. Preliminary data suggest an extr@syc membrane-associated
localization ofe-sarcoglycan, therefore indicating that the prot@iay not associate
with DPC complexes localized at the PSD of inhilyiteynapses. However, more
detailed studies are required in order to deterntir@elocalization ofe-sarcoglycan
within neurons of the brain and compare it to ¢tadsand delta dystrophin-containing
DPC complexes, in order to determine whether piaig of these complexes or whether
it associates with different protein complexes.sTwiork has been researched in this

thesis and is described in chapter 5.
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Chapter 2:

2.0Materials and Methods
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2.1 Reagents and equipment

2.1.1 General Reagents.

General reagents, common to more than one protoedlisted in this section and
under Appendix |, whereas those used only in spepifocedures are mentioned
throughout the method described and under AppeHldi&ll solutions and media
were made using double deionised water (o Stock solutions were sterilised by
autoclaving, or passing through a Qugfilter, and then stored at room temperature

(RT), unless specified otherwise.
2.1.2 Chemicals

All molecular biology grade laboratory chemicalsravgurchased from Sigma-
Aldrich and stored at room temperature, unlessrofise stated. Please see Appendix

I, Box 1.

2.1.3 Biological kits and systems

Please see Appendix I, Box 2

2.1.4 Markersand enzymes

Please see Appendix I., Box 3

2.1.5 Media, buffers and solutions

Please see Appendix I, Box 4 (pH Buffers) and Bogs@utions used for specific

protocols).
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2.1.6 Equipment and suppliers

Please see Appendix 1, Box 6.

2.1.7 Reagents and Equipment for specific protocols

Please see Appendix Il, Box 1.

2.1.8 Antibodies used in Western blotting and | mmunocytochemistry

detection analysis

Please see Appendix Ill, Table 1.
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2.2 Isolation of subcdlular fractionsand protein detection

2.2.1 Protease inhibitors

All the samples obtained from homogenisations agltl fractionation procedures
contained a combination of protease inhibitorsviertes colleagues in our lab have
optimised the concentration of the protease inbiibi{Pl) used (Susanne Flaeral,

1999). 1ul Pl was added for every 1ml of sampl@ension.

2.2.2 Preparation of subcdlular fractions from rat forebrain or cerebellum

Subcellular fractions from Wistar rat forebrainsrav@repared by a method based
on that of Cotmaret al, (1971) as previously described (De Sistaal., 1979) and
summarised in figure 2.2.2. Five adult rat foretrai ten adult rat cerebellum brains
were homogenised in homogenisation buffer (0.32b@se containing 1mM Mgg)l
using 12 strokes in a glass/Teflon homogeniser ttim clearance, at 500 rpm. The
resultant homogenate was diluted to 10% (w/vol)homogenisation buffer, and
centrifuged 3,000 rpm (Sorval, SS34 rotor) for 1Onutes. The pellet was
resuspended in homogenisation buffer and re-caged as before. The supernatants
of both centrifugations were combined and centefigt 12,700 rpm (Sorval, SS34

rotor) for 15 minutes, to form the Pellet.

The P pellet was washed twice in 0.32M sucrose and ifegéd at 17,000 rpm
(Sorval, SS34 rotor) for 20 minutes after each washorder to remove any
microsomal contamination. The supernatant obtafmet the 20 minutes spin was
spun at 42,000rpm (Beckman, 42.1 rotor) for 60 nasuafter which the microsomes
(P3) and cell soluble (S3) was isolated (figure.2.2Whereas the pellet obtained
from the 20 minutes spin was resuspended and lys@@5ml of 50 uM CaGlpH
7.0, and allowed to stand on ice for 20 minutefs8quently, 25ml of 0.2M sodium
phosphate buffer, pH 7.5, containing 0.05mM Gadld 5mM p-iodonitrotetrazolium
violet (INT) and 0.4M sodium succinate was added allowed to incubate for 25

minutes at 30 °C. This step led to the formationaoformazan precipitate in
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mitochondria, increasing the buoyant density. Inis thway, mitochondrial
contamination of the synaptic membrane (SM) fratio particular, was reduced.
The suspension was centrifuged at 10,000 rpm (§0B&34 rotor) for 7 minutes.
The resulting Pyt pellet was washed twice with 0.16 M sucrose cairigi 0.05mM
CaCl, in order to remove any residual INT, and cengdd at 20,000 rpm (Sorval,

SS34 rotor) for 18 minutes after each wash.

The washed Pyt pellet was resuspended in 15ml of 0.32M sucrosgaiining
0.05mM CadJ This solution was underplayed with 0.8M, 1.0M an@dM sucrose,
each containing 0.05mM Cagl

The gradients were centrifuged for 120 minutes6a®@0 rpm (Beckman, SW28
rotor) and myelin, light membranes (LM) and synapthembranes (SM) were
harvested from the 0.32M / 0.8M, 0.8M / 1.0M andM./ 1.2M interfaces
respectively (figure 2.2.2). The mitochondrial fian formed a pellet at the bottom
of the tube. The harvested fractions were dilure@d.05mM CaCl and centrifuged at
42,000 rpm for 30min (Beckman, Ti60 rotor). Thelgtsl were resuspended in B0
of 0.32M sucrose containing PI(Iml) and stored at -80 °C.
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Figure 2.2.2: Subcellular fractions prepared by the Cotman et al (1971)
method.
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2.2.3 Preparation of PSD in rat Forebrain/Cerebellum by the Gurd et al (1982)
method

A fresh SM fraction prepared by the Cotnetiral (1971) method (refer to section
2.2.2 was used to isolate PSDs by a method based od &uaf (1982). The SM
fraction was harvested and mixed with 30ml 0.05mMeICE& and centrifuged at
42,000 rpm (Beckman, Ti60 rotor) for 30 min. The $Bllets were resuspended in
4ml of fresh deionised water and protease inhibi{®). To each of four new tubes,
1.25g 20% w/w PEG 6000, 1.25g (20% w/w Dextran 0)5@.5ml (0.2M Sodium
Carbonate Buffer pH.9.6), 2QD(25% w/v n-octyl glucopyranoside) and 1ml of the
SM suspension was homogenised with 12 straightkestrowith the Dounce
homogeniser. All four tubes were centrifuged a0B,6pm for 15 minutes. The PSDs
appeared at the interphase. The PSDs were haryestest with deionised water and
centrifuged at 12,000rpm for 2 minutes. This waseegded twice. The water was
removed and the PSD pellet resuspended inu25® 0.32M sucrose. Protease
inhibitors were added to the PSD and stored atG-80

2.2.4 Prepar ation of PSD in Forebrain by the Carlin et al (1980) method

Subcellular fractions from Wistar rat forebrainsrevprepared by a method based
on Cotmanet al (1971), modified by Carliret al (1980). Ten adult rat forebrain
brains were homogenised in homogenisation buff&2(@ sucrose containing 1mM
MgCI2) using 12 strokes in a glass/Teflon homoganigith 1mm clearance, at 500
rpm. The resultant homogenate was diluted to 10%ofjvin homogenisation buffer
and centrifuged at 3,000 rpm (Sorval SS34 rotor) @ minutes. The pellet was
resuspended in homogenisation buffer and re-caged as before. The supernatants
of both centrifugations were combined and centeflgt 10,430 rpm (Sorval, SS34

rotor) for 15 min, to give a crude membrarraction.

The brains in the Ppellet were resuspended and diluted to 10% (w/vol)
homogenisation buffer and centrifuged at 10,430 (®orval, SS34 rotor) for 10
minutes. The pellet obtained was resuspended inl D5B2M Sucrose containing
0.05mM Cadl. This solution was underplayed with 0.8M sucrds®M and 1.2M
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sucrose, each containing 0.05mM Cafigure 2.2.2). The gradients were
centrifuged at 26,000 rpm (Beckman, Sw28 rotor)1f2@ minutes. The myelin, light
membranes (LM) and synaptic membranes (SM) wereekted from the 0.32M /
0.8M, 0.8M / 1.0M and 1.0M / 1.2M sucrose interacespectively (figure 2.2.2),
each containing 0.05mM CaClIThe mitochondrial fraction formed a pellet at the
bottom of the tube. The myelin and LM fractionsriduat different sucrose interfaces
were isolated and subsequently added to two sepanbes, diluted in 0.05mM
CaCb, and centrifuged at 42,000 rpm (Beckman, Ti60 nofor 30 minutes. The
pellets were resuspended in f0Of 0.32M sucrose. Pl was added to preserve the

fractions. All fractions except the SM fraction, n@estored at —SC.

PSDs were prepared by the Carkh al (1980) method. The SM fractions
(synaptosomes) harvested from the sucrose grademet diluted with 60ml of 0.32M
Sucrose 1mM NaHC£X(1g of initial weight of brain material/6ml sucesolution).
The diluted SM preparation was centrifuged at 4@ @0n (Beckman, Ti60 rotor) for
30 minutes. The pellet obtained was resuspende@mh 0.32M Sucrose 1mM
NaHCQ; (10g initial weight of brain material/6ml sucroselution) and 6ml Triton
X-100 (1:1), mixed well, and centrifuged at 39,9ptnh (Beckman Ti60 rotor) for 20
minutes. The PSD pellet was resuspended in 0.328d0Se 1mM NaHC@ Pl was
added to preserve the fraction. The PSD was stire80C.

2.2.5 Protein deter mination by the Folin-L owry method

An appropriate volume of sample or BSA standardv{Be Serum Albumin) was
added to 200ul of 1M NaOH, and the protein waswadlb to solubilise for 10 min.
The volume of each tube was adjusted to 500ul dighlled water, followed by the
addition of a 2ml Lowry solution (49ml 2 % (w / WaCOs, 0.5ml 2.12 % (w / V)
Na tartrate, 0.5ml 1 % CuSO4). The tubes were lefstemd for 15 min at Room
Temperature. 200ul aliquots of Folin Reagent (Loetryal, 1951) diluted 1:1 with
distiled water, were added to each tube and inedbal5 minutes at Room
Temperature. The spectrophotometer was set to #b0rhe instrument was zeroed
with the blank containing the same preparation rilesd above, replacing the volume

of sample or BSA with the buffer containing the géemor BSA. The absorbance
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measurements of the standards and unknown sampmes measured. A BSA
standard curve (0-200ug) was prepared by plottieg750nm values (y-axis) versus
their concentration iug/ml (x-axis). The concentration of the unknown plenwas
determined using the standard curve. The final eotmation of the sample was
obtained by multiplying the concentration of themgée by the dilution factor,
divided by the path length.

2.2.6 Sample preparation for SDS-gel analysis

Sample buffer x 2 (4% SDS, 20% Glycerol, 10% 2gaptoethanol, 0.004%
Bromophenol Blue, 0.125M Tris-HCI) was diluted vith the sample. The sample
preparation was heated at’@5for 5 minutes, followed by a 5 minute period oa.i
The samples were then centrifuged in a microfugé2a®00 g for 5 minutes, the

supernatant was ready for loading on an SDS-pojianide gel.

2.2.7 SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was caroedas described by Laemmli
(1970) using the Bio-Rad mini Protean Il mini-gpparatus. Typically, 10% (w / v)
polyacrylamide gels were used, except where speciitherwise. 10 % gels were
made up with 6.4ml distilled water, 3.75ml of 1.5TMs-HCI, pH 8.8, 150ul of 10 %
(w/v) SDS, 5ml of 30 % (w / v) acrylamide contaign 0.8 % (w / v) bis-acrylamide
(Protogel, National Diagnostics) with 55ul of polgrisation. 12 % gels containing
5.5ml distilled water and 6ml Protogel, with alhet constituents as described above.
The stacking gel (5.5% w / v acrylamide) contai@e@iml distilled water, 1.25ml of
0.5 M Tris-HCI, pH 6.8, 0.95ml Protogel, 50ul of ¥(w / v) SDS with 31.5ul 10 %
(w/v) AMPS and 7.5ul Temed.

Samples were prepared (refer_to section 2. @@ gels run at 200 V until the dye-

front reached the end of the gel. Pre-stained mtdeaveight markers were utilised
(Appendix I, Box 3).
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2.2.8 Coomassie Blue staining for protein-detection in polyacrylamide gals

The gel was placed in the Coomassie Blue stai®4%0 / v) methanol, 10 % (v / v)
acetic acid, 0.25 % (w / v) Coomassie Blue R250/® min. The gel was removed
and destained in 45 % (w / v) methanol and 5 % Wvdcetic acid in water, until the
gel background was no longer blue, and the prdiairds could be clearly seen. The

sensitivity of this stain is up to 0.2-0.5ug pratper band.

2.2.9 Western blotting

All protein samples were blotted onto nitrocelekdowith a pore size of 0.45um
(Amersham, Hybond-ECL). A wet Western blotting prdare, modified from the
method described by Towbigt al (1979) was developed using the Bio-Rad mini
trans-blot cell blotting apparatus. The nitrocelkd was equilibrated in Blotting
Buffer for 1 h prior to blotting. Electrophoreticansfer was carried out for 1 hour at
100 V constant voltage.

2.2.10 Ponceau S staining for protein-detection on Western blotted nitrocellulose

Ponceau S staining on Western blots was carriecda®ulescribed by Harlow and
Lane (1988). The blot was washed in Ponceau Sisnl(@.2 % (w/v) Ponceau S, 3%
(wiv) TCA, 3 % (w/v) sulphosalicylic acid) for 5 mi This is a temporary stain,
which can be washed off by rinsing in PBS beforecking and subsequent
immunodevelopment. This is not a sensitive metlodlétection of proteins.

2.2.11 Development of Western blots: Enhanced chemiluminescence (ECL)

detection system

Blocking was carried out in 5 % w / v Marvel drigdlk in PBS. The Marvel was
centrifuged for 5 minutes at 5,000 rpm before useer allowing blocking for 30
minutes, the blot was washed in PBS, once for 1Butes and then twice, for 5
minutes each. Incubation of primary antibody wasied out over night at 4 °C. The
dilution required of each batch of primary antibodgs previously determined by

testing the intensity of development of a standdod. The blot was then washed in
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PBS as before, once for 15 minutes and then twire5f minutes each time.
Following this, incubation with a 1 in 2,000 diloti (in 5 % marvel in PBS) of
secondary rabbit polyclonal antibody or mouse mtorat antibody was carried out,
for one hour at room temperature. The blot was eddstor 15 minutes in PBS,

followed by four additional 5-minute washes.

Equal volumes of solutions one and two from ECtedton kit or from supersignal
WestDura ECL HRP substrate detection kit, were nohixe form the detection
reagent. Surplus buffer was drained from the hiatt wwas then incubated in the
detection reagent for 1 minute. A piece of hypbnfECL was placed over the
wrapped blot and exposed for 15 seconds initialxposure time was varied
dependent on the intensity of the reaction. Aftggasure, the film was developed for

4 min in developer and 2 min in fixer.
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2.3 Isolation and detection of g-sar coglycan binding partners

2.3.1 Preparation of solubilised g-sarcoglycan and binding partners from

forebrain derived light membrane

Two rat forebrains were obtained and homogenisedd i0mM Tris pH 7.0 Buffer
and Pl in a final volume of 20ml. The homogenates wantrifuged for 5 minutes at
3,000 rpm (SS34, Sorval), the supernatant was rddaand was centrifuged 42,000
rpm (Beckman, 42.1 rotor) for 1 hour dC4 The pellets were resuspended in RIPA
Buffer pH 7.5 in a final volume of 39ml, incubatéasr 30 minutes at €, stirring
gently. The resuspension was centrifuged at 42;p@0for 1 hour at 2T (Beckman,
42.1 rotor). The pellet obtained represented theftddtion containing-sarcoglycan
isoforms solubilised from the membrane as partnyf multi-protein complexes that
exist within the membrane. The pellet was subsetpersuspended in 1ml of
(50mM Tris-HCI pH 5.5 containing 1%SDS), ready fmmunoprecipitation

2.3.2 Cross-linking of anti-g-sar coglycan antibody to Dynabeads Protein G

10Qul of Dynabeads Protein G (Invitrogen) were addedriceppendorf tube and
placed on a magnet, to separate the beads fromaolbhéon. After removal of the
solution, the dynabeads attracted to the magnettate were released and washed
three times with 0.5ml citrate-phosphate Bufferfb, and the solution was removed
when the dynabeads were allowed to dissociate ftmmsolution and bind to the
magnet. 2l of anti-€-sarcoglycan antibody was mixed with the washedatgads
Protein G, and incubated 40 minutes at Room Teryreran a test-tube rotator.
Subsequently, the dynabeads are said to have edptine antibody, thus the
eppendorf tube was placed near the magnet to esdla dynabead-antibody
complex, and the latter was washed a couple ofstimiéh 0.5ml citrate-phosphate
Buffer 0.1% Tween 20 pH 5.0. Prior to cross-linkthg dynabead-antibody complex,
the latter was washed in 1ml 0.2M triethanolaminfdy pH 8.2.
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The dynabead-antibody complex was resuspended mM2MOMP in 0.2M
triethanolamine pH 8.2, with gentle mixing for 3@nnat 20C, to allow cross-linking.
Using the magnet to isolate the dynabead-antibaiyptex, the supernatant was
discarded and the cross-linking reaction was iapgad with 1ml 50mM Tris pH7.5,
with a 15 minute gentle incubation at Room TempeeatUsing the magnet, the
cross-linked antibody-dynabead complex was washeduple of times using 1ml
PBS/T. Two additional washes of the cross-linkeadsein 3@u 0.1M Citrate pH 2.0
were carried out and loaded on a gel to verifydfieiency of antibody binding and
antibody cross-linking to the beads, respectivdlyting the procedure. The cross-
linked beads were stored in PBS pH 7.4, contairirigo Tween-20 and 0.02%

sodium azide, at°C.

2.3.3 mmunopr ecipitation of g-sarcoglycan binding partners

The solubilise&-sarcoglycan product (refer to section 2)3vhs mixed with non-
cross-linked Dynabead Protein G (Invitrogen) in:401ratio, incubated for 3 hours,
with gentle rotation at Room Temperature. A magwas subsequently used to
separate the beads and unspecifically-bound psotéiom the pre-cleared LM
suspension. The pre-cleared LM suspension and [2aasbProtein G cross-linked
with the antie-sarcoglycan antibody were mixed in a 1:40 ratiespectively,
incubated overnight with gentle rotation 8€4 The magnet was used to separate the
beads containing the immunoprecipitated (IP) comptem the solution, such that
the suspension could be removed, and the beadswesteed twice in PBS. The IP
complex was eluted from the Dynabead Protein G ¢exnipy addition of 30l 0.1M
Citrate pH 2.0, allowing to rotate for 2 minutesnfagnet was subsequently utilised
to isolate the Dynabead Protein G from the suspansontaining the IP complex,

and the latter isolated. The elution step was rejpeavice more.
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2.4 Cell culture of cortical neurons

2.4.1 Preparing the coverdlips

24 well tissue culture plates were prepared witkiecslips coated with poly-D-
lysine, under sterile conditions. Coverslips wanalaved, washed with ethanol and
allowed to dry prior to coating procedures. Eachetslip was added to a well and
coated with 0.5ml of Coating material (100mg/l RBiysine in 0.15M Boric Acid,
pH 8.4). The plates were incubated 2 hours &C3h a sterile incubator. Post-
incubation, each well was washed twice with Harkafanced salt solution without
c&* and Md", and left in sterile PBS solution in a°87 sterile incubator, until

needed.

2.4.2 Preparation of cortical neuronsfrom E18 prenatal rats

Cortical neurons were prepared by a method basddresbactet al (2003). E18
pregnant rats were anaesthetised and its embryusvesl. The heads were removed
from the embryos, and the brain was dissected ftwrskull and transferred into a
petridish with icecold Hanks’ Balanced salt solnti#1BSS) without C& and Md".
The brains were cut along the midline and the f@ieb was removed and
immediately placed in another petridish with colB$$ (without C&" and Md™"). Al
the forebrains isolated were transferred to a ltbime, washed three times with 5ml
HBSS (without C&" and Md"). Once all the HBSS media was removed, 1ml of pre-
warmed Day 1 Media (refer to Appendix Il) was addedhe forebrain and very
gently triturated with a thin glass until the sabat was clear. The suspension was
filtered through a 70m cell strainer. To the filtered supsension, 1miyDaMedia
was added for each brain isolated, and a furthdrag 1 Media was added to this

mixture.

Cells were counted by adding®f cortical neuron preparation to l0of Trypan
Blue, and viewed under a microscope. 60,000 ceifs(bigh density) were plated on
24 well plates for transfection experiments, wherad@,000 cells/cf(low density)

were plated on 24 well plates for immunocytocheryis?4 hours after plating, the
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Day 1 media was replaced with Day 2 Media (refeAppendix Il). Neurons were
allowed to grow for two to three weeks in a ste8i€C incubator, and half the media

in each well was replaced with fresh pre-warmed D&jedia every seventh day.

2.4.3 Preparation of DNA

PET32b vectors containing the 33kBa&arcoglycan peptide, and pEGFP-N3
vectors containing Cexon78 or Dexon78 of classaal delta dystrophin isoforms
respectively, were kind gifts by Derek DJ Blake abdristopher T Esapa of the

Pharmacology Department, Oxford University.

2.4.4 Transfection of cortical neurons with pPEGFP-N3Cexon78 and pEGFP-

N3Dexon78 vectors

For tissue culture media and reagents, refer toeAgx Il. Using 24 well
tissue culture plates coated with poly-D-lysinddreo section 2.4)]1 each well was
plated with 60,000 cells/¢min 0.5ml of pre-warmed Neurobasal Media A, and
incubated for 72 hours at %7, with 5% CQ in 95% humified air. On day 3, half of
the plating volume was removed and replaced witk-vairmed 2501 fresh
Neurobasal Media B. Four days after platingg bf DNA (refer to_section 2.5 3vas
prepared in a polypropylene tube and diluted ir@pl ®PTI-MEM 1. In a separate
polypropylene tube, fug of Lipofectamine 2000 (Invitrogen) was also ddlditinto
50ul OPTI-MEM I, and incubated for 5 minutes at RoomnIperature. The diluted
DNA/Lipofectamine 2000 (total of 1@@) were mixed together and incubated 20
minutes at Room Temperature. The supernatant framapy cultures was removed
and replaced with 4QWwell of fresh Neurobasal Media B. 100 of diluted
DNA/Lipid complexes were added to each well, malanighal volume of 500l. The
transfection was allowed to occur for 5 hours dtC3%% CQ with humified air.
After 5 hours, the supernatant was removed andcegdl with 0.5ml of Neurobasal
Media B, and placed back in the incubator for 2dreoThe neurons were then fixed

(refer to _section 2.4.5 or 2.4.60 order to visualise the protein of interestngsa

Nikon Eclipse TE300 microscope (refer to sectich?.
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2.4.5 PEA-Fixation (for cDp, dDp, &-s9, MAP2, MANDAG, GABAAR, GADGS,

B3-tubulin and synaptophysin antibodies) of matur e cortical neurons

For tissue culture media and reagents, refer {weAgdix Il. Coverslips were washed
with pre-warmed PBS. Neurons were fixed by addirgd of 4%PFA (pH 7.4) in
PBS for 20 minutes at Room Temperature. The caperslere then washed twice
with 25mM Glycine in PBS and blocked one hour abRolemperature in Blocking
Solution with Triton X-100. The coverslips were qgagd in a humified chamber onto
Parafilm, and 5@l of primary antibody in Blocking Solution was lefver night at
4°C. The next day the cover slips were washed twideBS followed by incubation
with 50ul secondary antibody in Blocking Solution witholititon X-100 for 1 hour
at Room Temperature in the dark. The coverslipewleen washed twice with PBS,

followed by water washes, and then mounted withtd&&deld Mounting Medium.

2.4.6 Methanol-Fixation (for dDp, PSD95 and NR1 antibodies) of mature

cortical neurons

For tissue culture media and reagents, refer tpeAgdix Il. Neurons were fixed
with —20C cold Methanol for 5 min at —20, followed by permealisation in 0.25%
Triton X-100 for 5 min. Upon washing with PBS, ussfiic binding was blocked for
1 hour at Room Temperature in 10%BSA in PBSul5&f primary antibody in
Blocking Solution with Triton X-100 was added tockawell and incubated over
night in a humified chamber. The next day, the cslfgs were washed twice in PBS,
followed by 1 hour incubation with p0 secondary antibody in Blocking Solution
without Triton X-100 at Room Temperature, in the dark.eAftvashes with PBS, and

water, the coverslips were mounted with Vectashiébdinting Medium.

2.4.7 Viewing fixed neurons under the microscope

The stained cells were visualised using aoNikeclipse TE300 inverted
microscope equipped with a Hamamatsu digital caraathimages visualised using

simple PCI (Digital Pixel) software.
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2.5 Antibody production

2.5.1 Endofree Maxiprep Plasmid Kit for amplification of the epitope-containing
DNA

For buffer solutions, refer to Appendix I, Box drFiological kits and systems,
refer to Appendix I, Box 2. An Endofree Maxipre@&hid Kit (Qiagen) was utilised
to amplify the DNA containing the epitope againdtiehh the antibody had to be
raised against. Prior to starting, RNAse A was dddeP1 buffer, and P3 buffer was
chilled at 4C. A single colony was picked (refer to section.®.5rom a selective
plate and used to inoculate a starter culture 8Mm2-LB medium containing the
appropriate selective antibiotic. The colony in tt® medium was incubated for 8
hours at 37C with vigorous shaking (300 rpm). The starter undtwas diluted to
1:500 into 150ml selective LB medium and incubatéchours at 3T with vigorous
shaking (300 rpm). The bacterial cells were hamgk$ty centrifugation at 6,000g for
15 minutes at €. The bacterial pellets were combined and reswsgkin 10ml
Buffer P1. 10ml Buffer P2 was subsequently addededthoroughly by vigorously
inverting the sealed tube 6 times, and incubated fminutes at Room Temperature.
10ml of chilled Buffer P3 was added to the lysatd anmediately mixed thoroughly
by vigorously inverting the sealed tube 6 times umtil the solution became
neutralised. The lysate was poured into the bafréie Qiafilter cartridge, incubated
10 minutes at Room Temperature. The cap from tladil@r Cartridge outlet nozzle
was removed and the plunger was gently inserted tm¢ Qiafilter maxi Cartridge
and the cell lysate was filtered into a 50ml tub&ml of Buffer ER was added to the
filtered lysate and mixed by inverting the tube r@pgmately 10 times followed by a
30-minute incubation on ice. To equilibrate the GEN-tip 500, 10ml of Buffer
QBT were applied to the column, and the Buffer wkswed to exit the column by
gravity flow. The filtered lysate was applied hetequilibrated QIAGEN-tip 500 and
allowed to enter the resin by gravity flow. The @EN-tip was washed twice with a
30ml Buffer QC. The DNA was eluted with 15ml Buff&N. The DNA was then
precipitated by adding 10.5ml (0.7 volumes) of ireg@anol to the eluted DNA, mixed
and centrifuged immediately at 15,0009 (Beckman,28\Wbtor) for 30 minutes at
4°C. The supernatant was carefully decanted. The Dp¢fet was washed by
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resuspending with 5ml of endotoxin-free Room Terapge 70% ethanol, and
centrifuged at 15,000g (Beckman, SW28 rotor) for mthutes. The resulting
supernatant was carefully decanted without dishgrkthe pellet. The pellet was
allowed to air-dry for 10 minutes, and redissolue@ suitable volume of endotoxin-
free Buffer TE (~300Ql).

2.5.2 Analysis of DNA by sequencing

DNA sequencing by the dideoxy-mediated chain teation method was routinely
automated and performed in Oswell Laboratorigg &f purified plasmid DNA to a
1.5ml microfuge tube were normally sent over faguencing analysis after adjusting
the volume to 50ml with ddi® (C = 100ngil). Sequencing data were analysed
using ABI PRISMA software compatible with a Poweadhtosh G3.

2.5.3 Spectrophotometric deter mination of DNA

The spectrophotometer was calibrated at 260nmdayng 1ml TE (Tris-EDTA
buffer) in a cuvette. 1@l of each DNA sample was added to ADOE buffer and
mixed well. The ODBRs values were obtained from the spectrophotometbe T

amount of DNA was quantified from the following foula:

DNA concentrationf{g/ml) = ODygq X 100 (dilution faction) x (5Qug/ml)’
1000

" (conversion factor for ds DNA)

2.5.4 Prepar ation of L ysogeny broth (L B) agar ampicillin plates

The LB agar media was prepared in a 1L flask. Tagk was covered with an
aluminium foil and autoclaved for 20 minutes usitg liquid cycle. 100g/ml
ampicillin was added to the autoclaved medium aimxed1 A flame was passed on
the beaker to remove any bubbles in the medium, andhe beaker mouth for
sterilisation purposes. The LB agar was poured stavile plates, and these were

91



allowed to stand at Room Temperature for a day. plaes were then stored upside

down inside a bag to prevent drying out, ¥ 4

2.5.5 Transformation protocol of E. coli with pET 32b g-sar coglycan peptide

For cells, buffers, solutions and reagents, refekgpendix |, box 5. BL21 (DE3)
competent cells were thawn on ice. Separateull@lquots of the competent cells
were added to different 14ml BD Falcon polypropglenund-bottom tubes, whilst a
10Qul aliguot of competent cells was obtained for use dransformation control. To
increase transformation efficiency, a 1:10 dilutioha 14.2M stock solution d3-
mercaptoethanoPB(ME) was added to all cells, for a final concentratibr2emM [3-
ME, and gently swirled every 2 minutes. 25ng of BEfE-sarcoglycan peptide was
added to each transformation reaction and swirleshtlg For the control
transformation reaction, b of pET32bplasmid lacking ligation was added to a
separatelO0ul aliquot of the competent cells and swirled gen#lif transformation
reactions were incubated on ice for 30 minutes.hBaansformation reaction was
heat-pulsed in a 42 water bath for 45 seconds, followed by a 2-mirinteibation
on ice. 0.9ml of a preheated f& SOC medium (2M filter-sterilised glucose
solution) was added to each transformation readiwh subsequently incubated the
reactions for 1hr, in a shaker (220rpm) andCG3710Qul of the transformed cells
containing the ligated pET32b vector were spreadoohB agar ampicillin plates
using a sterile spreader. 20Mf the control transformants were plated ontd_&a
ampicillin agar plate. The plates were incubated@roight at 37C. The single
colonies of transformants were picked for eithend&free Maxiprep Plasmid Kit” or

for “Induction of target protein using IPTG on aga scale”.

2.5.6 Induction of target protein using | PTG on alarge scale

For cells, buffers, solutions and reagents, refelAppendix I, box 5. Single
colonies of transformants were picked and inocdlatech in a different 20ml aliquot
of LB medium containing 1Q@/ml ampicillin, left overnight in a shaker (220rpat
37°C. A 1 liter culture (LB, 100g/ml ampicillin) was inoculated 1:50 with the

noninduced overnight culture under vigorous shakipg0rpm) at 37C, until an
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ODgoo Of 0.5 was reached. A 1ml samples was taken just pr induction, and the
cells in the sample were pelleted using a micradege and resuspended inB®GXx
SDS-PAGE sample buffer, for gel analysis. Overesgion of the peptide of interest
was induced by addition of IPTG to a final concatitm of 1mM. Once the Qfg,of
0.5 was reached, a 1ml sample was collected andcelis were pelleted in a
microcentrifuge and resuspended in 08x SDS PAGE sample buffer, for gel
analysis. The induced cells in the 1 liter cultwere then harvested by centrifugation
at 4,000 g for 20 minutes, stored overnight a®620

2.5.7 Prepar ation of cleared BL 21 (DE?3) lysates under denaturing conditions for

purification of the target proten

For buffer solutions, refer to Appendix I, box 4heT induced cell pellet was
thawn for 15 min on ice and resuspended in Buffeat Bml per gram-wet weight.
The cells were gently stirred for 30-60 minutesRatom Temperature. Once the
solution became translucent, lysis was complete thedlysate was centrifuged at
10,000 g (Sorval, SS34 rotor) for 30 min at Roormpperature in order to pellet the
cellular debris. The supernatant was ready to @udgrotein purification under
denaturing conditions. Ab aliquot of the supernatant was mixed withl ®f 2x
SDS-PAGE sample buffer and stored at®@fbr SDS-PAGE analysis.

2.5.8 Batch purification of 6xHis-tagged proteins from BL21 (DE3) cells under

denaturing conditions

For buffer solutions, refer to Appendix |, box 4mllof the 50% Ni-NTA
(Qiagen) slurry (binding capacity 5-10mg/ml) wasiiégrated with Buffer B, and
centrifuged at 2,000 rpm for 2 minutes. 1-2mg lgsaas loaded onto an equilibrated
column and mixed gently on a shaker (200rpm) fom@ii at Room Temperature.
The lysate-resin mixture was carefully loaded iatoempty column with the bottom
cap still attached. Once the mixture settled in toéumn, the bottom cap was
removed and the flow-through was collected and kepgel analysis. The column
was washed twice with 4ml Wash buffer pH 6.3, dmal ftow-through was collected
for gel analysis. The recombinant 32.6kEaarcoglycan peptide was eluted 4 times
with 0.5ml Elution buffer pH 5.9, followed by 4 tes with 0.5ml Elution buffer pH
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4.5. The fractions were collected and analysed D$-BAGE. The Ni-NTA Resin
matrix was stored in Buffer B containing 30% ethatm inhibit microbial growth. It

Is recommended a maximum of 5 runs per column.

2.5.9 Selection and prepar ation of Dialysis M embrane

A 30 cm dialysis membrane with “molecular weight-otf” (MWCQO) 1000 was
utilised. The membrane was boiled for several nésuh a large excess of 10mM
sodium bicarbonate, followed by boiling for sevemaihutes in 10mM N#ZDTA.

The boiling step in 10mM N&DTA was repeated. The membrane was then washed
several times in distilled water and stored 4 # 20% to 50% ethanol, to prevent

growth of cellulolytic microorganisms.

2.5.10 Dialysis of g-sar coglycan peptide

The MWCO 1000 dialysis membrane was removed frdmaredl storage solution
and rinsed with distilled water. A secure clamp w#hsed to close one end of the
membrane. The membrane was filled watBarcoglycan peptide and the open end
was also clamped avoiding any air above the sandie.sample was squeezed to
check the integrity of the membrane and clamps. dlaysis membrane was
immersed in a beaker containing 2 liter of cleavhgéer, allowing stirring gently
overnight at 4C. The next day, the cleavage buffer was replawitidl 1.5 liter of
fresh cleavage buffer pH 7.4, allowing stirring thgrfor 2 hours at 2C. This last
step was repeated. The dialysis membrane was remioom the buffer and the
membrane was held vertically to remove excess bufé@ped near the clamp. The

sample was removed with a Pasteur pipet.

2.5.11 Concentrating the purified g-sar coglycan peptide

Up to 2ml of the dialysed-sarcoglycan peptide was added to a Centricon YM-10
centrifugal filter device, and allowed to spin fbhour, at 2%C, at 5,000 g (Sorvall,
H1318 rotor). The dialyseetsarcoglycan peptide was concentrated to as atla

25ul sample volume in cleavage buffer.
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2.5.12 Recombinant Enterokinase (rEK) treatment on the 33kDa g-sar coglycan

peptide

For buffer solutions, refer to Appendix I, box el concentrated-sarcoglycan
peptide containing the enterokinase (EK) tag wagested using Recombinant
Enterokinase. Serial dilutions of 50U rEK in rEKI|@ion/Storage Buffer were
prepared to produce solutions containing 0.1, @@ @.5U enzyme pepl. These
were assembled with the following components inteeparate tubes, in order to
estimate the appropriate range of enzyarget protein ratio and incubation times.
5ul of 10x rEK Cleavage/Capture Buffer A, i@ target protein, dl diluted rEK (the
fourth tube receivedul Dilution/Storage Buffer only), and pl of deionised water to
make a 5Qul total volume. The reactions were incubated atrdemperature, taking
10 pl aliquots into 1@l of 2x SDS sample buffer after 2, 6 and 17 hoswsh that the
extent of cleavage of the samples could be detewinoy SDS-PAGE analysis. The
optimum rEK protein ratio for this study was 1100, with a 17 hour incubation time.
A total of 2mge-sarcoglycan peptide digested with rEK was obtairetd was
concentrated in Centricon YM-10 centrifugal filgevice. For details, refer to section
2.5.11

2.5.13 I solation of the g-sar coglycan peptide from the S-tag-containing peptide

For buffer solutions, refer to Appendix |, box 4hel 14kDag-sarcoglycan
peptide and 18.6kDa tag, obtained by rEK digestibithe 32.6kDas-sarcoglycan
peptide, were equilibrated in Wash/Bind buffer pH. The 4ml slurry S-tag Agarose
Beads (Novus Biologicals), which can bind up to loh&-tag, were also equilibrated
in Wash/Bind buffer by gently mixing the beads wiMash/Bind buffer for 2
minutes, followed by a 2 minute centrifugation &0@ rpm. The supernatant was
discarded and the 2ml settled Agarose beads weredmvith 2mg protein capacity
(Img of 14kDae-sarcoglycan peptide + 1mg of 18.6kDa tag), 2 hatrfRoom
Temperature, with gentle rotation (14 rpm). The gl@mvas added to 5ml spin-filter
columns, and centrifuged 10 minutes at 500g. Tipersiatant contained the 14kBa
sarcoglycan peptide of interest. The beads werdygemxed on a rotator (14 rpm)

for 5 minutes with 3M Magnesium Chloride, followbg a 2minute centrifugation at
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2,000 rpm. The supernatant contained the 18.6kDeg$peptide. The beads were
resuspended and gently mixed (14 rpm) in Wash/Buiider pH 7.5 for 5 minutes,

followed by a 2 minute centrifugation, and stored phosphate buffer, pH 7.3
containing 0.5M NaCl, 0.02% Thimerosal 8€4for further use.

2.5.14 Bradford Protein Assay (for protein and antibody)

A BioRad protein assay kit was used to estimagectincentration of protein20pl
of different dilutions of the BSA (2mg/ml) proteistandard were pipetted into
separate 1ml cuvette20ul of unknown samples were also pipetted into sepéakal
cuvettes. 1ml of 1x Dye reagent was added to easfetie. All samples were
incubated for 10 minutes at Room Temperature. TeEtsophotometer was set to
280nm. The instrument was zeroed with the blankpéarwontaining 1ml of 1x Dye
reagent and 20 of the same buffer found in the sample/BSA. Thescabance
measurements of the standards and unknown samgles measured. A standard
curve was prepared by plotting the 280nm valueax{g) versus their concentration
in ug/ml (x-axis). The concentration of the unknown pemwas determined using
the standard curve, and the final concentration adjasted by multiplying by the
dilution factor, and divided by 1cm (path length).

2.5.15 Lyophilisation

Prior to lyophilisation, the switches for bahe vacuum and refrigeration were
set to “auto”(switches are both down), the lighis ¥acuum and refrigeration were
checked to make sure they were both on, the teryseravas allowed to reach ~
40°C, and the pressure was allowed to reach ~100MM0Bar. The sample was
frozen in a —88C freezer until the sample was completely frozeére dpen container
containing the sample was covered with tin foilfefv small holes were punched in
the tin foil in order to allow for more efficientrgssure equalisation. The frozen
sample was placed in a round bottom lyophiliseef#nd this in turn was placed into
a rubber gasket attached to the lyophiliser. THeevattached to the rubber gasket
was turned 18T clockwise to open the chamber to the pump. Theiwa reading

should momentarily go down and then come back upe@sacuum pumps down the
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tube. After a 2 hour to overnight incubation tindepending on the volume of each
sample and the time it takes for each sample toptsiely dry-out, the valve was
turned counter clockwise 18D and the lyophiliser tube containing the samplaldto
be removed.

2.5.16 Antibody production

The lyophilised sample (refer to section 2.5.Was sent to Sigma-Genosys for

antibody production in rabbit hosts.
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2.6 | solation of anti-g-sar coglycan antibody from immunised
Rabbit serum

2.6.1 Cross-linking of g-sar coglycan peptide to the AminoL ink Column

Following the dialysis of the-sarcoglycan peptide in 1L PBS solution (refer to
section 2.5.1)) the peptide was concentrated (refer to sectibrld, prior to cross-
linking to the AminoLink Column. The AminoLink PluResin was suspended by
end-over-end mixing. Subsequently, top cap and tkem bottom tab were
sequentially removed, in order to avoid drawingi@tio the column. The column was
centrifuged at 1,000g for 1 minute in order to remdhe storage buffer. 2ml of
Coupling Buffer pH 7.2 was added to the column]ofwed by centrifugation at
1,0009 for 1 minute. This last step was repeatéé. @ottom cap was replaced and 2-
3ml of e-sarcoglycan peptide (1-2mg content) dissolvedhn7p2 Coupling Buffer
was added to the AminoLink Plus Column. 0.1ml of ghrepared sample was saved
for subsequent determination of coupling efficienoy a fume hood, 40 of 5M
Sodium Cyanoborohydride Solution was added to ¢laetion slurry, and the top cap
was replaced to allow the mixing of the column lmg-®ver-end mixing at Room
Temperature for 4 hours. The top and bottom cae wemoved respectively, then the
column was placed into a new tube where it coulccémtrifuged at 1,000g for 1
minute, and the non-bound protein was collectedsaved, in order to determine the
coupling efficiency by comparing the protein concation of the non-bound fraction
to the starting sample. The top cap was removdthwied by the removal of the
bottom cap, and the column was placed into a née &nd centrifuged at 1,000g for
1 minute to remove Coupling Buffer. The column waashed with 2ml of
Quenching Buffer and centrifuged. The washing steg repeated. The bottom cap
was replaced, and in a fume hood, 2ml of QuencBiaffer were added to 40 of
Sodium Cyanoborohydride Solution, and the resulsotution was added to the
column. The top cap was replaced to allow gentlgingi of the column for 30
minutes by end-over-end rocking. The top cap wasfgely removed, as some gas
pressure may have formed during the reaction. Tb#odm column cap was

subsequently removed, and the column was placedainew tube and centrifuged in
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order to remove Quenching Buffer. The reactantstaednon-coupled protein were
washed away with 2ml of Wash Solution (1M NaCl,.5349NaN;) and centrifuged at

1000g for 1 minute. This step was repeated fouesinThe column was equilibrated
by adding 2ml of Storage Buffer B and centrifugé€His step was repeated two more
times. The bottom cap was replaced and 2ml of §eBuffer B were added to the
top of the resin bed. The top cap was replacedtamequilibrated column was stored

upright at 4C until further use.

2.6.2 Affinity purification of anti-g-sarcoglycan antibody from immunised

Rabbit serum

The AminoLink Column containing the 33kDasarcoglycan peptide covalently
attached to the beaded agarose support by prinmaimyeacontaining proteins was
equilibrated to Room Temperature. The top colunp &@lowed by the bottom cap,
was removed and the column was centrifuged at §,®&@01 minute to remove any
storage solution. The column was equilibrated ®ithl of Phosphate-Buffered saline
(PBS) pH 7.4. The rabbit serum was diluted with RB& 1:1 ratio, and 2ml volumes
of the diluted serum were added in succession ¢octhlumn. 12ml of Coupling
Buffer pH 7.2 was added to the column, the flowetlgh containing the non-bound
serum antibody was collected and saved, in orddetermine the coupling efficiency
by comparing the antibody concentration of the hoond fraction to the starting
sample. The rabbit serum astsarcoglycan antibody that bound to the affinity
column was eluted with 8ml Elution Buffer (0.1M @Gige pH 2.5). The eluted
samples were saved in separate 1ml fractions, @adiaining 50ul of Neutralization
Buffer (1M Tris-HCI pH 9.0). pH strips were utiliddo verify the elution containing
the antibody was neutralised. The elution(s) comgi the antibody was identified
via spectrophotometric analysis at 280nm (refesdotion 5.23).100ul liquots of
anti-€-sarcoglycan antibody were added to separate epyfindibes and stored at
-8¢°C.
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Chapter 3:

3.0 Classical and delta dystrophins are differently localized

in brain and hencelikely to form different DPC complexes.

3.1 Introduction

In brain, the molecular composition of the DPC complex at inhibitory
synapses of hippocampal neurons is becoming well established and includes:. classical
full-length dystrophin, B-dystrobrevin, a and [-dystroglycan, syntrophins, and [3-
neurexin (Brunig, et a, 2002; Culligan et al, 2002) (see chapter 1, figure 1.1.7.1). A
decade ago, Blake et al (1999) identified a novel aternatively spliced isoform of
classical dystrophin, which | name delta dystrophin (see Chapter 1, figure 1.1.2.2B).
Although the expression of delta dystrophin in the brain has aready been demonstrated
(Blake et al, 1999), no studies on the function or localization of delta dystrophin in the
brain have been published to date, and very little information is known about its
molecular interactions in brain (Blake et al, 1999). The amino acid sequence of
classical and delta dystrophin differs by only one exon located at the C-terminal end of
each protein (chapter 1, figure 1.1.2.2). Classical dystrophin contains classical exon 78
that can be replaced by a longer and unique sequence | name delta exon 78, to yield
delta dystrophin. Classical dystrophin contains a number of different domains (chapter
1, figure 1.1.2.1) that allow the protein to associate with various DPC components and
intracellular proteins. Classical exon 78 is not part of any of these domains in classica
dystrophin. In fact, the significance of classical exon 78 still remains to be established.
Given that classical exon 78 does not appear to participate in molecular interactions
with the DPC complex, its replacement with delta exon 78 suggests delta dystrophin
possesses all the requisites to serve a similar function to classical dystrophin. Hence it
may replace classical dystrophin to form novel delta DPC-like complexes in the brain.

If so, this raises a number of interesting questions. Do delta dystrophin DPC complexes
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co-localize to the same subcellular compartments as classical dystrophin DPC

complexes? Do they have the same protein composition and the same functions?

| present here a database search (BLAST database) on classical exon 78
and delta exon 78, in order to verify whether any recently identified conserved domain
published on this database whose function is known, matches these two short amino
acid sequences. | then use a biochemical approach to compare the subcellular
distribution of classical and delta dystrophin in two different brain regions (forebrain
and cerebellum), to determine if the two dystrophin isoforms have the same or different
distributions in the brain, in order to begin to determine whether delta dystrophin may
replace classical dystrophin in DPC formation and its functions. The distribution of
classica and delta dystrophin presented is also compared with the subcellular
distribution of other well-established DPC components in the brain. These experiments
aim to determine the similarities and/or differences delta dystrophin complexes may
have with the well-established classical dystrophin-containing DPC complexes in
forebrain and cerebellum, and provide information on the ability of delta dystrophin to
replace classical dystrophin in the formation of novel delta DPC-like complexes in the
cerebellum as well as in the forebrain. The cerebellum was selected because of the
abundance of inhibitory GABAergic neurons (Leto et al, 2008), given that classical
dystrophin is associated with GABAergic nerve terminals (Brunig et al, 2002).

According to a number of publications, DPC complexes of neurons
contain only classical full-length dystrophin and are highly enriched in PSD structures
(Culligan et al, 2002; Blake et al, 1999; Waite et al, 2009; Pilgram et al, 2009). Its
localization at PSD structures has been shown via a number of biochemical approaches
(Blake et al, 1999) as well as by immunocytochemical studies of hippocampal cultures
(Brunig et al, 2002). Classical dystrophin and associated DPC components are co-
localized with PSD markers (Brunig et al, 2002), therefore, PSDs and a range of
subcellular fractions from rat brain have been prepared in order to determine whether
delta dystrophin is also enriched in PSDs. There are two common and widely used
methods to isolate PSDs (see materidls and methods) either using Triton X-100
extraction (Cohen et al, 1977; Carlin et al, 1980) or phase partitioning using n-octyl
glucopyranoside (Gurd et al, 1982). Given that the composition of PSDs extracted by
the two methods may vary, and, given that the Triton X-100 preparation seems to
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contain only tightly bound PSD components (Matus et al, 1978; Kraus and Beesley
unpublished results), both methods have been utilized and compared with one another,
to examine the distribution of delta and classical dystrophinsin PSD structures in both

the forebrain and cerebel lum.
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3.2 Results:

3.2.1 BLAST database sear ch

To establish the significance of classical and delta exon 78, | examined
these sequences by using the BLAST database (http://blast.ncbi.nml.nih.gov/Blast.cgi).
| introduced the sequence of classical exon 78 (Table 3.2.1), and the database found
homologies of the sequence in classical dystrophin proteins only, but did not match
with any putative conserved domains present in other proteins, thus the significance of
classical exon 78 remained unresolved. When | introduced the sequence of delta exon
78 (Table 3.2.1), the database found homologies with delta dystrophin proteins only,
but again, it did not match with any putative conserved domains present in other
proteins, thus the significance of delta exon 78 aso remained unresolved. In order to
establish whether there may exist distant sequence similarities between these exons and
the protein sequence database, | carried out a different BLAST database search, named
PSI-BLAST. Unlike the BLAST database, the PSI-BLAST has been demonstrated to be
useful in detecting such similarities even after considerable modification of their
sequence during evolution (Bergman et al, 2007). When | introduced these sequences
in the PSI-BLAST database, the results obtained were identical to those described in
Table 3.2.1. | therefore began to examine and compare the subcellular distribution of
classical and delta dystrophin in forebrain, to establish whether the differences
exhibited by classical and delta exon 78 may or may not affect the subcellular
distribution of delta dystrophin, when compared to classical dystrophin. This in turn
was important for determining whether delta dystrophin may be able to replace
classical dystrophin in the formation of novel delta DPC-like complexes at these brain
regions, or whether the substitution of exon 78 results in the production of different
protein complexes with different subcellular localization and with different properties

and functions.
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Query Protein sequence Comparison
with the cdd
No putative
Classical exon 78 | RNAPGKPMREDTM conserved
(dystrophin) domain has
been detected

other thanin
dystrophin

isoforms.

No putative
Deltaexon 78 | HNVGSLFHMADDLGRAMESLVSVMTD | conserved
(dystrophin) EEGAE domain has
been detected
other thanin
dystrophin

isofor ms.

Table 3.2.1: classical and delta exon 78 contain no putative conserved domain.
A BLAST database was used to align exon 78 with sequences whose conserved
domains are aready established. The BLAST hit resulted negative. The significance of

these exons to date remains unknown. Cdd, conserved domain database.
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3.2.2 Isolation of brain subcdlular fractions

Different subcellular fractions were obtained as described in M&M,
chapter 2. These fractions were then probed with a number of antibodies to determine
the distribution of the antigen proteins in the different subcellular fractions. The
following subcellular fractions were obtained from forebrain and cerebellum of adult
rat brains. brain homogenate (BH), P2 pellet, myelin (My), microsomes (Mc), light
membrane (LM), synaptic membrane (SM) and mitochondria (Mt). The SM fraction
was fractionated further to give the PSD fraction. The PSD fraction consists of a large
number of proteins, including scaffolding proteins, receptors, signaling proteins and
adhesion molecules. The BH obviously contains al the complete protein complement
present in brain. The P2 pellet contains mainly nuclei or non-solubilised material of
neurons and glia. Microsomes mostly consist of artifactua vesicles formed from the
endoplasmic reticulum (ER), ribosomes, partially lysed cells, and occasional small
nerve-ending particle contamination. Myelin mostly consists of myelin fragments
together with fragments of axon membrane. LM mainly contains membrane fragments
largely of non-synaptic origin; the SM contains mainly synaptic membrane material as
well as some contaminants from other fractions, including membranes of non-synaptic
origin. The mitochondria consists almost entirely of mitochondrial membrane and

matrix material, as well as some DNA contamination.

Forebrain PSDs were isolated using either n-octyl glucopyranoside or
Triton X-100. Fractions were assayed for protein concentration by the Folin-Lowry
method, and then subjected to a number of tests to show they are not cross-
contaminated. A Sodium Dodecyl Sulfate (SDS) polyacrylamide gel containing an even
loading of the subcellular fractions isolated, was stained with Coomassie blue (figure
3.2.2.1) to reconfirm the protein loading is even throughout each lane. Figure 3.2.2.1
shows that the gels were evenly loaded, but as expected, the protein composition of
each fraction was distinctly different and evenly loaded. Three separate markers
(neuroplasting5, Gp50 and PSD-95) were used to test for cross-contamination between
the subcellular fractions isolated.

105



(N)
V\(I BH My Mt LM SM PSD

180kDa
116kDa
84kDa

58kDa
485kDa | oo

36.5kDa
26.4kDa

Figure3.2.2.1: SDS PAGE separation of forebrain subcdlular fractions.
Aliquots of subcellular fractions prepared from forebrain were separated on a 10%
SDS PAGE gel. Proteins were visualised with Coomassie blue. Protein loading is
20ug/lane. Lane 1, Molecular Weight Markers; lane 2, Brain Homogenate (BH);
lane 3, Myelin (My); lane 4, Mitochondria (Mt); lane 5, Light Membrane (LM); lane
6, Synaptic Membrane (SM); lane 7, Post Synaptic Density (PSD), isolated by the n-
octyl glucopyranoside (N) method. Molecular weight standards are indicated.
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| first examined the purity of forebrain subcellular fractions by
determining the distribution of neuroplastins (Np55 and np65, 55 and 65kDa
respectively), using anti-neuroplastin antibody (Gp65) (figure 3.2.2.2). Previous work
carried out in our lab has shown that both neuroplastins are enriched in the SM fraction,
whereas only np65 is present in the PSD fraction (Hill et al, 1988). Np65/55 were
therefore considered to be suitable markers for testing cross-contamination of the PSD
fraction with membrane fractions. All subcellular fractions were loaded on to an SDS
gel, followed by western blotting with anti-neuroplastin antibody (Gp65) (figure
3.2.2.2). The neuroplastin distribution was as expected. Neuroplastins 65 and 55 were
visible in the Brain Homogenate, P2 pellet, LM fraction and appeared enriched in the
SM lane. Only very low amounts of np65 and np55 were present in myelin and
mitochondria fractions, suggesting there is very little cross-contamination with the

fractions containing both neuroplastins.

Next | investigated the distribution of the neuroplastins within PSD
fractions obtained by two different detergent methods, and compared it to the SM
fractions (figure 3.2.2.3). Regardless of the method used for isolating the PSD fraction,
np55 was consistently absent from the PSD fractions, and as expected, np65 was
present in PSD fractions isolated by both methods. What is more, both neuroplastins
were enriched in the SM fraction, as expected. The neuroplastin distribution showed
that the subcellular fractions were successfully isolated. It is important to note that the
level of np65 in the Triton X-100 extracted PSDs is much less than for the n-
octylglucoside prepared PSDs. This is a novel result and important as it suggests that
np65 may only be loosely bound to the PSD. In both preparations, the PSDs appear to

be pure, as np55 did not contaminate the PSD fraction.

To further test cross-contamination of the PSD fraction with membrane
fractions, the distribution of Gp50 (figure 3.2.2.4) was investigated. The Gp50 antibody
detects the 50kDa [32-subunit of the ATPase subunit, known to be present in synaptic
membranes (SM), but absent from the PSD and other fractions (Beesley et al, 1987).
Upon western blotting of subcelular fractions and incubation with the anti-Gp50
antibody, | observed that only the LM and SM fractions contained the Gp50 protein,
whereas the PSD fraction did not contain any Gp50 protein, in agreement with Beesley
et al (1987). In fact, the 50kDa protein is highly enriched in the LM fraction, less
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prominent in the SM fraction. In conclusion, the PSD fraction appears to be pure, as
Gp50 did not contaminate the PSD fraction. No Gp50 was found in the remaining
subcellular fractions, suggesting that there is no cross-contamination with the fractions
containing Gp50.
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65kDa np65

55kDa PS5

Figure 3.2.2.2: Western Blot of forebrain subcellular fractionsimmunodeveloped
with anti-neuroplastin antibody (Gp65).

Neuroplastin 65 (np65) and neuroplastin 55 (np55) are abundant in the BH, P2 and
LM fractions, and appear enriched in the SM fraction. Negligible quantities are found
in the myelin and mitochondrial fractions. Protein loading is 20ug/lane. Lane 1, Brain
Homogenate (BH); lane 2, Pellet 2 (P2); lane 3, Myelin (My); lane 4, Light
Membrane (LM); lane 5, Synaptic Membrane (SM); lane 6, Mitochondria (Mt).
Molecular weight standards are indicated.
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Figure 3.2.2.3: Western Blot of forebrain synaptic fractions immunodeveloped

with anti-neuroplastin antibody (Gp65). PSDs wer e isolated by the Triton X-100
(T) or n-octyl glucopyranoside methods.

Neuroplastin 65 (np65) and neuroplastin 55 (Np55) are enriched in the SM fraction.
Only np65 is present in the PSD fractions. Triton X-100 extracted PSDs contain much
less np65 than n-octyl glucopyranoside extracted PSDs. Protein loading is 20ug/lane.
Lane 1, SM; lane 2, Post Synaptic Density (PSD), isolated by the n-octyl
glucopyranoside (N) method; lane 3, Post Synaptic Density (PSD), isolated by the
Triton X-100 (T) method. Molecular weight standards are indicated.
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Figure 3.224: Western blot of forebrain subcdlular fractions
immunodeveloped with anti-Gp50 antibody. PSDs were prepared by the n-
octyl glucopyranoside method. Gp50 is enriched in the LM and SM fractions only.
Protein loading is 20ug/lane. Lane 1, Bran Homogenate (BH); lane 2, Mydlin
(My); lane 3, Mitochondria (Mt); lane 4, Light Membrane (LM); lane 5, Synaptic
Membrane (SM); lane 6, Post Synaptic Density (PSD) isolated by the n-octyl

glucopyranoside (N) method. Molecular weight standards are indicated.
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For the third and final test for the purity of these subcellular fractions |
determined the distribution of the PSD marker PSD-95 (figure 3.2.2.5). PSD-95 is a
95kDa scaffold protein that is very highly enriched in the PSD fraction of the forebrain
(Kim et al, 1992; Hunt et al, 1996). Western blots including all subcellular fractions
were incubated with anti-PSD-95 antibody. The 95kDa protein was successfully
enriched in the PSD fraction and absent from all other fractions, suggesting there is no
cross-contamination between the PSDs and the other subcellular fractions. In
concluson, my data show that the subcellular fractions do not show cross

contamination.
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Figure 3.2.2.5: Western blot of forebrain subcellular fractions immunodeveloped
with anti-PSD-95 antibody. The PSD fraction was prepared by the Triton X-100
(T) method.

As expected, PSD-95 is enriched in the PSD fraction only. Protein loading is
20pg/lane. Lane 1, Brain Homogenate (BH); lane 2, Microsomes (Mc); lane 3,
Synaptic Membrane (SM); lane 4, Post Synaptic Density (PSD), isolated by the Triton
X-100 (T) method. Molecular weight standards are indicated. T, Triton X-100.
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3.2.3 Classical and delta dystrophin are differently
distributed in theforebrain

Having established that the subcellular fractions were of comparable
purity to that described in the literature (Beesley et al, 1987; Hill et al, 1988; Kim et
al, 1992; Hunt et al, 1996), | then examined the subcellular distribution of delta
dystrophin in the forebrain, and compared it to that of two crucial DPC components
of the brain that are known to be enriched in the PSD: classical full-length dystrophin
and (-dystrobrevin (Blake et al, 1999). Each forebrain subcellular fraction was
loaded on an SDS gel for Coomassie Blue stain (figure 3.2.3.1) to ensure even
loading of each subcellular fraction in every lane. After establishing even loading of
forebrain subcellular fractions, the subcellular distribution of (3-dystrobrevin, classical
dystrophin and delta dystrophin was determined by immunoblotting a range of
subcdllular fractions, including SMs and PSDs prepared from rat forebrain.
Immunoblots containing n-octyl glucopyranoside isolated PSDs were incubated with
a panel of antibodies specific for B-dystrobrevin, classical dystrophin and delta
dystrophin (figures 3.2.3.2, 3.2.3.3 & 3.2.3.4).

As expected, (B-dystrobrevin was found to be enriched in the PSD
fraction (figure 3.2.3.2) when compared with the LM, SM and BH fractions, as
expected, in agreement with Blake et al, (1999). This result was reconfirmed using
another set of freshly isolated subcellular fractions (data not shown). The enrichment
of a-dystrobrevin 1 and 2 in the PSD fraction when compared to the LM, SM and BH
fractions was also observed (figure 3.2.3.2), as expected (Blake et al, 1999). Higher
molecular weight immunoreactive bands were present in all fractions (asterisks)
except in myelin and mitochondria. Given that there are no known promoters in the
dystrobrevin gene to account for these molecular weight bands, they could be non-

dystrobrevin proteins that cross-react with the antibody.

In order to determine the subcellular distribution of classical dystrophin
in the forebrain, a duplicate blot was prepared and incubated with anti-classical
dystrophin antibody. The antibody recognized four separate classical dystrophin
isoforms of different molecular weights (figure 3.2.3.3) in the PSD fraction, al of
which are known to be expressed in the brain: cDp427, cDp140, cDp116 and cDp71
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(Pilgram et al, 2009). As expected, classical full-length dystrophin (cDp427) was
found to be highly enriched in the PSD fraction, when compared with the LM, SM
and BH fractions (figure 3.2.3.3). By contrast, the shorter classical dystrophin
isoforms cDp140, cDp116 and cDp71 were only moderately enriched in the PSD,
when compared to the LM, SM fractions (figure 3.2.3.3). The myelin and
mitochondrial fractions lacked all classical dystrophin isoforms, except for much
reduced levels of cDp71, when compared to BH, LM, SM and PSD fractions. The cell
soluble fraction contained much reduced levels of cDp427, cDpl40, cDpll6 and
cDp71 when compared to the PSD, SM, LM and BH lane. The cell soluble fraction
should not contain classical dystrophin isoforms, as these have been shown to be
tightly associated with the cytoskeletal structures, predominantly the PSD, therefore
they are highly insoluble (Blake et al, 1999). One possible explanation may be that
during the fractionation procedure, some of the dystrophin isoforms become released
from the membrane into the homogenization medium. Thus, the presence of classical
dystrophin isoforms in the cytosol may represent small cross-contamination. A
similar scenario was observed by Blake et al (1999) in the cell soluble fraction. It is
important to note that immunoblots in this thesis were optimized for full-length
dystrophin and thus are overexposed for some of the lower bands such as Dp71.
These lower bands have saturated the film and thus are not giving a linear responsein
terms of comparing enrichments. There were two additional shorter isoforms with a
molecular weight inferior to 71kDa present in most fractions (asterisks). Given there
are no known promoters for these molecular weight bands, the latter may represent
degradation products. In conclusion, figure 3.2.3.3 reconfirms that cDp427 is highly
enriched in the PSD fraction, as expected (Blake et al, 1999).
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Figure 3.2.3.1: SDS PAGE separation of forebrain subcellular fractions, together
with PSDs isolated by either the Triton X-100 detergent method or the n-octyl

glucopyranoside method.

Aliquots of subcellular fractions prepared from forebrain were separated on a 10% SDS

PAGE gel. Proteins were visualised with Coomassie blue. Lanes 1-9 show samples

from duplicate experiments using subcellular fractions isolated using the n-octyl

glucopyranoside method. Lanes 10 and 11 show PSDs isolated by the n-octyl
glucopyranoside (N) method. Lane 12 shows the PSD fraction isolated by the Triton X-

100 (T) method. Protein loading is 20ug/lane. Lanes 1-2, Brain Homogenate; lanes 3-4,

Myelin; lanes 5-6, Mitochondria; lanes 7-8, Light Membrane; lane 9, Synaptic
Membrane; lanes 10-11, Post Synaptic Density (PSD), isolated by the n-octyl
glucopyranoside (N) method; lane 12, Post Synaptic Density (PSD), isolated by the

Triton X-100 (T) method.

glucopyranoside. T, Triton X-100. M, Molecular Weight Marker.

Molecular weight standards are indicated. N, n-octyl
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Figure 3.2.3.2: Western blot of forebrain subcellular fractions immunodeveloped

with anti-f3-dystrobrevin antibody.

As expected al,02, and particularly [-dystrobrevin are enriched in the PSD lane.

Protein loading is 20pg/lane. Lane 1, Brain Homogenate (BH); lane 2, Cell soluble
(Cs); lane 3, Mydin (My); lane 4, Mitochondria (Mt); lane 5, Microsomes (Mc); lane 6,
Light Membrane (LM); Lane 7, Synaptic Membrane (SM); lane 8, Post-Synaptic
Density (PSD), isolated by the n-octyl glucopyranoside (N) method. Molecular weight

standards are indicated.
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Figure 3.2.3.3: Western blot of forebrain subcellular fractions immunodevel oped
with anti-classical dystrophin antibody.

Classical full-length dystrophin (cDp427) is enriched in the PSD fraction. cDp140,
cDpl116 and cDp71 are moderately enriched in the PSD fraction. Myein and
mitochondria lack al isoforms except for much reduced levels of cDp71, when
compared to the BH and PSD fraction. The cell soluble fraction contains much reduced
levels of all classical dystrophin isoforms, when compared to the BH and PSD fraction.
Protein loading is 20ug/lane. Lane 1, Brain Homogenate (BH); lane 2, Cell Soluble
(Cs); lane 3, Mydin (My); lane 4, Mitochondria (Mt); lane 5, Microsomes (Mc); lane 6,
Light Membrane (LM); lane 7, Synaptic Membrane (SM); lane 8, Post Synaptic
Density (PSD), isolated by the n-octyl glucopyranoside method (N). Molecular weight
standards are indicated.
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To determine whether delta dystrophin was enriched in the PSD, a
duplicate blot was incubated with anti-delta dystrophin antibody (figure 3.2.3.4). In
contrast to classical full-length dystrophin, delta full-length dystrophin was highly
enriched in the microsomal fraction and only moderately enriched in the PSD fraction,
when compared with the LM, SM and BH fractions. dDp140 was moderately enriched
in the microsomal and PSD fraction, when compared to the membrane fractions (LM
and SM), whereas dDp116 and dDp71 were found in most fractions, with dDp71 being
generally more abundant than dDpl16. Contrary to classica dystrophin in figure
3.2.3.3, the cell soluble fraction of figure 3.2.3.4 contains a moderate amount of
dDp427, when compared to the BH, LM, SM and PSD fractions, followed by negligible
amounts of dDp140, dDp116 and dDp71, when compared to the BH, LM, SM and PSD
fractions. In addition to the four well-established delta dystrophin isoforms just
described, the anti-delta dystrophin antibody recognized a number of additional bands
(asterisks). A band in the PSD fraction that is dightly higher than dDp427 could
represent an alternatively spliced isoform of dDp427. However, it remains to be tested
whether such alternative delta dystrophin transcript exists or not. Given that there are
no known promoters for the production of the remaining bands (asterisks) in the various
subcellular fractions, they either represent degradation products of dystrophin proteins,
or simply be immunoreactive bands of unrelated protein artifacts observed on the blot.
Altogether, figures 3.2.3.3 and 3.2.3.4 suggest that delta full-length dystrophin
(dDp427) has a different subcellular distribution to that of classical full-length
dystrophin (cDp427) within the forebrain.
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Figure 3.2.3.4: Western blot of forebrain subcellular fractions immunodeveloped

with anti-delta dystrophin antibody.

Delta full-length dystrophin (dDp427) is highly enriched in the microsomes and only
moderately enriched in the PSD fraction. dDpl140 is moderately enriched in the
microsomal and PSD fraction, whereas dDp116 and dDp71 are found in most fractions,

with dDp71 being generally more abundant than dDp116. Protein loading is 20ug/lane.
Lane 1, Brain Homogenate (BH); lane 2, Cell Soluble (Cs); lane 3, Myelin (My): lane
4, Mitochondria (Mt); lane 5, Microsomes (Mc); lane 6, Light Membrane (LM); lane 7,
Synaptic Membrane (SM); lane 8, Post Synaptic Density (PSD), isolated by the n-octyl
glucopyranoside (N) method. Molecular weight standards are indicated.
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3.24 Classical and deta dystrophin are differently
distributed in the cerebellum

The subcellular distribution of a protein in the forebrain may not always
reflect the subcellular distribution found in the cerebellum. For example, PSD-95 is
highly enriched in the PSD of the forebrain (Hunt et al, 1996, Kim et al, 1992),
whereasit is less concentrated in the PSD fraction of the cerebellum. On the other hand,
the cerebellum exhibits intense concentration of PSD-95 immunoreactivity in axon
terminals, which is not observed in forebrain neurons (Hunt et al, 1996). Therefore, in
order to establish whether delta dystrophin may replace classical dystrophin in the
formation of novel delta DPC-like complexes at the PSD of the cerebellum, I
determined and compared the subcellular distribution of classical dystrophin and delta
dystrophin in the cerebellum, and also compared it to the forebrain.

| compared side by side the subcellular localization of classica
dystrophin in the forebrain with the cerebellum because the concentration of this
protein in the two brain regions has never been compared, although its localization at
PSD structures of the forebrain and cerebellum has long been established (Kim et al,
1992). This is important as classical dystrophin is known to selectively localize at
GABAergic synapses in the forebrain (Brunig et al, 2002), and given that
approximately 50% of the cerebellar neurona phenotypes are GABAergic interneurons
(Leto et al, 2008), whilst only 20% of forebrain neurons are inhibitory (Xu et al, 2010),
| decided to determine whether classical dystrophin was more enriched in the
cerebellum PSDs when compared to forebrain PSDs, as this would alude to the
possibility that in the cerebellum also, classical dystrophin may restrict to PSDs of

inhibitory synapses, similar to what has been observed for the forebrain.

I immunoblotted a range of subcellular fractions prepared from rat
cerebellum and compared these with forebrain subcellular fractions. The immunoblot
was incubated with an antibody specific for classical dystrophin (figure 3.2.4.1). In
figure 3.2.4.1, classical full-length dystrophin was found highly enriched in the PSD
fraction of both brain regions, with cDp427 appearing more concentrated in the
cerebellar PSDs when compared to forebrain PSDs. cDp140 was more concentrated in

the cerebellar PSDs when compared to the forebrain PSDs, and was more concentrated
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in the SM and cell soluble fractions of the cerebellum, when compared to the respective
fractions of the forebrain (figure 3.2.4.1). Generdly, there was more cDpl40 in
cerebellum than in forebrain throughout all the subcellular fractions. cDpl16 and
cDp71 were moderately enriched in the PSD fraction of the forebrain and cerebellum,
when compared to the LM and SM fractions of the forebrain and cerebellum
respectively (figure 3.2.4.1). Overdl, all classical dystrophin isoforms were more
concentrated in the cerebellum when compared to the forebrain, and they all enriched in
the PSD fraction of either brain region. What is more, PSD enrichment in the
cerebellum was greater than in the forebrain. It is important to note, however, that
immunaoblots were optimized for full-length dystrophin and thus are overexposed for
some of the lower bands such as Dp71. These bands, unlike cDp427, are saturated and
thus are not giving a linear response in terms of comparing enrichments. There were
two additional shorter isoforms (asterisks) with a molecular weight inferior to 71kDa.
Given there are no known promoters for these molecular weight bands, they may either
represent degradation products, or non-classical dystrophin proteins that cross-react
with the antibody.

To test whether delta dystrophin may replace classical dystrophin and
form novel delta DPC-like complexes in PSD structures of the cerebellum, duplicate
immunoblots were incubated with anti-delta dystrophin antibody (figure 3.2.4.2) such
that these could also be compared with the subcellular distribution of classical
dystrophin. Results showed low expression of dDp427 throughout the cerebellum, as
opposed to the higher level of expression of dDp427 in the forebrain, although dDp427
was found to be enriched in the cerebellar PSD and microsomal fractions when
compared to the cerebellar LM fraction. In contrast, forebrain dDp427 was highly
enriched in the microsomal fraction of the forebrain and moderately enriched in the
PSD of the forebrain, when compared to forebrain LM and SM fractions, in agreement
with figure 3.2.3.4. dDp427 was more concentrated in the cell soluble fraction of
forebrain when compared to the cell soluble fraction in the cerebellum. dDp140 and
dDpl116 were weakly distributed throughout forebrain and cerebellar fractions, and
highly enriched only in the PSD fraction of the forebrain. dDp71 was found in most
fractions of the forebrain and cerebellum (figure 3.2.4.2), but much depleted in the cell
soluble and myelin fractions. The presence of delta dystrophin in the cell soluble

fraction was reproduced in every experiment (figures 3.2.3.4 and 3.2.4.2), contrasting
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with the knowledge that dystrophin is an insoluble protein (Blake et al, 1999). As will
be shown in chapter 4 (figure 3.2.4.1), delta dystrophin specifically co-localizes with
microtubules and therefore it may be that dissociation of microtubules during the
fractionation procedure has resulted in solubilisation of a portion of the delta
dystrophins into the cell soluble fraction. In forebrain and cerebellum there exist
additional bands (asterisks) below the dDp427 point. These bands could either
represent degradation products or they could aso represent non-delta dystrophin
proteins that cross-react with the antibody. Altogether, these results (figure 3.2.4.1 and
3.2.4.2) show two striking novel findings: firstly that the subcellular distribution of
classical full-length and delta full-length dystrophins is markedly different; secondly,
the regional distribution of these two moleculesin brain is markedly different.
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Figure 3.2.4.1: Western blot of forebrain and cerebellar subcellular fractions
immunodeveloped with anti-classical dystrophin antibody.

cDp427 is highly enriched in the PSD fraction of the forebrain. cDp140, cDpl116 and
cDp71 are moderately enriched in forebrain PSDs. The same enrichment pattern is
observed in the PSD of the cerebellum, with the latter exhibiting more classical
dystrophin than the forebrain. The fractions are run in pairs with the left and right hand
samples being forebrain and corresponding cerebellar fractions respectively. Protein
loading is 20ug/lane. Lanes 1-2, Brain Homogenate (BH); lanes 3-4, Cell Soluble (Cs);
lanes 5-6, Myelin (My); lanes 7-8, Mitochondria (Mt); lanes 9-10, Microsomes (Mc);
lanes 11-12, Light Membrane (LM); lanes 13-14, Synaptic Membrane (SM); lanes 15-
16, Post Synaptic Density (PSD), isolated by the n-octyl glucopyranoside (N) method.
Molecular weight standards are indicated. F, forebrain. C, cerebellum.
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Figure 3.2.4.2: Western blot of forebrain and cerebellar subcellular fractions
immunodeveloped with anti-delta dystrophin antibody.

Results show low expression of dDp427 throughout the cerebellum, as opposed to the
higher level of expression of dDp427 in the forebrain. dDp427 is highly enriched in the
microsomal fraction of the forebrain, exhibiting only moderate enrichment in the PSD
fraction of the forebrain. In contrast, cerebellar dDp427 is generally weakly expressed
when compared to the level of expression throughout the forebrain, although dDp427 is
enriched in cerebellar microsomes and PSD. dDpl40 and dDpll6 are weakly
distributed throughout forebrain and cerebellar fractions and are highly enriched only in
the PSD fraction of the forebrain. dDp71 is ubiquitously expressed. The fractions are
run in pairs with the left and right hand samples being forebrain and corresponding
cerebellar fractions respectively. Protein loading is 20ug/lane. Lanes 1-2, Brain
Homogenate (BH); lanes 3-4, Cell Soluble (Cs); lanes 5-6, Myelin (My); lanes 7-8,
Mitochondria (Mt); lanes 9-10, Microsomes (Mc); lanes 11-12, Light Membrane (LM);
lanes 13-14, Synaptic Membrane (SM); lanes 15-16, Post Synaptic Density (PSD),
isolated by the n-octyl glucopyranoside (N) method. Molecular weight standards are
indicated. F, forebrain. C, cerebellum.
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3.25 Dystrophin is an integral PSD protein of the

forebrain

Determining whether a protein is part of the PSD apparatus via a
biochemical approach may sometimes yield an artefactual result compared to the in
vivo scenario in the cell. For example, a number of biochemical studies have indicated
that Bassoon is a PSD component (Dieck et al, 1998; Li et a, 2004). The true
localization of Bassoon however is presynaptic, as revealed by double-fluorescence
immunocytochemistry between Bassoon and various presynaptic markers (Dieck et al,
1998). Dieck et al (1998) then went on to assess the nature of Bassoon during the PSD
extraction studies with two detergents, Triton X-100 and n-octyl glucopyranoside, and
noted that neither detergent was able to solubilise significant amounts of Bassoon, but
noticed that Triton X-100 was able to solubilise larger amounts of Bassoon compared to
n-octyl glucopyranoside. | have aso demonstrated in figure 3.2.2.3 that the Triton X-
100 protocol (Carlin et al, 1980) may remove loosely bound PSD components that are
not removed by the n-octyl glucopyranoside phase partitioning method (Gurd et al,
1982). The data in figure 3.2.2.3 shows that np65 is enriched in PSDs prepared by the
phase partitioning method, whereas it is present only in low amounts in PSDs prepared
using the Triton X-100 protocol (figure 3.2.2.3). This is consistent with previously
published data (Smalla et al, 2000), which suggests that np65 can rapidly translocate
out of the PSD and thus may be only loosely bound to the PSD. Thus, the following
section established whether dystrophin is loosely bound to the PSD or whether it is an
integral protein of the PSD of the forebrain (figure 3.2.5.1).

The subcellular distribution of dDp427 was determined by
immunablotting (figure 3.2.5.1) rat forebrain subcedlular fractions, including PSDs
prepared using the Triton X-100 and n-octyl glucopyranoside phase partitioning
methods. The immunoblot was incubated with anti-delta dystrophin antibody. Delta
full-length dystrophin was enriched in microsomes, in PSDs isolated by the Triton X-
100 protocol, and in PSDs isolated by the n-octyl glucopyranoside method, when
compared with the SM fraction (figure 3.2.5.1). In fact, the enrichment of dDp427 in
PSDs isolated by the Triton X-100 method was similar to the enrichment of dDp427 in
PSDs isolated by the n-octyl glucopyranoside method. In the microsomal and n-octyl
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glucopyranoside PSD fractions only, dDp427 was detected as a doublet band (asterisk).
The explanation for thisis not clear. dDp140 and dDp116 were moderately enriched in
PSDs isolated by the Triton X-100 method and in PSDs isolated by the n-octyl
glucopyranoside method when compared with the SM fraction. dDp71 was found in al
fractions tested. As a control, a duplicate blot was incubated with anti-classical
dystrophin antibody (figure 3.2.5.2). As expected, cDp427 was highly enriched in PSD
fractions isolated by either detergent method, when compared with the BH and SM
fractions (figure 3.2.5.2). By contrast, only the n-octyl glucopyranoside PSD fraction
contained moderate enrichment of cDp140 and cDp116 when compared to BH and SM
fractions, whereas the Triton X-100 PSD fraction showed moderate enrichment of
cDp116, but not cDp140. Dp71 was ubiquitously expressed. In conclusion, the type of
detergent used to prepare the PSD fraction did not affect the enrichment patterns of
classical and delta full-length proteins, as both were found equally enriched in the PSD
of the forebrain isolated by either detergent method. The results suggest that both
classica and delta full-length dystrophin are integral rather than loosely bound PSD
proteins. Although this study suggests that classica and delta full-length dystrophin
proteins appear to be integral PSD proteins, delta dystrophin is consistently highly
enriched in microsomes and only moderately enriched in the PSD fractions (figure
3.2.5.1), hence the subcellular distribution of classical full-length and delta full-length
dystrophins is markedly different and according to figures 3.2.4.1 and 3.2.4.2, the
regiona distribution of these two molecules is markedly different. The precise
subcellular distribution of classical and delta dystrophin was further investigated
immunocytochemically in chapter 4.
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Figure 3.2.5.1: Western blot of forebrain subcelular fractions including PSDs
prepared using the Triton X-100 or n-octyl glucopyranoside method and
immunodeveloped with anti-delta dystrophin antibody.

Delta full-length dystrophin is more highly enriched in microsomes, compared to PSDs
obtained by either the n-octyl glucopyranoside method or the Triton X-100 method.
The similar level of enrichment in the PSD fractions prepared by both methods suggests
that dDp427 is an integral PSD protein. The microsomal and n-octyl glucopyranoside
PSD fraction show dDp427 as a doublet band (asterisk). dDp140 and dDpll16 are
moderately enriched in the PSDs obtained by either detergent method, and are found in
lower concentrations in the remaining fractions tested. dDp71 is ubiquitously
expressed. Protein loading is 20ug/lane. Lane 1, Microsomes (Mc); lane 2, Synaptic
Membrane (SM); lane 3, Post Synaptic Density (PSD), isolated by the Triton X-100 (T)
method; lane 4, Post Synaptic Density (PSD), isolated by the n-octyl glucopyranoside
(N) method. Molecular weight standards are indicated. T, Triton X-100. N, n-octyl

glucopyranoside.
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Figure 3.25.2: Western blot of forebrain subcellular fractions including PSDs
prepared using the Triton X-100 or n-octyl glucopyranoside method and
immunodeveloped with anti-classical dystrophin antibody.

Classical full-length dystrophin (cDp427) is enriched compared to SM in PSDs
obtained by the n-octyl glucopyranoside method and the Triton X-100 method. cDp140
and cDpll6 appear to be moderately enriched in PSDs obtained by the n-octyl
glucopyranoside method, when compared to the SM and BH fractions, whereas the
Triton X-100 PSD fraction shows moderate enrichment of cDpl16, but not cDpl140.
cDp71 is ubiquitously expressed. Protein loading is 20ug/lane. Lane 1, Bran
Homogente (BH); lane 2, Synaptic Membrane (SM); lane 3, Post Synaptic Density
(PSD), isolated by the Triton X-100 (T) method; lane 4, Post Synaptic Density (PSD),
isolated by the n-octyl glucopyranoside (N) method. Molecular weight standards are
indicated. T, Triton X-100. N, n-octyl glucopyranoside.
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3.3 Discussion:

3.3.1 Classical and delta dystrophin exhibit different
regional and subcellular distribution in forebrain and cerebellum,

hencethey arelikely to form different DPC complexes

A BLAST database search on classica exon 78 and delta exon 78
shows that other than classical and delta dystrophin isoforms, no other proteins
contain these sequences. The functional significance of these exons remains unknown
(Table 3.2.1), whereas the remaining domains of either classical and delta dystrophin
are identical, and classical dystrophin is known to utilize these domains to form the
DPC complex at PSDs of neurons (Culligan et al, 2002). | therefore compared the
subcellular distribution of classical and delta dystrophin in forebrain and cerebellum,
to establish whether their differencesin exon 78 may or may not affect the subcellular
distribution of delta dystrophin, when compared to classical dystrophin. Thisin turn
was important for determining whether delta dystrophin was aso a PSD protein and
therefore able to replace classical dystrophin in the formation of novel delta DPC-like
complexes in PSDs of forebrain and cerebellum, or, whether the substitution of exon
78 results in the production of different protein complexes with different subcellular

localization and with different properties.

The data in this chapter show clear differences in the pattern of
subcdllular distribution of classica and delta full-length dystrophin proteins, the
former being most highly enriched in PSD structures, the latter in the microsomal
fractions. Furthermore, there is a striking difference in the level of expression of the
two isoforms between the two brain regions, with delta full-length dystrophin being
expressed at low levels in the cerebellum when compared to the forebrain, whilst
classica full-length dystrophin is more concentrated in cerebellar fractions when
compared to forebrain. These studies show that although the two proteins are highly
homologous, they are likely to form protein complexes with different subcellular

localization and with different properties and function. Given that classical and delta
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exon 78 are the only sequences distinguishing classical dystrophin from delta
dystrophin, they are likely to affect the subcellular distribution of classical and delta
dystrophin within the forebrain and cerebellum. The details are described below.

| determined and compared the subcellular distribution of classical
dystrophin in both forebrain and cerebellum subcellular fractions. Classical full-
length dystrophin is highly enriched in the PSD fractions of the forebrain and
cerebellum (figure 3.2.4.1), in agreement with publications (Kim et al, 1992; Culligan
et al, 2002) and exhibits a subcellular distribution in the forebrain that is identical to
that in the cerebellum (figure 3.2.4.1). Classica full-length dystrophin is strongly
expressed in both brain regions, what is more, classica full-length dystrophin is more
concentrated in cerebellar PSD, when compared to the corresponding forebrain PSD
(figure 3.2.4.1). As classical dystrophin and DPC components selectively localize at
GABAergic synapses in forebrain neurons (Brunig et al, 2002) and given that only
20% of the forebrain comprises of GABAergic neurons (Xu et al, 2010) whilst 50%
of the cerebellum is composed of GABAergic neurons (Leto et al, 2008), the higher
cDp427 band intensity in cerebellar compared to forebrain PSDs suggests that in the
cerebellum also, cDp427 may be restricted to PSDs of inhibitory synapses. All in all,
these results demonstrate that classical dystrophin is expressed in both brain regions,
it is highly enriched in the PSD fraction of forebrain and cerebellum, and is likely to
localize at PSDs of inhibitory synapses in the cerebellum, as well as the forebrain.
What is more, in the cerebellum, classical full-length dystrophin is reported to form
DPC complexes within the PSD (Kim et al, 1992). Therefore | suggest that in analogy
to the forebrain, cerebellum DPC complexes containing cDp427 may also localize at
GABAergic synapses. Immunocytochemical studies are required to confirm the
biochemical data

When the subcellular distribution of delta full-length dystrophin in
forebrain and cerebellum subcellular fractions was examined, it revealed two very
different scenarios, and these are again very different to those described for classical
full-length dystrophin. In the forebrain, delta full-length dystrophin is highly enriched
in the microsomal fraction whilst it is only moderately enriched in the PSD (figure
3.2.3.4). Whereas the expression of delta full-length dystrophin in the cerebellum is
low when compared to the forebrain, athough full-length delta dystrophin is enriched
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in microsome and PSD fractions prepared from cerebellum. It is important to note
that the cerebellum, athough it comprises only 10% of the brain volume, it contains
similar numbers of neurons when compared to the forebrain (Leto et al, 2008).
Therefore, the low expression of delta full-length dystrophin throughout the
subcellular fractions in the cerebellum is not due to alower number of neuronsin the
cerebellum when compared to the forebrain, rather, it is probably due to alow level
of delta dystrophin expression therein. Given that 20% of the forebrain is comprised
of GABAergic neurons (Xu et al, 2010) whilst 50% of the cerebellum is comprised of
GABAergic neurons (Leto et la 2008), the lower dDp427 band intensity in cerebellar
PSDs when compared to forebrain PSDs suggests that dDp427 is not expressed
specificaly in GABAergic synapses. In conclusion, aternative splicing of the DMD
gene product (classical and delta full-length dystrophin) is closely regulated in the
two brain regions, with delta full-length dystrophin being expressed in forebrain as
well as the cerebellum, abeit in lower amounts. What is more, these results aso
suggest that in the forebrain and in the cerebellum, delta full-length dystrophin may
form novel delta DPC complexes outside the PSD (as suggested by the microsomal
enrichment), as well as in PSD structures (as suggested by the PSD enrichment) of
non-GABAergic synapses. This hypothesisis further verified in Chapter 4.

Based on the different regional and subcellular distributions exhibited
by classical and delta full-length dystrophin isoforms, it is suggested that the
molecular composition and function of delta full-length dystrophin-containing
complexes that form within the forebrain and cerebellum, is likely to markedly differ
from classical full-length dystrophin-containing complexes. Firstly, this is because
my studies suggest delta full-length dystrophin may localize at PSDs of non-
GABAergic synapses, whilst classical full-length dystrophin and its associated DPC
proteins exclusively localize at PSDs of inhibitory synapses (Brunig et al, 2002). In
turn this suggests that delta full-length dystrophin may bind to different protein
partners and hence, has a different function and molecular composition when
compared to classical dystrophin-containing DPC complexes. Secondly, the higher
enrichment of delta full-length dystrophin in the microsomal fraction when compared
to the moderate enrichment in the PSD fraction (figures 3.2.3.4 & 3.2.4.2) suggests
delta full-length dystrophin aso forms novel DPC complexes outside the PSD, and as

a consequence, delta full-length dystrophin-containing complexes outside the PSD
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may exhibit a different molecular composition compared to classica full-length
dystrophin-containing proteins that exclusively localize at PSDs of inhibitory
synapses. Thirdly, | show that (-dystrobrevin (figure 3.2.3.2), a component of
classical full-length dystrophin-containing DPC complexes (Brunig et al, 2002;
Culligan et al, 2002) also exhibits a different subcellular distribution to that exhibited
by delta full-length dystrophin (figure 3.2.3.4). Therefore, al these studies
demonstrate that the molecular composition of dDp427-containing DPC complexesis
likely to be markedly different to the molecular composition of cDp427-containing
DPC complexes, despite the fact that both classical and delta full-length dystrophins
contain the same protein binding sequences. Therefore, regardiess of the highly
similar domain structure, classical and delta full-length dystrophin isoforms are likely
to exert different functions in the different types of neuronal subcellular
compartments in which they are found. These will include GABAergic and possibly
non-GABAergic synapses, respectively. What is more, biochemica studies suggest
delta full-length dystrophin appears to be more widely distributed in the brain when
compared to classical-full-length dystrophin. This has been investigated further in the
immunocytochemical studies described in chapter 4.

Classical and delta dystrophin both originate from the same gene, thus
the low expression of delta full-length dystrophin in the cerebellum when compared
to forebrain, as opposed to the higher expression of the classica full-length
dystrophin in the cerebellum when compared to forebrain, is likely to occur by
reducing aternative splicing mechanisms on the mRNA product derived from the
DMD gene in the cerebellum, as this would ensure the continued production of
classical dystrophin in the cerebellum whilst reducing the production of delta
dystrophin therein. The differences in subcellular distributions exhibited by the
classical and delta dystrophin isoforms, must be due to Cexon78 and Dexon78, as
these are the only sequences that distinguish classical dystrophin from delta
dystrophin respectively. In other words, a plausible hypothesis is that classical exon
78 may participate in directing classical full-length dystrophin exclusively to PSD
structures, whereas delta exon 78 may participate in directing delta full-length protein
to other PSD types and/or in microsomes. Thus, classical and delta exon 78 may
encode a trafficking signal that participates in directing the proteins to different
subcellular compartments. In fact, Sakamoto et al (2008) found that the binding site
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to the PSD is located at the C-terminus end between the WW domain and the C-
terminus of classical dystrophin, which is where classical and delta exon 78 are found
(chapter 1, figure 1.1.2.2). What is more, Sakamoto et al, (2008) show that when this
region is removed, the classical dystrophin isoforms are unable to associate with the
PSD, instead, they localize in the cytoplasm, neurites and axons. Thus, Cexon78 and
Dexon78 are clearly implicated in the trafficking of the classical and delta dystrophin
proteins to or away from the PSD. In chapter 4 | investigate whether Cexon78 and
Dexon78 aone, may encode different trafficking signals.

| have demonstrated in figure 3.2.2.3 that the Triton X-100 protocol is
able to remove part of the loosely bound PSD components, as evidenced by np65
levels, whereas the n-octyl glucopyranoside protocol cannot. Thus | was able to
determine whether delta full-length dystrophin is loosely bound to the PSD, or
whether it is an integral PSD protein of the forebrain. | demonstrate that delta full-
length dystrophin is enriched in the forebrain PSD fraction obtained by the Triton X-
100 protocol, and was adso consistently enriched in the forebrain PSD fraction
obtained by the n-octyl glucopyranoside method. | also demonstrate that classical
full-length dystrophin is consistently enriched in forebrain PSDs isolated by either
detergent method. Given that neither detergent affects the enrichment of the full-
length dystrophin isoforms in the PSD fractions, | suggest classical full-length
dystrophin (Culligan et al, 2002) and delta full-length dystrophin are both integral
proteins of the PSD apparatus of the forebrain. The negligible amount of classical
full-length dystrophin in the cell soluble fraction of the forebrain (figure 3.2.3.3) isin
agreement with this result. However, the relative enrichment of delta full-length
dystrophin in the cell soluble fraction when compared to the PSD fraction (figure
3.2.3.4) does not support the suggestion that delta full-length dystrophin may be an
integral PSD protein. What is more, dDp427 exhibits highest enrichment in the
forebrain microsomal fraction, whilst it is only moderately enriched in the forebrain
PSD fraction. In contrast, cDp427 exhibits highest enrichment in the PSD fraction.
Thus, the results clearly suggest that classical full-length dystrophin is an integral
PSD component, whereas this may not be the case for delta full-length dystrophin. In
chapter 4 | have used intact neurons in order to determine the exact localization of
delta dystrophin within the cell, and determined whether or not dDp427 is an integral
protein of the PSD.
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Mental impairment occurs in one third of DMD patients and is said to
be due to a mutation of the DMD gene (Barbujani et al, 1990; Mehler et al, 2000;
Blake et al, 2002; Anderson et a, 2002; Nowak et al, 2004) (chapter 1). Studies to
date suggest that the CNS pathology in DMD patients is due to abnormal organization
of the classical full-length dystrophin protein at selectively localized GABAergic
inhibitory synapses, which in turn lead to faulty transmission with impaired cognitive
impairments in young boys (Albrecht et al, 2002). The fact that delta full-length
dystrophin is also a DMD derived protein and it is also expressed in neurons of the
forebrain and cerebellum (figure 3.2.4.2), suggests a potentially aternative route by
which a mutated DMD gene may contribute to the mild mental retardation observed
in DMD boys. What is more, given that classical dystrophin-containing DPC
complexes exclusively localize at GABAergic synapses (Brunig et al, 2002), whilst
according to this chapter, delta dystrophin-containing DPC complexes are likely to
localize more widely, and possibly including at non-GABAergic synapses, the CNS
pathology may not only originate from GABAergic synapses, but non-GABAergic
synapses and other parts of the neurone as well. The formation of novel delta
dystrophin containing DPC complexes outside the PSD and within non-GABAergic
synapses suggests that when the DMD gene is mutated it would alter the organization
of delta dystrophin and associated proteins at these sites which, together with the
mutated classical dystrophin isoform at GABAergic synapses, would atogether
contribute to the CNS pathologies of DMD patients.

The shorter classical dystrophin isoforms identified, which include
cDp140, cDpl116 and cDp71, are only moderately enriched in the PSD of the
forebrain (figure 3.2.3.3), and according to various publications, they are not
considered PSD proteins, but have been shown to locate in perivascular astrocytes
(Lidov et al, 1990, Lidov et al, 1995, Lidov et al, 1996), periphera nerve (Lidov et
al, 1995) and glial cells (Mehler et al, 2000), respectively. PSDs are known to absorb
proteins of non-neuronal origin, examples of non-neuronal proteins absorbed in PSDs
include a-dystrobrevin (Blake et al, 1999), and glia fibrillary acidic protein (Matus
et al, 1980), which are clearly enriched in the PSD fraction of immunaoblots, but in
vivo they localize elsewhere. This may also be the case for cDp140, cDpl116 and
cDp71, as all three are known to locate outside neurons. However, it is also plausible
that these classical dystrophin isoforms are genuine PSD components. Therefore, a
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more detailed study is required in order to establish whether cDp140, cDpl116 and
cDp71 are part of another cellular compartment or cell. This is in part because the
overexposure of the western blot caused the lower delta and classical dystrophin
bands to be saturated and therefore not give a linear response in terms of comparing

enrichments.

In conclusion, the expression of classical and delta dystrophin exhibit
different regional and subcellular distribution in forebrain and cerebellum. What is
more, classical full-length dystrophin exhibits highest enrichment in PSDs of the
cerebellum compared to PSDs of the forebrain, and given the abundance of
GABAergic synapses available in the cerebellum (Leto et al, 2008), is consistent with
classical full-length dystrophin localizing at the PSD of inhibitory synapses. For delta
full-length dystrophin, the situation is totally different, as dDp427 shows much lower
expression in cerebellum compared to forebrain PSDs, suggesting it may be
expressed by non-GABAergic synapses. Immunocytochemical studies (see chapter 4)
are necessary to confirm this. Given that dDp427 appears to localize in non-
GABAergic synapses (figure 3.2.4.2), whilst cDp427 and associated DPC
components exclusively localize at GABAergic synapses (Brunig et al, 2002), it
suggests that dDp427 forms novel DPC complexes plausibly at non-GABAergic
synapses, but also more widely within neurons (see below). These complexes may
well have a different molecular composition and function when compared to classical
dystrophin-containing DPC complexes. Contrary to classical full-length dystrophin, |
demonstrate that delta full-length dystrophin distribution in the forebrain is not only
enriched in the PSD fraction, but exhibits highest enrichment in the microsomal
fraction, suggesting delta full-length dystrophin is more widely distributed when
compared to classica full-length dystrophin. Thus, delta full-length dystrophin may
form complexes of different compositions outside the PSD, as well as in PSD
structures, and indeed may have different functional rolesin the CNS. In conclusion, |
suggest that delta full-length dystrophin may not be able to replace classica
dystrophin in the formation of novel delta DPC-like complexes at forebrain and
cerebellum PSDs of inhibitory synapses, instead, it is likely to form different protein
complexes with a different molecular composition, localization and function(s), when

compared to classical full-length dystrophin-containing DPC complexes. Obvioudly it
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would be expected that some components of classical and delta DPC complexes

would be common to both.

The next chapter utilizes cortical neuronal cultures in order to
investigate the subcellular distribution of delta dystrophin in relation to classical
dystrophin and other well-established DPC components, in order to establish its
function and precise localization in the cell.
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Chapter 4:

4.0 Delta dystrophin does not replace classical dystrophin
at GABAergic synapses to form novel delta dystrophin-containing
DPC complexes.

4.1 Introduction

The biochemical studies carried outhapter 3 show classical and delta
full-length dystrophin exhibit distinct patterns lotcalization. This is because classical
full-length dystrophin is exclusively enriched ihet PSD fraction (Chapter 3, figure
3.2.3.3), whereas delta dystrophin is found to lmeermhighly enriched in microsomes
with only mild enrichment in the PSD fraction (Chep3, figure 3.2.3.4). It is this
difference in subcellular localization coupled wiltie fact that they (classical and delta)
both have the same protein binding motifs that sagthey form distinct sets of DPC
complexes with different patterns of distributidine difference in regional localization
exhibited by classical and delta dystrophin in bebeim versus forebrain (Chapter 3,
figure 3.2.4.1 and 3.2.4.2) also supports thisthiis chapter | therefore established
immunocytochemically the cellular and subcellutzedlization of delta dystrophin and
compared it with classical dystrophin and other D&tnponents that are known to
localize at PSDs of GABAergic synapses. These studiere carried out to determine
whether delta dystrophin may replace classicalrdgsin in forming DPC complexes
at PSDs of GABAergic synapses, or whether deltéroykin indeed forms distinct sets
of DPCs with different patterns of distribution, lwoth.

| used cortical neurons for tirevivo studies for two reasons. Firstly,
various reports on cortical neurons of DMD brairessén shown that these neurons
exhibit disordered architecture, altered neuronalgration, abnormal neuronal
orientation with attenuated terminal dendritic agdb@Mehleret al, 2000) and decreased

cortical excitation. Hence cortical neurons are lioggged in DMD brain disorders.

138



Secondly, the biochemical studies presented inteh&orevealed that delta dystrophin
is more highly expressed in the forebrain, when gamed to the cerebellum, hence the
focus on cortical neurons. To confirm whether delyatrophin is a PSD protein and
whether it may replace classical dystrophin to ferovel delta DPC complexes at the
PSD of cortical inhibitory synapses, mature cottie@uronal cultures were used to co-
label delta dystrophin with a number of synaptiakess including GAD65, GABAR,
PSD-95 and NMDA receptors. This allowed me to deiee whether delta dystrophin
is synaptic and precisely which type of synapses itound in, because molecularly
specialized clusters of GAD65 and GARR are indicative of GABAergic terminals
(Rao et al, 1998; Bruniget al, 2002), whereas NMDA receptors and PSD-95 are
indicative of glutamatergic terminals (Craggal, 1994; Huntet al, 1996; Racet al,
1998). Furthermore, | also co-labell@edystroglycan, the crucial core protein of the
DPC complex at the PSDs of inhibitory synapses riigr&t al, 2002; Pilgramet al,
2009; Waiteet al, 2009), with delta dystrophin, in order to detareniwvhether the two
proteins co-localize, similarly to the well-estahied interaction and co-localization
between classical dystrophin adlystroglycan (Ervastt al, 1991; Gradyet al, 2000;
Brunig et al, 2002). | also co-labelled classical dystrophithwilelta dystrophin, in
order to directly compare the localization of the tisoforms and therefore establish the
similiarities and/or differences in terms of localiion exhibited by the two isoforms
within these cultures. Concomitant with these ssidihe significance of classical exon
78 and delta exon 78 (the only sequences thaingiissh classical from delta
dystrophin) was examined in more detail, as tha ga¢sented in this thesis suggests
that there is a different subcellular localizatiminclassical and delta dystrophin. It is
plausible that delta exon 78 encodes a trafficlsiggal. | therefore transfected neurons
using pEGFP-N3 vectors containing either classaraldelta exon 78, in order to
determine whether delta exon 78 alone may encottafficking signal that would
explain the differences in subcellular distributiobserved in the biochemical studies

presented in chapter 3.
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4.2 Results:

4.2.1 Comparison of deta dystrophin with PSD-95 in

cortical neurons

In order to study the subcellular disition of delta dystrophin within
neurons of the forebrain, cortical neuronal cukunesre prepared. These were grown
for two weeks, because at this time point 92-95%hefneurons are reported to contain
the highest density of spiny dendrites, a charmstiefeature of imsitu neurones (Papa
et al, 1995; O'Brienet al, 1997; Raat al, 1998). Once neurons have reached this state
of maturity, cortical neurons were then fixed wRtrA prior to immunolabeling. In
order to determine whether delta dystrophin is gmesn the postsynaptic density
(PSD), | began by testing whether delta dystropkipresent at PSDs of excitatory
synapses. In figure 4.2.1, 14 div neurons wereabelled for delta dystrophin and PSD-
95 (postsynaptic density protein 95), a major congmt of PSDs of excitatory
synapses (Huret al, 1996; Racet al, 1998). Anti-delta dystrophin antibody is directed
against delta exon 78, hence, recognising all fi@lta dystrophin isoforms (see chapter
1, figure 1.1.2.1). Figure 4.2.1 shows that neurlaielled with PSD-95 exhibited
prominent punctate staining in dendritic spines,(&), similar to that reported by
Kornauet al (1995) and Raet al (1998). Unlike PSD-95, delta dystrophin exhibited
diffuse staining (Al, 2) throughout the dendritdsneurons containing PSD-95, but
never co-localized with PSD-95 (white arrow, B1+81&C1-3), hence suggesting delta
dystrophin is not part of the postsynaptic densityexcitatory synapses labelled with
PSD-95. What is more, PSD-95 staining was oftety wéwse to the delta dystrophin
stained processes (white arrow, C1-3), suggestiagthese spines may originate from
the delta dystrophin stained dendrites, but thead®fstrophin does not extend into the
PSD. By comparing the pattern of PSD-95 stainintip wiat of delta dystrophin (figure
4.2.1), | also observed that PSD-95 clusters didstan all processes containing delta
dystrophin (grey arrow, C1-3). In contrast, deltgstcophin stained all dendrites
containing PSD-95 staining (A-C). In conclusion/taedystrophin staining is more
widely distributed than PSD-95 staining, and it sloet localize at PSDs of excitatory

glutamatergic synapses.
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Figure4.2.1: Comparison of delta dystrophin with PSD-95.
Rat cortical neurons were fixed at 2 weeks in ealtand immunostained for delta
dystrophin and PSD-95 (a marker for the PSD oftat@iy synapses). Boxes show
areas expanded in B and C. Neurons labelled witD-8%5 exhibited prominent
punctate staining in dendritic spines (A3, B3, @®jereas delta dystrophin exhibited
diffuse staining throughout the dendrites labeligith PSD-95 (A1l; white arrow, B1-3;
white arrow, C1-3). The two proteins never co-lamad (white arrow, Bl; white
arrow, C1). Delta dystrophin stained all dendritdzelled with PSD-95 (A1-3), hence
it is present in neurons expressing this markercdntrast, PSD-95 clusters did not
stain all processes containing delta dystrophireygarrow, C1-3), hence delta
dystrophin is also present in a wider set of nesirthiat do not express PSD-95. Given
that delta dystrophin does not co-localize with PED delta dystrophin is likely
absent from PSDs of glutamatergic synapses. Dghktaaphin (green), PSD-95 (red).
Scale bar 10m.
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4.2.2 Comparison of delta dystrophin with the NMDA R in

cortical neurons

In order to conclude with more confiderthat delta dystrophin is absent
from the PSD of excitatory synapses, a second mdokehe postsynaptic density of
glutamatergic synapses, namely the NMDA recept@o(& al, 1998), was utilised.
Figure 4.2.2 shows 14 div cortical neurons co-ladelwith delta dystrophin and
NMDA receptor. The anti-NMDA receptor antibody rgogsed the NR1 subunit of the
NMDA receptor. NR1 exhibited punctate staining, gyatly in a clustered form
(arrowhead, D3), and restricted to the somadenddtmain and the distal tips of
dendrites (A1-3). Contrary to NR1 staining, delistdophin exhibited diffuse staining
throughout the cell body and along proximal dewedritvhere NR1 staining was also
present (A1-3), but they never co-localized (arreadh B1-3; arrow, C1-3; arrowhead,
D1-3;). What is more, all proximal dendrites labdllwith NR1 contained delta
dystrophin (arrow, C1-3), but not all processestaiming delta dystrophin were stained
with NR1 (arrows, D1-3), suggesting delta dystropls more widely distributed
compared to NR1 staining. On rare occasions, digierlap is observed and this is due
to the density of cultures at this point of the @®lip. Taken together, figures 4.2.1 and
4.2.2 conclusively show that delta dystrophin ig found at the PSD of excitatory
glutamatergic synapses. However, it is present galdendrites that express these
markers. It is also present in a wider set of nesiras it is present along the dendrites

of neurons that do not express either of these (AIRILPSD-95) markers.
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Figure 4.2.2: Comparison of delta dystrophin with the NM DA receptor.

Rat cortical neurons were fixed at 2 weeks in e¢altand immunostained for delta
dystrophin and NMDA receptor NR1 subunit (a markar the PSD of excitatory

synapses). Boxes show areas expanded in B-D. NRibied punctate staining (A3),

generally in a clustered form (arrowhead, D3), aestricted to the somadendritic
domain and the distal tips of dendrites (A3). Cantito NR1 staining, delta dystrophin
exhibited diffuse staining throughout the cell badd along proximal dendrites (A2)
where NR1 staining was also present (arrowhead3)Bbut they never co-localized
(arrowhead, B1-3; arrow, C1-3; arrowhead, D1-3).phbximal dendrites labelled with

NR1 contained delta dystrophin (Al), suggestingtadelystrophin is expressed in
neurons containing NR1. In contrast, not all preesscontaining delta dystrophin were
stained with NR1 (arrows, D1-3), suggesting deltstidphin is also present in a wider
set of neurons that do not express NR1. GivenNRdt and delta dystrophin do not co-

localize, delta dystrophin is not part of PSD dmues of excitatory glutamatergic

synapses. Delta dystrophin (green), NR1 (red).eScat 1um.
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4.2.3 Comparison of delta dystrophin with GABAA R in

cortical neurons

Having established delta dystrophinasaaPSD component of excitatory
synapses, | next investigated whether delta dysimops present at the PSD of
inhibitory synapses. The GABAreceptor is a marker of the PSD of GABAergic
synapses (Craigt al, 1994; Racet al, 1998; Bruniget al, 2002) and is known to co-
localize with classical dystrophin and other DP@ponents at the PSD of inhibitory
synapses (Brunigt al, 2002; Vithlaniet al, 2009). Therefore, fixed cortical neurons
were co-labelled with antibodies specific for tresentiala2 subunits of the GABA
receptor and for delta dystrophin (figure 4.2.8)determine whether delta dystrophin
localized at GABAergic PSDs. At 14 days in cultus&gining for the GABA R a2
subunit revealed a highly concentrated immunorei&gtdistributed on the dendrites
and a weaker staining on the soma at presumptivie §8ictures of GABAergic
synapses (Al, 3). On the contrary, delta dystropbxhibited diffuse staining
throughout the same soma and dendrites expres@iBAR (AL, 2), but once again it
does not co-localize with GABAR (arrow, B1-3; arrow, C1-3). What is more, delta
dystrophin is also present in processes where GABAtaining is absent (arrow, Al-
3), therefore suggesting delta dystrophin is moigely distributed and is present in
neurons which do not express GARRA An isolated process shows extensive GABA
R and delta dystrophin labelling (arrowhead, AltBgse stretches are complementary
and do not co-localize. In conclusion, delta dystio is not found in the PSD of
GABAergic synapses although it is present in deadof neurons that express GABA
R. Furthermore, it is more widely distributed inunenal subtypes that do not express
GABAAR.
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Figure 4.2.3: Comparison of delta dystrophin with GABAA R.

Rat cortical neurons were fixed at 2 weeks in ealtand immunostained for delta
dystrophin and GABA receptora2 subunit (a marker for the PSD of inhibitory
synapses). Boxes show areas expanded in B and BAGR a2 subunit revealed a
highly concentrated immunoreactivity distributed e dendrites (arrowhead, Al-3;
arrow, B1-3; arrow, C1-3), and a weaker punctaestg on the soma at presumptive
PSD structures of GABAergic synapses (Al, 3). Oa tlontrary, delta dystrophin
exhibited diffuse staining throughout the same samdhdendrites stained by GARR
(A1-3), but the two proteins never co-localizeddar, B1-3; arrow, C1-3), hence delta
dystrophin is present in neurons expressing GABADbut is not a PSD component of
these inhibitory synapses. What is more, deltardgkin is present in all dendrites
labelled with GABA, R (A-C), whereas GABA R is not found in all processes
containing delta dystrophin (arrow Al-3), suggeastielta dystrophin is more widely
distributed in other neuronal subtypes that doenqiress GABA R. Delta dystrophin
(green), GABA R (red). Scale bar 1on.
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4.2.4 Comparison of delta dystrophin with GAD 65 in

cortical neurons

Given that delta dystrophin is not fdwat the postsynaptic apparatus of
both GABAergic and glutamatergic synapses, | negtemdnined whether delta
dystrophin might be a component of the presynagpigaratus in cortical neurons. In
figure 4.2.4, 14 div neurons were fixed and co-igdefor delta dystrophin and GAD
65, a key enzyme for GABA synthesis and a presynaparker of GABAergic
synapses (Raet al, 1998; Bruniget al, 2002). GAD 65 exhibited punctate staining at
the periphery of the soma and proximal dendrite$-8% suggesting a presynaptic
localization within presumptive GABAergic terminal©n the other hand, delta
dystrophin exhibited diffuse staining throughout #oma and neuronal processes (Al-
2), as shown previously. Therefore, despite sorgéadlioverlap, the two proteins are
differently distributed in the neuron (arrow, B1-3lggesting delta dystrophin is not
part of the presynaptic nerve terminals of GABAergynapses. What is more, delta
dystrophin always localized in dendrites innervabgdGAD 65-containing terminals
(A1-3), whereas the latter did not innervate athgasses containing delta dystrophin
(arrow, A1-3). In conclusion, delta dystrophin istrfound in the presynapse of
GABAergic synapses, although it is present in nesirthat receive GABAergic
innervation. Furthermore, delta dystrophin is pn¢da a range of neuronal subtypes
that do not receive GABAergic innervation. It istnommacommon to find random co-
localization between two proteins that in fact dd co-localize. For instance, Rabal
(2000) also reported some co-localization betwesB-B5 and GAD 65, although it is
well established that the two proteins are partwad very distinct sets of synapses,
excitatory and inhibitory synapses, respectiveljerefore, in the next study, the
significance of random co-localization observedwaein delta dystrophin and the

presynaptic marker was examined in more detail.
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Figure 4.2.4: Comparison of delta dystrophin with GAD 65

Rat cortical neurons were fixed at 2 weeks in caltand immunostained for delta
dystrophin and GAD 65 (a marker for the pre-synapisanhibitory synapses). The
box shows the area expanded in B. Delta dystropkimbited diffuse staining along
the soma and various processes of the neuron (AlnZontrast to a diffuse and
internal staining exhibited by delta dystrophin, BA5 labelled the periphery (Al, 3)
of the soma and processes labelled with delta ajylsin (A1-3). This suggests GAD
65 is at the presynapse of GABAergic terminals tha¢rvate the soma and processes
labelled with delta dystrophin, thus sending intuky signals to delta dystrophin-
containing processes. Despite some digital ovettagtwo proteins do not co-localize
(arrow, B1-3), hence, delta dystrophin is not aspn@ptic protein of inhibitory
synapses. What is more, delta dystrophin is fomnalidendrites innervated by GAD
65-labelled GABAergic nerve terminals (Al-3), whese GAD 65-labelled
GABAergic nerve terminals did not label the surfatall processes containing delta
dystrophin (arrow, Al1-3), suggesting delta dystioph present in a range of neuronal
subtypes when compared to neurons receiving GADaBéled innervation. Delta
dystrophin (green), GAD 65 (red). Scale bapit0
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4.2.5 Comparison of delta dystrophin with synaptophysin

in cortical neurons

To determine whether delta dystrapls absent from excitatory and
inhibitory presynaptic terminals, fixed neurons ge-labelled for delta dystrophin
and synaptophysin (figure 4.2.5), a synaptic vesigtotein and a marker of all
presynaptic terminals found in the brain (Leingeral, 1996; Evanst al, 2005). In
figure 4.2.5, synaptophysin exhibited a punctaaénstg located along the periphery of
the neuron, suggesting a presynaptic localizatibnpr@sumptive excitatory and
inhibitory terminals (Al, 3). In contrast to thigaming pattern, delta dystrophin
exhibited a diffuse staining pattern throughout¢bena and neuronal processes (Al, 2)
which did not co-localize with the presynaptic siag pattern exhibited by
synaptophysin (arrow, B1-3; arrow, C1-3), suggestielta dystrophin is absent from
the presynapse of excitatory and inhibitory tersna agreement with figures 4.2.3
and 4.2.4. What is more, excitatory and inhibitoayxon terminals containing
synaptophysin always innervated dendrites contgidelta dystrophin (A1-3), whereas
not all processes containing delta dystrophin wareervated by nerve terminals
labelled with synaptophysin (arrow, Al-3). Thus,ltaledystrophin is localized in
dendrites innervated by excitatory and inhibitogyntinals. What is more, excitatory
and inhibitory innervation does not occur along #éxen, therefore, the distribution of
delta dystrophin along processes that do not recwidervation by nerve terminals
labelled with synaptophysin suggests delta dysiroptay localize in axonslhis was
further examined in subsequent experimeAtsgether, figures 4.2.1-4.2.5 show that
delta dystrophin is widely distributed within a men, but is absent from pre and
postsynapses of inhibitory and excitatory neurauggesting delta dystrophin is not
part of the synaptic structure. What is more, thestern blot data in chapter 3, in
agreement with this immunocytochemical data, alsghliyhted delta full-length
dystrophin as exhibiting a different subcellulastdbution when compared to the
highly PSD enriched classical full-length dystraphprotein. Given that DPC
complexes in neurons localize at inhibitory poséptic terminals only (Brunigt al,
2002), and given that the data up to this poirthia thesis suggests delta dystrophin is
not a synaptic protein, | next determined whethenat DPC complexes existed in
these cultures, and | determined the exact lodadizaf delta dystrophin within these
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cortical neuronal cultures and in relation to othesll established DPC components,

notably(-dystroglycan.
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Figure4.2.5: Comparison of delta dystrophin with synaptophysin.
Rat cortical neurons were fixed at 2 weeks in caltand immunostained for delta
dystrophin and synaptophysin (a vesicle protein avatker of either excitatory or
inhibitory presynapses). Boxes show the areasrelquhin B and C. Delta dystrophin
exhibited diffuse staining along the soma and vexiprocesses of the neuron (Al, 2).
In contrast, synaptophysin exhibited punctate Btgiralong the periphery of the
neurons (Al, 3), suggesting a presynaptic locatimaat presumptive excitatory and
inhibitory terminals. Although delta dystrophin &led dendrites innervated by
synaptophysin, the two proteins did not co-localizerow, B1-3; arrow, C1-3),
suggesting delta dystrophin is absent from theypisgsse of excitatory and inhibitory
terminals. What is more, delta dystrophin labellalli dendrites innervated by
synaptophysin-containing nerve terminals, but nbsynaptophysin-containing nerve
terminals synapsed onto processes labelled witta dbfstrophin, suggesting delta
dystrophin is more widely distributed within a near Delta dystrophin (green),
synaptophysin (red). Scale banhg.
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4.2.6 Comparison of delta dystrophin with B-dystroglycan

in cortical neurons

In order to confirm classical dystrapftontaining DPC complexes
existed in these cultures, and demonstrate dels&raphin may not be part of these
DPC complexes, fixed neurons were co-labelled feltad dystrophin andf3-
dystroglycan (figure 4.2.6), a crucial core compunef the classical dystrophin-
containing DPC complex at PSDs in brain neuronsiiBret al, 2002; Pilgramet al,
2009; Waiteet al, 2009). In figure 4.2.§3-dystroglycan was found as brightly labelled
puncta arranged in lines running over cell bodied aendrites only (Al, 3), in
agreement with the published data (Brusigal, 2002). In contrast, delta dystrophin
exhibited diffuse staining along the soma and prai dendrites stained bf-
dystroglycan (A1, 2), but they never co-localizedhite arrow, B1-3; white arrow, C1-
3). What is more, delta dystrophin was found in @é#ndrites labelled with3-
dystroglycan (A1-3), whereaB-dystroglycan did not label all processes contanin
delta dystrophin (grey arrow, B1-3; grey arrow, B)1-Thus, in agreement with our
previous studies (figures 4.2.1-4.2.5), delta aydtin is widely distributed within a
neuron, but also between different neuronal sulstyp@rthermore, it does not co-
localize with the postsynaptic DPC compon@sttystroglycan, and this is supported by
earlier results (figures 4.2.1-4.2.5) demonstratietfa dystrophin is an extra-synaptic
protein. The lack of co-localization between dedigstrophin and3-dystroglycan, a
classical dystrophin-containing DPC component, satggthat delta dystrophin is likely
to form novel DPC complexes whose molecular contosi as well as subcellular
distribution, differs to classical dystrophin-caniag complexes. Therefore in the next
study, | tested whether classical dystrophin weaso aifferently distributed when
compared to delta dystrophin (figure 4.2.7), sinyldo what has been observed with
delta dystrophin and the classical dystrophin-bigdprotein, namely3-dystroglycan
(figure 4.2.6).
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Figure4.2.6: Comparison of delta dystrophin with 3-dystroglycan
Rat cortical neurons were fixed at 2 weeks in celtand immunostained for delta
dystrophin ang3-dystroglycan(a DPC component at the PSD of inhibitory synapses
Boxes show the areas expanded in B3Rlystroglycan was found as brightly labelled
puncta arranged in lines running over cell bodiaed dendrites (A3). In contrast,
although delta dystrophin was also localized witkiie same soma and proximal
dendrites labelled b-dystroglycan (Al-3), the staining was diffuse ahe two
proteins did not co-localize (white arrow, B1-3;iteharrow, C1-3). This suggests delta
dystrophin may not associate wifrdystroglycan to form novel delta DPC-like
complexes at inhibitory postsynaptic structurestaimimg [-dystroglycan. What is
more, delta dystrophin was found in all dendritepressingp-dystroglycan (Al),
wheread3-dystroglycan was not expressed in all processetatong delta dystrophin
(grey arrow, B1-3; grey arrow, D1-3) suggestingalelystrophin is widely distributed
within a neuron, but also between different neurosizbtypes. Delta dystrophin
(green) B-dystroglycan (red)Scale bar 1,0m.
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4.2.7 Comparison of delta dystrophin with classical

dystrophin in cortical neurons

14 div neurons were fixed and co-lalklfer delta dystrophin and
classical dystrophin (figure 4.2.7), a componenthaf classical dystrophin-containing
DPC complexes found exclusively at inhibitory pgetgpses (Knuesedt al, 1999;
Knueselet al, 2001; Bruniget al, 2002). Similarly to-dystroglycan (figure 4.2.6),
classical dystrophin was found as brightly labelpthcta arranged in lines running
over cell bodies and dendrites (Al, 3), which wapeeted as the two proteins are
known to associate and participate in the formatibrlassical dystrophin-containing
DPC complexes exclusively localized at PSD stresiwof GABAergic synapses in the
brain (Bruniget al, 2002; Pilgramet al, 2009; Waiteet al, 2009; Vithlaniet al, 2009).
The profile of immunostaining of classical dystropis identical to that reported by
Brunig et al (2002). The punctate labelling of classical dystiop(A3; white arrow,
B3; white arrow, C3) was different from the diffustaining exhibited by delta
dystrophin throughout the soma and neural proceg¢aés 2). Similarly with (3-
dystroglycan, classical dystrophin did not co-lomalwith delta dystrophin (white
arrow, B1-3; white arrow, C1-3). What is more, deltystrophin was always found in
dendrites labelled with classical dystrophin (AlaBhereas classical dystrophin did not
always label processes stained by delta dystrofgrgy arrow, C1-3). In conclusion,
these results suggest delta dystrophin is widetyriduted within neurons expressing
classical dystrophin, but also between differenirapal subtypes that do not express
classical dystrophin. Furthermore, these result® aslggest that delta and classical
dystrophin exhibit different subcellular distribotis in neurons, in agreement with the
western blots presented in the preceding chapteagt@r 3, figure 3.2.3.3, 3.2.3.4,
3.2.4.1, 3.2.4.2). Therefore, given that delta mystin does not co-localize with
classical dystrophin (figure 4.2.7) afedystroglycan (figure 4.2.6) and the inhibitory
PSD marker (figure 4.2.3), the results re-confirgital dystrophin does not replace
classical dystrophin to form novel DPC-like comm@e»xat PSDs of inhibitory synapses.
Instead, delta dystrophin is likely to form novePO-like complexes outside the PSD
(figures 4.2.1-4.2.5) that have a different molacuwdomposition (figure 4.2.6) and a
different distribution (figure 4.2.6 and 4.2.7) t¢tassical dystrophin-containing DPC

complexes.
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Figure4.2.7: Comparison of delta dystrophin with classical dystrophin

Rat cortical neurons were fixed at 2 weeks inweltand immunostained for delta
dystrophin and classical dystrophin (a marker fo@ DPC complex at the PSD of
inhibitory synapses). Boxes show the areas expamdBeC. Classical dystrophin was
found as brightly labelled puncta arranged in linesning over the cell body and
dendrites (A3; white arrow, B3; white arrow, C3n tontrast, although delta
dystrophin was also localized within the same santdendrites labelled by classical
dystrophin (A1-3), the staining of delta dystrophwas diffuse (white arrow, C1-2)
and the two proteins did not co-localize (whiteoary B1-3; white arrow, C1-3). This
suggests delta dystrophin is absent from the PSihhobitory synapses containing
classical dystrophin and therefore may not repldassical dystrophin to form novel
delta DPC-like complexes therein. What is moressitzal dystrophin did not stain all
processes containing delta dystrophin (grey arGiv3), whereas delta dystrophin
stained all dendrites labelled with classical dystin (Al-3). This suggests delta
dystrophin is widely distributed within neurons eagsing classical dystrophin, but
also between different neuronal subtypes that doempress classical dystrophin.

Delta dystrophin (green), classical dystrophin r8dale bar 10m.
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4.2.8 Comparison of delta dystrophin with rhodamine-

phalloidin in cortical neurons

Our studies clearly indicate thattaleystrophin is involved in extra-
synaptic functions. In order to determine a moexise localization of delta dystrophin
within the cells, neurons were fixed and co-lalekfier delta dystrophin and rhodamine-
phalloidin (figure 4.2.8), a marker that labelsafiientous actin (F-actin). F-actin
underlies all of the neuron plasma membrane (Cagaai, 2001; Dickinsonet al,
2004; Farahet al, 2008). This study was carried out because defsraphin, like
classical dystrophin, contains an actin-binding domClassical dystrophin has been
shown to utilise the C-terminal actin-binding domad order to directly interact with F-
actin (Hemmings kt al, 1992). | therefore determined whether delta dyttin might
also interact with F-actin via its C-terminal aebimding domain, and therefore localize
delta dystrophin to the submembrane domain. Inréigu2.8, F-actin staining localized
adjacent to the plasma membrane (Al, 3) and dendpines (arrows, B1, 3) of the
entire neurone, as expected (Dickingbal, 2004). Delta dystrophin exhibited a diffuse
staining pattern throughout the neuronal procestesed by F-actin (A1-3), but never
co-localized with F-actin (arrows, B1-3; arrow, G)L-In fact, delta dystrophin staining
was always distant from the filamentous marker dgaw®y all of the neuron plasma
membrane, and was restricted to the more centrtd pathese neuronal processes (Al;
arrow, C1-3). What is more, delta dystrophin ladxelall processes containing F-actin.
Given that F-actin is localized adjacent to theigiesral membrane of the entire cell
(Dickinson et al, 2004) and is present in all neurons, the resauiggest that delta
dystrophin is a widely distributed protein presenimost, if not all, neuronal processes.
This is in agreement with the wide distribution d#lta dystrophin suggested by the
previous results (figures 4.2.1-4.2.7). In conausidelta dystrophin does not co-
localize with F-actin, and given that the localiaatof delta dystrophin appears to be
more internal when compared to F-actin, it suggedadta dystrophin might co-localize
with the microtubule-based cytoskeleton. | therefadetermined whether delta
dystrophin may co-localize with the microtubule-daxytoskeleton and whether such

co-localization is restricted to axons, or dendtita to both these types of processes.
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Figure 4.2.8. comparison of delta dystrophin with rhodamine-phalloidin

Rat cortical neurons were fixed at 2 weeks in caltand immunostained for delta

dystrophin and rhodamine-phalloidin (a marker thhtls F-actin found adjacent to the
plasma membrane of neurons). Boxes show the argms@ed in B and C. F-actin

stained dendritic spines (arrows, B1l, 3) and sthibeneath the plasma membrane
(arrow, C1, 3) throughout the neurone (A3). Delistbphin also stained all the

neuronal processes stained by F-actin (Al), buénee-localized with F-actin (arrows,

B1-3; arrow, C1-3). This study suggests delta dydtin is distant from the membrane

of the neuron and is therefore localized at theenwantral part of neuronal processes.

Delta dystrophin (green), rhodamine-phalloidin jrettale bar 10m.
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4.2.9 Delta dystrophin and MAP2 exhibit substantial co-

localization in cortical neurons

In order to begin to establish a pasrdelta dystrophin-binding partner
within the central part of neuronal processes, i¥sdurons were fixed and co-labelled
for delta dystrophin and MAP2 (microtubule assaigbrotein 2) (figure 4.2.9). This is
because MAP2 is associated with the tubulin cyteste and similarly to delta
dystrophin, is found in the soma and in the cergeats of dendrites. More precisely,
MAP?2 is a marker for neurons and is restricted $oila population of dendrites and it is
absent from the axon (Matesal, 1981; Bloomet al, 1983; Racet al, 1998; Faralet
al, 2008). In figure 4.2.9, MAP2 was localized aldhg central part of a subpopulation
of dendrites (white arrow, B1, 3) and was also thunthe soma of the isolated neuron
(A1, 3). Delta dystrophin exhibited diffuse staigiwithin the soma (A1, 2) and along
the central part of a subpopulation of dendritekit@varrow, B1, 2) where MAP2 was
found. Strikingly the two proteins exhibited sulmgial co-localization (white arrow,
B1-3). Given that MAP2 is a neuronal marker, thexgwession of delta dystrophin and
MAP2 within the same cell confirms that delta dgptiin is a neuronally expressed
protein. What is more, delta dystrophin also exkibidiffuse staining in processes
where no MAP2 staining was found (grey arrow, BlsRjggesting delta dystrophin is
more widely distributed than MAP2. In the processd®re no MAP2 staining was
observed, delta dystrophin again exhibited diffstsening along the central part of the
processes (grey arrow, B1-3). Given that MAP2 iseab from axons and some
dendrites, this result does not exclude the pddgitiat delta dystrophin might also be
found in the central parts of the axons of neuramsaddition to the central parts of
dendrites where no MAP2 staining is found. Immunioclgemical studies using axonal
markers are required in order to verify this hymsik. In conclusion, delta dystrophin is
more widely distributed within a single neuron wireempared to MAP2, in agreement
with earlier results (figure 4.2.1-4.2.8). Furthens its substantial co-localization with
MAP2 further suggested that delta dystrophin mayjocalize with the microtubule-

based cytoskeleton.
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Figure 4.2.9: delta dystrophin exhibits substantial co-localization with MAP2

Rat cortical neurons were fixed at 2 weeks in caltand immunostained for delta
dystrophin and MAP2 (a late dendritic marker, rairfd in axon). The box shows the
area expanded in B. Delta dystrophin was founéhénsame subpopulation of dendrites
labelled with MAP2 and there is evidence of sultsi&ico-localization (white arrow,
B1-3). What is more, although delta dystrophinretdi and substantially co-localized
with all dendritic structures containing MAP2 siam (white arrow, B1-3), not all
processes stained with delta dystrophin were ladellith MAP2 (grey arrow, B1-3).
Given that MAP2 is known to stain only a subpogalatof dendrites and it is absent
from the axon, this result suggests delta dystropsimore widely distributed, but
always expressed, within the central parts of nealr@processes, when compared to
MAP2. Given that MAP2 is a neuronal marker, thisidgt also confirms delta

dystrophin is expressed in neurons. Delta dystrogbieen), MAP2 (red). Scale bar

10pm.
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4.2.10 Delta dystrophin co-localizes with B3-tubulin in

cortical neurons

The distribution of delta dystrophin processes where MAP2 was
absent, in addition to the substantial co-localmraexhibited between delta dystrophin
and MAP2 in a sub population of dendrites, suggedtdta dystrophin may co-localize
with the microtubule (MT) cytoskeleton. This is hase the MT cytoskeleton is the
‘highway’ along which MAP2 proteins travel to vau®destinations of the cell (Drewes
et al, 1998; Dehmelet al, 2004; Fletcheet al, 2010), and unlike MAP2, the MT
cytoskeleton is found along the central parts okcpss throughout the entire neurone,
including the axon (Mandeét al, 1995; Jagliret al, 2009). To determine whether delta
dystrophin is associated with the MT network, 14 deurons were fixed and co-
labelled for delta dystrophin arf@B-tubulin (figure 4.2.10)33-tubulin is a molecular
subunit of the MT cytoskeleton found along the canpart of the soma, axon and all
the dendrites (Mandekt al, 1995; Jaglinet al, 2009). Figure 4.2.10 shows delta
dystrophin and33-tubulin fully co-localized (white arrow, B1-3),itlv both proteins
exhibiting diffuse staining throughout the cenfpalrts of the entire neuron, including
the cell body, dendrites, and presumably the aRdn3). This study suggests that delta
dystrophin is distributed in axons, soma and deéesirin agreement with figures 4.2.1-
4.2.9. The co-localization between delta dystrogmd 33-tubulin also suggests delta
dystrophin is directly or indirectly associated lwihe microtubule cytoskeleton found
in all neuronal processes, including axons. Givet #3-tubulin is a protein known to
be nearly completely devoid from spines (Calabetsd 2006), the full co-localization
between delta dystrophin afi@-tubulin clearly indicates that delta dystrophsnaiso
absent from spines. This finding is in agreemenhiigure 4.2.1, whereby PSD-95, a
protein found exclusively in spines of excitatognapses (Hunét al, 1996), does not
co-localize with delta dystrophin. The full co-ldization between delta dystrophin and
B3-tubulin (figure 4.2.10) is also consistent witletlack of co-localization between
delta dystrophin and postsynaptic markers (GABR and NMDA receptors) as well as
with presynaptic markers (GAD65 and synaptophydim@cause33-tubulin is nearly
devoid in the synapse (Calabresal, 2006). Taken together, the results (figures 4.2.1
4.2.10) clearly demonstrate delta dystrophin iseatra-synaptic protein, expressed

within the central parts of neurons, directly adinectly associated witf3-tubulin, and
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therefore may not replace classical dystrophirotsmfnovel delta DPC-like complexes
at the PSD of GABAergic synapses. Lastly, the aali@ation between delta
dystrophin andf3-tubulin throughout most, if not all, neurons, gests delta

dystrophin is present in a range of neuronal sigstym agreement with figures 4.2.1-
4.2.9.
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Figure4.2.10: delta dystrophin co-localizes with 33-tubulin

Rat cortical neurons were fixed at 2 weeks in caltand immunostained for delta
dystrophin andp3-tubulin (a neuronal marker and molecular suburiitthe MT
cytoskeleton found in dendrites, soma and axonllafieurons). The box shows the
area expanded in B. Delta dystrophin exhibitecud#f staining within the central parts
of all neuronal processes labelled wiB-tubulin and the diffuse staining exhibited by
delta dystrophin was identical to the diffuse staanexhibited byp3-tubulin (A1-3).
The two proteins fully co-localized (arrow, Bl-3jelta dystrophin labelled all
processes containirfgB-tubulin, and33-tubulin labelled all processes containing delta
dystrophin. Given thaB3-tubulin is found within the central parts of tbell body,
dendrites and the axon of all neurons, the fullamalization with33-tubulin suggests
delta dystrophin also localizes within the cenpaits of the cell body, dendrites and
axon (Al1-3) present in a range of neuronal subtygdss suggests that delta
dystrophin is associated, directly or indirectlythathe microtubule cytoskeleton, and

is absent from the synapse. Delta dystrophin (gr@3atubulin (red).Scale bar 10m.
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4.2.11 Recombinant Cexon78 EGFP and Dexon78 EGFP

sequences are unableto traffick differently in the cell

Studies up to this point (chapter 3 ahdclearly demonstrate that
classical and delta full-length dystrophin proteieshibit different subcellular
distributions in neurons of the brain. Classicall-iength dystrophins containing
classical exon 78 (Cexon78) at their C-terminussagregated to the PSD (Beeséty
al, 1999; Bruniget al, 2002; Pilgramet al, 2009; Waiteet al, 2009), whereas delta
dystrophin proteins containing delta exon 78 (Dé&8)nat their C-terminus are
segregated to the MT network (figures 4.2.1-4.2.Ben that Cexon78 and Dexon78
are the only sequences that distinguish classiocah fdelta dystrophin respectively, |
therefore transfected (figure 4.2.11.2) corticalnoe@al cultures with C-terminally
EGFP-tagged Cexon78 (figure 4.2.11.1B) and Dexdifig8re 4.2.11.1C), in order to
determine whether Cexon78 and Dexon78 alone maydena trafficking signal to the
PSD and MT network, respectively. Our collaboratDexek Blake and Chris Esapa
kindly provided these vectors already containing ¢tassical or delta exon 78 fused to
EGFP. As a control, expression of the EGFP tag dfiyure 4.2.11.1A) was
investigated in 14 div neuronal cultures (figure.41.2A). The EGFP tag was
successfully transfected into the neurons, as igigtedd by the green fluorescence
observed within the neurons (figure 4.2.11.2A). i&inty to publications (Bryeret al,
2004), the EGFP protein was diffusely distributédotighout the neuron (A; white
arrow, Al), and was also localized in spine-likeistures (Al, grey arrow). Expression
of the EGFP tagged Cexon78 (figure 4.2.11.2B) atddbdiffuse staining throughout
the central parts of the neurone (white arrow, Bh}] punctate staining in what appears
to be spine-like structures (grey arrow, B1l) wa® albserved. This staining pattern did
not resemble the exclusively punctate staining latdd by classical dystrophin in
neuronal cultures (figure 4.2.7) and in those mitad by Bruniget al (2002). Similarly
to Cexon78, the EGFP tagged Dexon78 (figure 4.2} exhibited diffuse staining
throughout the central parts of the neuron (whiteva, C1), and punctate staining in
what appears to be spine-like structures (greywar©1). The staining patterns of
Dexon78 also did not resemble the exclusively d#fistaining pattern exhibited by
delta dystrophin (figures 4.2.1-4.2.10) in neurooaltures presented in this thesis. In
fact, both Cexon78 and Dexon78 staining patterreveldd a closer resemblance to
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EGFP staining, although the latter did not exhthis relative enrichment in spines
(grey arrow, Al). Thus, these studies suggestdiaasical and delta exon 78 sequences
alone are unable to traffick differently in thelcd is highly likely that Cexon78 and
Dexon78 interact with other structural elementdmithe dystrophin sequence in order
to direct trafficking of the classical and deltestipphin proteins to different parts of the

neuron.
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Figure4.2.11.1: pEGFP-N3 vectors containing cDNAs of classical or delta exon 78
fused with enhanced green fluorescent protein (EGFP).

In order to study the function of classical exon (&xon78) and delta exon 78
(Dexon78) found in the C-terminus of dystrophinfasms, recombinant vectors
containing the exon78 sequence of either classicalelta dystrophin were prepared.
A. As a control, pEGFP-N3 vector containing onlg teGFP tag (green) was used. B.
PEGFP-N3 vector containing an EGFP tag (green)dfuseCexon78 (blue). Brackets
contain the sequence of Cexon78 (blue). C. pEGFRédd¢8r containing an EGFP tag
(green) fused to Dexon78 (red). Brackets contam gshquence of Dexon78 (red).

EGFP, enhanced green fluorescent protein.
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Figure4.2.11.2: Dexon78 and Cexon78 exhibit a similar subcellular distribution in
neurons.

In order to study the function of classical exon (B&xon78) and delta exon 78
(Dexon78) found in the C-terminus of dystrophinfisms, recombinant vectors
containing the exon78 sequence of either classicdklta dystrophin were transfected
into 14 div neurons. Boxes show areas expandedl#i€A A: expression of the EGFP
tag only. B: expression of the EGFP tagged CexoiiZ8expression of the EGFP
tagged Dexon78. Both Cexon78 and Dexon78 exhildiffidse staining (white arrow,
B1; white arrow, C1) throughout neuronal procesassyell as punctate staining (grey
arrow, B1; grey arrow, C1) in what appears to beespke structures. Thus, classical
and delta exon 78 sequences alone, do not encedenthie trafficking signal for the
dystrophin isoforms, but are likely to encode omlgrt of the trafficking signal

sequence. EGFP, enhanced green fluorescent prBtale bar 10m.
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4.3 Discussion

43.1 Delta dystrophin does not replace classical
dystrophin at GABAergic synapses to form novel delta dystrophin-
containing DPC complexes.

To date, DPC complexes containing classical dpsiroin neurons
have been exclusively localized at the PSD of inhifp synapses (Brunigt al,
2002). More precisely, the DPC complex in neuram#tans the classical full-length
dystrophin isoform, whereas the shorter classigatrdphin isoforms are reported to
form different DPC-like complexes that are only elv®d outside of neurons (see
chapter 1). In this chapter, |1 have utilised an umocytochemical approach to
determine whether delta dystrophin may replacesmak dystrophin to form novel
delta DPC-like complexes at the PSD of inhibitognapses of cortical neuronal
cultures. According to this work, | show that detigstrophin is expressed in cortical
neurons (figures 4.2.9, 4.2.10) and that a subpdipul of these neurons also co-
express classical dystrophin (figure 4.2.7). Howetlee two proteins are distributed
differently within the cell and therefore do notlozalize (figure 4.2.7). Furthermore,
| show that contrary to classical dystrophin, delyatrophin is not a synaptic protein
(figure 4.2.1-4.2.10), as it did not co-localizettwany of the synaptic markers tested
(figure 4.2.1-4.2.5). In fact, our studies showtttlaelta dystrophin fully co-localizes
with the microtubule cytoskeleton throughout thenapdendrites and possibly axons
(figure 4.2.10). My studies therefore suggest thelta dystrophin is directly or
indirectly associated with the microtubule cytoskeh network and therefore may
not replace classical dystrophin in the formatibmavel delta DPC-like complexes
at the PSD of inhibitory synapses. Given that atassfull-length dystrophin-
containing DPC complexes in neurons have, to daté; been localized at PSD
structures of inhibitory synapses, the data presemt this thesis also suggests that in
neurons, delta dystrophin can never replace clasdigstrophin in DPC formation.
Instead, | suggest delta dystrophin is likely tonfonovel, yet unidentified, delta-
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DPC-like complexes within the central parts of theuron rather than at PSD

structures, where classical full-length dystropkiabsent.

After researching the literature ammmparing it to our results, it is
becoming increasingly clearer that in neurons, adelystrophin forms DPC-like
complexes that are likely to exhibit a different lecmlar composition to DPC
complexes containing classical dystrophin. Thimp@ emphasised by the fact that
delta dystrophin andg3-dystroglycan, a core component of classical dystiro
containing DPC complexes, are differently distrdzitwithin our cortical neuronal
cultures (figure 4.2.6), therefof@&dystroglycan may not be a component of delta
dystrophin-binding DPC complexes in neurons of fttvebrain. Bruniget al (2002)
reinforces this result because they demonstfad@ystroglycan is exclusively
localized at PSD structures of inhibitory synapsdsthe forebrain, whilst |
demonstrate that delta dystrophin is an extrasynapotein (figures 4.2.1-4.2.5) that
co-localizes with the microtubule cytoskeleton (fig 4.2.10). Hence the two proteins
are differentially distributed in neurons and tliere 3-dystroglycan may not be a
component of delta dystrophin-binding DPC completkesein. What is more, Blake
et al (1999) shows that delta dystrophin may not ass®aath a second classical
dystrophin-binding DPC component, nam@hdystrobrevin, as delta dystrophin is
not immunoprecipitated bg-dystrobrevin in the brain. This is in agreementhwny
result in chapter 3 (figure 4.2.7), whereby | destate that delta dystrophin afd
dystrobrevin exhibit a different subcellular dibtrtion in the forebrain. Therefofe
dystrobrevin may not be a component of delta dpstrobinding DPC complexes.
Given thaf3-dystroglycan ang-dystrobrevin are both components of classical
dystrophin-containing DPC complexes that may nebeaiate with delta dystrophin,
these results strongly suggest that in neuronsa dgbtrophin is likely to form DPC
complexes whose molecular composition, as welbaalization, differs to classical
dystrophin-containing DPC complexes localized & BED of inhibitory synapses.
This is further supported by the striking differena the level of expression of the
two dystrophin isoforms between the two brain ragistudied, namely forebrain and
cerebellum (Chapter 3, figures 3.2.4.1 & 3.2.4ith delta full-length dystrophin

being expressed at low levels in the cerebellumnmvb@mpared to the forebrain,
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whilst classical full-length dystrophin is more centrated in cerebellar fractions

when compared to forebrain.

Although the sequence homology betwertassical and delta
dystrophin is very high (they only differ by a sieagxon), the different molecular
associations and localization within the cell, thge with the difference in the level
of expression exhibited by the two dystrophin isofe in the forebrain when
compared to the cerebellum (chapter 3, figuresA3L2& 3.2.4.2) suggests different
roles for the two proteins. A co-localization beemedelta dystrophin an@éB-tubulin
suggests that delta dystrophin is directly or iedily associated with the microtubule
cytoskeleton. Pringt al (2009) show that classical dystrophin, the isofarihdelta
dystrophin, contains an MT-binding domain withire tlast spectrin domain through
to the first third of the WW domain, and demon&raia an (cosedimentation)
immunoprecipitation approach, that classical dydtno and the MT network can
directly associate to one another. Given that diy&trophin also contains this MT-
binding site unaltered by Dexon78 (as Dexon78 isfoond within the MT-binding
domain), and if we take into consideration the futtlocalization between delta
dystrophin and33-tubulin, it is possible to suggest that deltatayshin may also
directly associate witt33-tubulin by utilising the MT-binding domain at the-
terminal end of delta dystrophin. It is likely thalassical dystrophin and delta
dystrophin both associate with MTs, but if so tineyst associate with MTs found in
two distinct parts of the neuron, as classical dglth dystrophin are never seen to co-
localize (figure 4.2.7) and exhibit different sulbgkar distributions (chapter 3,
figures 3.2.3.3 and 3.2.3.4). It is possible tHassical dystrophin associates with the
few MTs present only at PSDs structures, wheredt db/strophin, due to its
restricted localization at the central parts ofmoeal processes, may only associate
with MTs found at the central parts of neuronalgesses. Thus, although the two
dystrophin proteins are almost identical in the ramacid sequence, this is a good
example of how alternative splicing can control thécellular localization of a
protein and hence alter its functions within a.c@llkey question is what are the
signals that direct classical and delta dystropbisuch widely differing subcellular

locations.
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In addition to its MT-binding domainslassical dystrophin also
contains a domain that enables its association agtin, and another domain that
enables its association with intermediate filamg@neet al, 2005; Prinset al,
2009). Given that spines are strikingly enricheddtin and nearly completely devoid
of intermediate filaments and MTs (Calabresal, 2006), and given that MTs and
intermediate filaments are highly concentratedhie dedritic shaft (Calabrese al,
2006) and extensively meshed together along thieatqrarts of axons and dendrites,
my studies and studies by Prietsal (2009) lead to the suggestion that most of the
binding to the MT network may be carried out priityaby delta dystrophin, and not
classical dystrophin. In contrast, classical dystiio may be important for associating
with actin underlying the PSD of inhibitory neurpas actin is the major cytoskeletal
protein found therein. Taken together, these ssudleow that classical dystrophin
and delta dystrophin may, together, function tdbitite the cell as a whole, by
associating with actin and microtubules found tiglmut the neuron. Any interaction

with intermediate filaments has not yet been ingastd.

Prinset al 2009 has already demonstrated that classicalapystr is
capable of stabilising MTs from cold-induced depodyisation. | suggest that delta
dystrophin, in analogy to classical dystrophin, naégo function to stabilise the MT
cytoskeleton by utilising the same binding domasediby classical dystrophin. No
studies have yet investigated whether delta dystnromay indeed stabilise the MT
network, however, studies have shown that the Mibskeleton becomes deranged
when the DMD gene is mutated (Prigtsal, 2009; Percivakt al, 2007), and given
that both classical and delta dystrophin origirfedben the DMD gene, this suggests
that both the classical and the delta dystrophoforsn are likely involved in
maintaining the stability of the MT cytoskeletorhel possible involvement of delta
dystrophin in maintaining the stability of the MYytaskeleton is further supported by
the full co-localization exhibited between deltessttgphin and the MT cytoskeleton
throughout the neuron (figure 4.2.10). Furthermalgta dystrophin, in contrast to
classical dystrophin, localizes in regions of teemon where most of the MT network
is found. Therefore, given that delta dystrophintass an MT-binding domain and
fully co-localizes with most of the MT network fodinn the neuron, it strongly
suggests delta dystrophin may have a potentialinadéabilising the MT cytoskeleton

in neurons. Maintaining the stability of the MT ogkeleton is vital for the cell,
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because the MT cytoskeleton is considered to benthterway on which vesicles and
proteins are transported and targeted to theirogp@te destination (Drewest al,
1998; Dehmeltet al, 2004; Fletchert al, 2010). When the stability of the MT
cytoskeleton is lost as a consequence of DMD nartatine trafficking of proteins
and a wide range of cellular functions may alsaffected, leading to the cognitive
impairments established in DMD patients. Thereftine, potential function for delta
dystrophin in providing stability for the MT netwoideserves great attention and
needs further investigation, as it could unraveliehopathways underlying the

aberrant cognitions in DMD brains.

To date there is no knowledge on the function lainding abilities for
Cexon78 and Dexon78 (see chapter 3). However, we $hat as a consequence of
these exons, classical and delta dystrophin digtildifferently (chapter 3, figures
3.2.3.3-3.2.3.4, 3.2.4.1-3.2.4.2; Chapter 4, figude2.1-4.2.10). | therefore used a
lipofectamine transfection approach on corticalroeal cells to determine whether
Cexon78 and Dexon78 alone may encode a traffickiggal that targets the two
proteins to different parts of the cell: PSD and Byfoskeleton, respectively (figure
4.2.11.2). According to our study (figure 4.2.11120th Cexon78 (figure 4.2.11.2B)
and Dexon78 (figure 4.2.11.2C) exhibited a mixtirdiffuse staining throughout the
neuron and punctate staining in spine-like str@suthat is very different to the
exclusively punctate staining exhibited by the siea dystrophin protein (figure
4.2.7) and the exclusively diffuse staining exlatity the delta dystrophin protein
(figures 4.2.1-4.2.10), respectively. My resulteréfore show that Cexon78 and
Dexon78 alone, are unable to traffick to the PSD BIT cytoskeleton respectively.
Given that they are the only sequences that disshg classical from delta
dystrophin, and the two dystrophin isoforms arevimdo distribute differently in
neurons, | suggest Cexon78 and Dexon78 are lilkelynteract with one or more
sequences along the dystrophin protein to diffeanttarget the dystrophin isoforms

within the neuron.

Sakamotet al (2008) have carried out a lipofectamine experiment
using classical minidystrophins containing the @nieus, as well as classical
minidystrophins that lack the C-terminus and suggést classical dystrophin

contains a region extending from the WW domain e C-terminal domain of

170



dystrophin that is important for the traffickingcdabinding to the membrane of the
PSD. Sakamotet al (2008) have not examined whether the entire donmaionly a
part of this domain is important for the trafficgimnd binding to the membrane of
the PSD. Cexon78 is found within this domain, and lpofectamine study (figure
4.2.11.2) demonstrates that Cexon78 alone is ualdacode a trafficking signal to
the PSD, therefore a wider proportion of the WW donto the C-terminal domain of
the protein, in collaboration with Cexon78, is regd in order to traffick to and
associate with the PSD. What is more, whilst ctadsninidystrophins containing the
C-terminus localize to the PSD, classical minidyshins that lack the C-terminus
reside in the cytoplasm, neurites and axons (Sataehal, et al 2008), similar to the
subcellular distribution observed for delta dyskhopthroughout our immunostudies
(figures 4.2.1-4.2.10) presented in this chapt&er&fore, the study by Sakamaito
al, (2008), combined with our immunocytochemistry épdfectamine study reveals
a very important potential function for Cexon78 abdxon78. It is likely that
Cexon78, found in the C-terminal domain of cladsutgstrophin, in cooperative
interaction with the region extending from the W\hahin to the C-terminal domain
acts to localize classical dystrophin to the PSenrons. Furthermore, it is highly
plausible that Dexon78 may function to disrupt B®D-binding domain extending
from the WW domain to the C-terminus, leading ttiaddystrophin being distributed
throughout the neurites and axons of the neuragsrés 4.2.1-4.2.10), similar to
classical minidystrophins lacking the C-terminusnéin. This may explain why delta
dystrophin is localized within the central parts mdurites and axons, where it

associates witB3-tubulin via its MT-binding domain.

In conclusion, delta dystrophin is an extrasyr@aptotein, therefore it
does not replace classical dystrophin at GABAesynapses to form novel delta
dystrophin-containing DPC-like complexes thereinsuggest delta dystrophin is
likely to form novel delta dystrophin-containing DHRike complexes within the
central parts of the neuron rather than at PSDctstres. | also suggest that the
molecular composition of DPC complexes containiegaddystrophin will differ to
DPC complexes containing classical dystrophin. Paist is emphasised by the fact
that delta dystrophin an@-dystroglycan, a core component of classical dystio

containing DPC complexes, do not co-localize (fegdr2.6). In support of this, the
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difference in distribution of the two dystrophinoierms in the forebrain and
cerebellum (chapter 3, figure 3.2.4.2) suggest tihe isoforms may carry out
different functions in the neuron. | have demoristtahat delta dystrophin fully co-
localizes withB3-tubulin, a component of the MT cytoskeleton. ggest Cexon78
and Dexon78 collaborate with the region extendnognfthe WW domain to the C-
terminus to traffick the two dystrophin isoformsdifferent cellular compartments. |
suggest that in analogy to classical dystrophirtadgystrophin may also directly
interact with the MT cytoskeleton via its MT-bindirdomain. | also suggest that in
analogy to classical dystrophin, delta dystrophiaynparticipate in maintaining
stability of the MT cytoskeleton, and hence maytdbaote together with classical
dystrophin to the cognitive pathology in DMD pat®iy generating a deranged MT
cytoskeleton, as a consequence of a mutated DMDe.géastly, from the
immunocytochemical studies of the cortical neurdescribed in this chapter, all
neurons viewed under the light microscope expresi@dt dystrophin. Given that
80% of forebrain neurons are excitatory, whilstyoB0% of forebrain neurons are
inhibitory (Xu et al, 2010), | confidently suggest that delta dystropkiexpressed in

excitatory neurons of cortical neuronal cultures.

172



5.0Part 2

173



Chapter 5:

5.1 e-sarcoglycan is likely to form novel complexesin the brain
that are not related to dystrophin protein complexes

5.2 Introduction

Having established that delta dystrophin dodsrelace classical dystrophin
to form novel delta dystrophin-containing DPC coexas in GABAergic synapses of the
brain (Chapter 4), my next goal was to determinesthwr e-sarcoglycan, recently
discovered to be present in the brain, may be gfatthe classical or delta dystrophin-
containing DPC complexes in the brain. The secaral gas to generate an antibody
againste-sarcoglycan, in order to be able to carry out imopurification studies for the
identification of e-sarcoglycan binding partners in the brain. Thesg@nee ofe-
sarcoglycan in DPC complexes outside the brainaftr@ady been described (Ervasti
al, 1990; Yoshideet al, 1990; Ozawat al, 1998; Liuet al, 1999; Durbeegt al, 1999;
Straubet al, 1999; Imamuraet al, 2000; Fortet al, 2005; Cheret al, 2006; Caiet al,
2007). To date, studies have suggestasdrcoglycan is not directly associated with the
DPC complex, in fact, there are other sarcoglycamponents that associate with
sarcoglycan as well as the DPC complex, thereforating an indirect link between the
g-sarcoglycan protein and the DPC complex (Ervestl, 1990; Yoshidaet al, 1990;
Ozawaet al, 1998; Durbeegt al, 1999; Fortet al, 2005). In smooth muscle for example,
g-sarcoglycan associates with three other sarcoglpeateins @, y, &-sarcoglycans) that
together make up the sarcoglycan complex (Eneastl, 1990), it is thg3/d-sarcoglycan
core that linkse-sarcoglycan to the DPC complex (Chatral, 2006). In the outermost
membrane of Schwann cells;sarcoglycan forms a different sarcoglycan complex
composed o€, (3, d and{ sarcoglycans, that is associated with the DPC t®mpa the
B/d-sarcoglycan core (Imamura al, 2000; Caiet al, 2007; Chenet al, 2006) (See

chapter 1 introduction, part two).

To date, there is no knowledge as to whetkgarcoglycan is part of DPC
complexes in the brain. What is more, the formatéra sarcoglycan complex in the
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brain, which appears to be important for linki;rxgarcoglycan to the DPC complex, has
yet to be established in brain. Preliminary studigsvestern blot analysis sugggstnd

0 sarcoglycans are absent from brain at the proeiel [(Hacket al, 2000), althougl®-
sarcoglycan, but not-sarcoglycan, has been detected at the mRNA ldvel &t al,
1995;Bonnemanret al, 1995; Nigroet al, 1996; Nishiyamaet al, 2004).{-sarcoglycan
has, to date, been detected only at the mRNA levéhe brain (Wheeleet al, 2002;
Shiga et al, 2006), whilstp-sarcoglycan and-sarcoglycan isoforms have both been
identified at the protein level in the brain (Eger et al, 1997; McNallyet al, 1998;
Wheeleret al, 2002; Xiaoet al, 2003; Nishiyamaet al, 2004; Charet al, 2005; Shigaet

al, 2006). It is clear from the publication data neme¢d above that if a sarcoglycan
complex exists in neurons, its molecular compaosituld significantly differ from the
sarcoglycan complex found in smooth muscle, andnge likely to resemble the
sarcoglycan complex found in Schwann cells. Theegfogiven that the brain
expresses, 3, dand{ sarcoglycans at the mRNA level, and given that fallir
sarcoglycans are known to complex together in gfev@nn cells and link-sarcoglycan
to the DPC complex therein, this chapter presentsiraber of studies to determine
whethere-sarcoglycan, in analogy to Schwann cells, may lm®raponent of the DPC

complex in neurons of the brain.

The chapter initially describes a biochemicaldgt that determines the
subcellular distribution of-sarcoglycan in the two different brain regiongéfrain and
cerebellum). This data was then used to comparestibeellular distribution of-
sarcoglycan with the subcellular distribution oh@t well-established DPC components
in forebrain and cerebellum, presented in Chaptdfigiire 3.2.3.2, 3.2.3.3, 3.2.3.4,
3.2.4.1, 3.2.4.2). The aim was to determine whetenot e-sarcoglycan exhibits the
same subcellular distribution as delta dystropiid/ar other components of the classical
dystrophin-containing DPC complexes, which wouldgast whetheg-sarcoglycan may
or may not be a component of classical and/or dditatrophin-containing DPC
complexes in forebrain and cerebelludature cortical neuronal cultures were then used
for immunocytochemical co-labelling farsarcoglycan and classical dystrophin, a core
component of the classical dystrophin-containingCDd®dmplexes exclusively localized
at PSD structures of GABAergic synapses (Blakal, 1999; Bruniget al, 2002), in
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order to determine whether there exists a co-lpattin betweere-sarcoglycan and
classical dystrophin. Co-localization would suggesarcoglycan is part of the classical
dystrophin-containing DPC complexes at GABAergic na&gyses. Thirdly,
immunoprecipitation experiments were carried out determine the potential for
association betweesg-sarcoglycan, classical and delta dystrophin, pbéishing the
ability of e-sarcoglycan to pull-down classical and delta ay#tin isoforms from whole
forebrain extracts. Lastly, | generated an ardarcoglycan antibody for

immunopurification and identification studies sarcoglycan-binding partners.
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5.3 Reaults:

5.3.1 Isolation of forebrain and cerebellum subcedlular fractions

Different subcellular fractions were obtainiedm forebrain and cerebellum
of adult rat brains, as described in M&M (chapterThe following subcellular fractions
were obtained: brain homogenate (BH), P2 pellelmyMy), microsomes (Mc), light
membrane (LM), synaptic membrane (SM) and mitochian@t). The SM fraction was
fractionated further to give the PSD fraction. Ténésrebrain and cerebellum subcellular
fractions, isolated and described in Chapter 3ewsilised in this chapter to study and
compare the subcellular localization efsarcoglycan in the brain, therefore cross-
contamination tests and Coomassie Blue testinche$e fractions can be verified in
Chapter 3, figures 3.2.2.1-3.2.3.1. The subcelluatribution of e-sarcoglycan in
forebrain and cerebellum was determined by immurstthp the range of subcellular
fractions described above, including SMs and PSEpgred from rat forebrain and
cerebellum. PSDs of forebrain and cerebellum weselaied by the n-octyl-

glucopyranoside method.

177



5.3.2 e-sarcoglycan isa membrane-associated protein of the

forebrain, and only present in low levelsin PSDs

An immunoblot containing forebrain suba&dl fractions was incubated with
anti€-sarcoglycan antibody (figure 5.3.2), in order tetedmine the subcellular
distribution of e-sarcoglycan within the forebrain. As expected, lthain homogenate
fraction contained twce-sarcoglycan isoforms close to the 50kDa molecwarght
(figure 5.3.2), with similar intensities to one #mer, suggesting the two isoforms exhibit
similar levels of expression within the forebraBincee-sarcoglycans are glycosylated
proteins (McNallyet al, 1998), the precise molecular weight of the twafasms cannot
be calculated and therefore their molecular weigtde only be estimated by SDS
analysis. According to previous immunoblot analysfisnouse wholebrain homogenates
by Nishiyamaet al (2004), the twce-sarcoglycan isoforms had a molecular weight of
47kDa and 49kDa. The two isoforms identified inufig 5.3.2 shared very similar
molecular weights to those published by Nishiyaanhal (2004) and therefore to avoid
confusion, these were also labeled as 47kDa anD&&oforms. Both isoforms enriched
in the membrane fractions (microsomes, LM and SWMhen compared to the brain
homogenate fraction. What is mogesarcoglycan isoforms did not enrich in the PSD
fraction, although a weak doublet band was visvbiin the PSD lane. In conclusion,
these results suggest that in the forebrain, tloeetgearcoglycan isoforms are membrane-
associated proteins present in fractions of nomstia (LM and microsomes) and
primarily synaptic (SM) origin.

Within the LM fraction, the two isoforms o¥ &and 49kDa were expressed at
similar band intensities. What is more, in the SMl anicrosome fractions, the two
isoforms were expressed at similar band intensitieen compared to the LM fraction,
suggesting both isoforms were equally expressethinvieach particular subcellular
fraction. Both isoforms were absent from the cytosaggesting that the two isoforms
are membrane bound rather than freely distributedhe cytosol. The mitochondrial
fraction showed only weak expression of the twdasus, suggesting neither isoform is
enriched within the mitochondrial fraction. In coadt to all these fractions, the myelin
lane expressed the 47kDa isoform as a thick banstvwhe band of the 49kDa isoform
was only weakly expressed. This result suggeststh@mtwo isoforms do not always
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exhibit the same subcellular distribution in for@hrsubcellular fractions and thus their

distribution may undergo differential control menlsmns within the forebrain.

All  subcellular fractions, with the exceptioof the cytosolic and
mitochondrial fractions, contained bands of highavlecular weight proteins (figure
5.3.2). According to the literature, there are &tednoe-sarcoglycan isoforms of such
molecular weights in the brain or in any other orgtudied. Therefore they are likely to
represent cross-reactive bands or e@arcoglycan proteins reacting with the antibody.
However, asterisks (figure 5.3.2) may represergmal dimeric or trimeric formation of
g-sarcoglycan isoforms that may form during the sajpan of the proteins in the SDS
gel. Such bands would appear as high molecularhvéignds of approximately 100kDa
(dimer) and 150kDa (trimer) bands, respectivelywideer these higher molecular weight
bands may be due to other cross-reacting protiirssnot uncommon to find formation
of dimeric and trimeric mammalian sarcoglycanshea presence of SDS, as previously
reported by Shet al (2004) and Hashimotet al (2006). Furthermore, according to the
western blot, there is some discrepancy in the litpldf the two isoforms when the
subcellular fractions are compared to one anofftes is likely to be due to some post-
translational modification, such as glycosylatioMcNally et al, 1998) and
phosphorylation (Ettingeast al, 1997; Nishiyamaet al, 2004) exerted on the mammalian
g-sarcoglycan isoforms, similar to what has alrebdgn reported for other sarcoglycan
family members (Shet al, 2004; Hashimotaet al, 2006) and which slightly alters the
mobility of the isoforms in the gel. Based on thégadings, the band observed between
the 84kDa and 116kDa markers in the myelin lane megpyesent the dimeric form of
47kDa isoform that has been glycosylated, rathan tthe dimeric form of the 49kDa
isoform, given that the latter was only weakly eegsed whereas the 47kDa isoform was

strongly expressed in the myelin fraction.

In conclusion, the studies shosvsarcoglycan isoforms are membrane-
associated proteins (figure 5.3.2) that are ongsent in low levels in the PSD fraction.
Given that classical full-length dystrophin-contagn DPC complexes are highly
enriched in PSD structures (Chapter 3, figure 32.3.2.3.3, 3.2.4.1), and classical
dystrophin and associated DPC components are éxelydocalized at GABAergic
synapses (Blaket al, 1999; Bruniget al, 2002; Culliganet al, 2002), these studies
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suggest that in the forebrain, batsarcoglycan isoforms are unlikely to be components
of classical dystrophin-containing DPC complexes e duo the different
compartmentalization ofe-sarcoglycan and classical dystrophin-containing CDP
complexes. Secondly, given that delta dystrophihocalizes with the MT cytoskeleton
(Chapter 4, figure 4.2.10), these studies alsoesigfat in forebrain, botfisarcoglycan

isoforms are unlikely to be components of deltamyin-containing DPC complexes.
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Figure 5.3.2: Western Blot of forebrain subcedlular fractionsimmunodeveloped with
anti-g-sar coglycan antibody.

Two g-sarcoglycan isoforms of 47kDa and 49kDa are esgetsn the forebrain, and are
found to enrich in the LM, SM and microsomal fraa, but not in the PSD fraction.
These results suggessarcoglycan isoforms are membrane-associatedipsoterotein
loading is 2@ig/lane. Lane 1, Brain Homogenate (BH); lane 2, Geluble (Cs); lane 3,
Myelin (My); lane 4, Mitochondria (Mt); lane 5, Migssomes (Mc); lane 6, Light
Membrane (LM); lane 7, Synaptic Membrane (SM); |I&8n@ost-Synaptic Density (PSD).
Molecular weight standards are indicated. *, pogmimeric and trimeric formation of

g-sarcoglycan isoforms.

181



5.3.3e-sarcoglycan is a membrane-associated protein of the

cerebellum, and only present in low levelsin PSDs

The subcellular distribution and/or lewsl expression of a protein in the
forebrain does not always reflect that of the cellam, as in the case of PSD95 (Hent
al, 1996, Kimet al, 1992) and delta full-length dystrophin (Chapterfi§ure 3.2.4.2),
respectively. Therefore, the subcellular distribatiof e-sarcoglycan isoforms in the
forebrain and cerebellum was determined, in order compare the subcellular
localizations and level of expression of the twofesms in the two different brain
regions. This study was also carried out in ordetdtermine whethersarcoglycan may
enrich in cerebellar PSDs and therefore be a pateasdmponent of classical dystrophin-
containing DPC complexes in PSDs of the cerebellb@tondly, | was able to determine
whethere-sarcoglycan may have a similar subcellular distrdn to delta dystrophin in
the cerebellum, and hence, whether it may be gadela dystrophin-containing DPC
complexes, which according to results presentedChmapter 4, are localized at
microtubule structures within neurons. Thirdly, dberesults were also important to
suggest whetheg-sarcoglycan may or may not be part of novel prommplexes at

membrane structures within the cerebellum.

An immunoblot containing a range of rat fowb and cerebellar subcellular
fractions was incubated with argtisarcoglycan antibody (figure 5.3.3). In figure.B,3-
sarcoglycan was found as a 47kDa and 49kDa duplet lin both the forebrain and
cerebellar brain homogenates. Within the brain hgenate of the forebrain, the 47kDa
and 49kDeae-sarcoglycan isoforms were expressed with similéensity to one another
(figure 5.3.3), suggesting that the two isoforms expressed in similar quantities within
the forebrain, in agreement with figure 5.3.2. bntrast, within the brain homogenate
fraction of rat cerebellum, there was less of tB&Dha isoform when compared to the
47kDa band, as previously observed by Nishiyanal (2004). What is more, the
intensity of the 47kDa isoform in the total homogtnof the rat cerebellum was similar
to the respective fraction in the forebrain, wherélae band intensity of the 49kDa
isoform in the cerebellum was lower compared to tbeebrain, as observed by

Nishiyamaet al 2004. In other words, these results suggest tr@dkDa isoform is
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expressed in similar levels in both brain regiomkereas the level of expression of the
49kDa isoform in the two brain regions appearsgaedgionally controlled.

In the forebrain, the 47kDa and the 49kDa&foisus (figure 5.3.3) both
enriched in microsomes, LM and SM fractions, ineggnent with figure 5.3.2. Within
the microsome fraction of the forebrain (figure.8)3the 47kDa isoform exhibited the
same band intensity as the 49kDa isoform, and thmsss of expression were also
observed within the LM and SM fractions of forebtain other words, all three fractions
contained very similar levels of enrichment of batbforms, in agreement with figure
5.3.2. The cerebellum also exhibited a synaptic brame enrichment pattern of bath
sarcoglycan isoforms, and similarly to the forebyaieither isoform enriched in the PSD
fraction (figure 5.3.3). Given that to date, claasidystrophin-containing DPC complexes
in neurons of the cerebellum have been localizedlusively in PSD structures (chapter
3, figures 3.2.3.2, 3.2.3.3 and 3.2.4.1; Moukhdeal, 2001), figure 5.3.3 suggests that
the two g-sarcoglycan isoforms are unlikely components & dhassical dystrophin-
containing DPC complex at the PSD of the cerebellasnwell as the forebrain, because
neither isoform is enriched in the PSD of forebraml cerebellum. It is important to note
however, that the PSD fraction is not completelyaig of the isoforms, in fact there
exists a low level ot-sarcoglycan isoforms in the PSD of the forebréaipwed by a
more intense doublet band of the isoforms in thB BSthe cerebellum, suggesting the
two isoforms certainly are present in the PSD fomctin view of the high enrichment of
classical dystrophin in the PSD fraction (Chaptefigure 3.2.3.3), and the low level of
g-sarcoglycan isoforms in this fraction, it is umik thate-sarcoglycan is a component of
the classical dystrophin-containing DPC complexfaebrain and cerebellar PSDs.
Furthermore, with regard to delta dystrophin, tieclhemical studies (Chapter 3, figure
3.2.4.2; this chapter, figure 5.3.3) show that@lgh bothe-sarcoglycan isoforms and
delta full-length dystrophin enrich in the microsainfraction, e-sarcoglycan isoforms
also enrich in the LM and SM fractions, whereagaddy/strophin does not. This is true in
both forebrain and cerebellar subcellular fractiom®e immunocytochemical study
(Chapter 4, figure 4.2.10) confirm these differes)da fact delta dystrophin in neurons
fully co-localizes with the MT cytoskeleton, awapiin the membrane (Chapter 4, figure
4.2.8), whereas-sarcoglycan isoforms are exclusively membranected (this chapter,

figures 5.3.2, 5.3.3). These studies therefore esigthate-sarcoglycan isoforms are
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unlikely to be components of delta dystrophin-contey DPC complexes of the

forebrain and cerebellum, due to different comparttalization restrictions.

Although bothe-sarcoglycan isoforms are clearly membrane-assatiat
proteins in both the forebrain and cerebellugrsarcoglycan isoforms within the
membrane fractions of the cerebellum are diffeyedistributed when compared to the
respective membrane fractions in the forebrainfalet, only the SM fraction of the
cerebellum contained botfisarcoglycan isoforms enriched therein, similathe SM
fraction found in the forebrain. In contrast, thécrmsomes and LM fractions of the
cerebellum contained low levels of 49kDa isofornd amriched levels of the 47kDa
isoform, whilst the forebrain microsomes and LMcftrans contained both isoforms
enriched therein. What is more, both isoforms apgessed at lower levels in membrane
fractions of the cerebellum, when compared to #spective fractions in the forebrain.
Therefore, the results clearly indicate that thekDE isoform exhibits the same
membrane distribution in both brain regions, altfjouat slightly lower levels in
cerebellum, whilst the level of expression of th@kB@a isoform in the membrane
fractions of the forebrain is by far greater whempared to the membrane fractions of
the cerebellum. In other words, the level of exgias of the 47kDa and 49kDa isoforms
in the membrane fractions are regionally contrglledt unlike the 47kDa isoform, the
49kDa isoform is differentially expressed in thermheane fractions of the forebrain
when compared to the membrane fractions of thebe#tem. Furthermore, the myelin
fraction of both forebrain and cerebellum only @néd the 47kDa isoform, whilst
negligible to null levels of the 49kDa band was exesd. Thus, based on the myelin
result, the 47kDa and 49kDa isoforms also appeaextabit differential localization
within the forebrain, as well as within the cerélel. Lastly, the higher intensity of the
doublet band within the membrane fractions of tbheelfrain when compared to the
membrane fractions of the cerebellum, and the lantensity of the 47kDa isoform in
the myelin fraction of the forebrain when compatedhe corresponding fraction in the
cerebellum altogether suggest that the level ofresgion and distribution of the two

isoforms in the two brain regions is highly regatht

In conclusion, botb-sarcoglycan isoforms occur predominantly in meméra

fractions, both of synaptic (SM) and non-synaptiigia (LM and microsomes). There
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appears to be lower expression of the 49kDa isoforncterebellum compared to
forebrain. Significantly only the 47kDa isoformpsesent in myelin. Neither isoform is
enriched in the PSD fractions, unlike classicaktemgth dystrophin and associated DPC
proteins (Chapter 3, figure 3.2.3.2, 3.2.3.3, 31),4herefore it is most unlikely that
sarcoglycan is a component of classical DPC comaglepresent in the PSD of either
brain compartment. Given that to date, classicatrdphin-containing DPC complexes
are said to exclusively localize at GABAergic sysep (Bruniget al, 2002), these studies
suggest thag-sarcoglycan may not associate with these clasdigstiophin-containing
complexes at GABAergic synapses. Lastly, given that immunocytochemical data
demonstrates delta dystrophin co-localizes with Nf¥e cytoskeleton (Chapter 4, figure
4.2.10), away from the membrane (Chapter 4, figlr28), whereas-sarcoglycan
isoforms exclusively localize at the membrane, ¢hstudies also suggest that due to
compartmentalization restrictions, neitteesarcoglycan isoform may associate with the
delta dystrophin-containing DPC complexes in theelboain and cerebellum. Hence, it
seems likely that-sarcoglycan isoforms are likely to form novel, yat unidentified

protein complexes in brain.
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Figure 53.3: Western Blot of forebrain and cerebellar subcellular fractions
immunodeveloped with anti g-sar coglycan antibody.

Two e-sarcoglycan isoforms (47kDa and 49kDa) are expres®m forebrain and
cerebellar compartments. The brain homogenaterebfain expresses similar levels of
these isoforms, whereas the cerebellum brain honatgeexpresses lower levels of the
49kDa isoform when compared to the 47kDa isoform tle cerebellum brain
homogenate and with respect to the two isoformdhm brain homogenate of the
forebrain, in agreement with Nishiyanea al 2004. Both 47kDa and 49kDa isoforms
enrich in the SM fraction of the forebrain and cl&im. No enrichment is observed in
the PSD fraction of either brain compartment. la tbrebrain, both isoforms are equally
expressed in microsomes, LM and SM fractions. Gowtrto the forebrain, the
microsomes and LM fractions of the cerebellum esprower levels of the 49kDa
isoform when compared to the 47kDa isoforms, wherdee SM fraction of the
cerebellum expresses similar levels of both isoforRurthermore, the myelin fractions
of the forebrain and cerebellum only express thieDé7isoform, with the cerebellum
expressing more of this isoform than the forebrdiherefore, the twa-sarcoglycan
isoforms are membrane-associated proteins thabigxdiiferential localization within
and between the two brain compartments. The frastaye run in pairs with the left and
right hand samples being forebrain and correspgnderebellar fractions respectively.
Protein loading is 3@y/lane. Lanes 1 & 2, Brain Homogenate (BH); lane% 3, Cell
Soluble (Cs); lanes 5 & 6, Myelin (My); lanes 7 & Mitochondria (Mt); lanes 9 & 10,
Microsomes (Mc); lanes 11 & 12, Light Membrane (LManes 13 & 14, Synaptic
Membrane (SM); lanes 15 & 16, Post Synaptic DengR$D). Molecular weight

standards are indicated. F, forebrain. C, cenetvell
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5.3.4 e-sarcoglycan, classical and delta dystrophin are
differently distributed in cortical neurons, suggesting g-sarcoglycan is
unlikely to be a component of classical and delta dystrophin-containing

DPC complexesin cortical neurons.

The biochemical studies (figures 5.3.2-%). presented in this chapter
highlight thate-sarcoglycan isoforms are membrane-associatedipsdigat are unlikely
to associate with classical and delta dystrophimaiaing DPC complexes in brain. The
next goal was to demonstrate, via an immunocytoatenapproach, the differences in
subcellular distribution exhibited bg-sarcoglycan and classical dystrophin (the core
component of classical dystrophin-containing DPGnpglexes in PSD structures of
neurons) and delta dystrophin (the core compontdela dystrophin-containing DPC
complexes at MT structures of neurons), which woettlude the possibility of an

interaction between them.

In order to study the distribution &farcoglycan and classical dystrophin
within neurons of the forebrain, cortical neurocaltures were grown for two weeks
prior to immunolabeling. The cultures were growntfas long because at this time-point
neurons reach a state of maturity, with 92-95%hef heurons containing the highest
density of spiny dendrites, a characteristic featirin situ neurones (Paphal, 1995;
O’Brien et al, 1997, Racet al, 1998). 14 div neurons were fixed and then collabdor
g-sarcoglycan and classical dystrophin. Agaarcoglycan antibody was directed against
the last 98 amino acids of moussarcoglycan, thus capable of recognising BtkDa
and 49kDag-sarcoglycan isoforms. Anti-classical dystrophintizody was directed
against classical exon 78 of the C-terminus, tlaymble of recognising all four classical
dystrophin isoforms expressed in the brain. Cdrtieaurons labelled with anti-classical
dystrophin antibody (figure 5.3.4) exhibited brightabelled puncta (arrowhead, B1, 3)
arranged in lines running over cell bodies (A3) g@noximal dendrites (arrowhead, B1,
3) similar to that reported by Brunig al (2002) in hippocampal neurons. Neurons
labelled with antie-sarcoglycan antibody stained the same soma (A#) moximal
dendrites (arrowhead, B1, 2) containing classigatrophin, similar to that reported by

Esapeet al 2007, however they never co-localized (arrowh&4g, What is more, within
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the same dendrites containing classical dystrophgarcoglycan also stained the more
distal parts of the dendrites (arrow, B1-3), wherelassical dystrophin staining was not
found there (arrow, B1-3), rather, classical dysfiia immunoreactivity was restricted to
proximal dendrites only (arrowhead, B1-3). Giveatthlassical full-length dystrophin is
the only classical dystrophin isoform expressedduarons (Blaket al, 1999), it is a core
component of DPC complexes exclusively localize@©GABAergic synapses (Brunig

al, 2002) and does not co-localize witsarcoglycan (figure 5.3.4), figure 5.3.4 suggests
g-sarcoglycan is unlikely a component of classicitlength dystrophin-containing DPC
complexes at GABAergic synapses of cortical neurohshe forebrain, in agreement
with figures 5.3.2 and 5.3.3.

The next goal was to demonstraiee,an immunocytochemical approach, the
differences in distribution exhibited bye-sarcoglycan and delta dystrophin.
Unfortunately, both antibodies are rabbit antibediad therefore would be recognised by
the same rabbit secondary antibody, hence, metgmdwo images would not allow a
clear distinction ofe-sarcoglycan staining from delta dystrophin stagniRurthermore,
given that the distributions of the two proteins alearly very different, and the antibody
stocks were very limited, | decided to avoid fixittg div cortical neurons to directly
compare the distribution cf-sarcoglycan with delta dystrophin. Instead, | dedi to
compare the immunolocalization &fsarcoglycan exhibited in this chapter (figure %)3.
with the immunolocalization of delta dystrophin éited in Chapter 4 (figures 4.2.1-
4.2.10). The results clearly show tlgasarcoglycan isoforms are exclusively distributed
along the membrane of neurons (this chapter, fgy&.8.2-5.3.4; Esapet al, 2007),
whereas delta dystrophin isoforms are exclusivelyalized at the MT-cytoskeleton
(Chapter 4, figure 4.2.10), away from the membr@iepter 4, figure 4.2.8). Hence, the
different compartmentalizations suggest thatarcoglycan is unlikely to be a component

of delta dystrophin-containing complexes in coltimaurons.
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Figure5.3.4: g-sar coglycan does not co-localize with classical dystrophin.

Rat cortical neurons were fixed at 2 weeks in ealtand immunostained for classical
dystrophin (a marker for the classical dystrophemtaining DPC complex at the PSD of
inhibitory synapses) angtsarcoglycan (a membrane-associated protein). dkesbows
the area expanded in B. Classical dystrophin wasdoas brightly labelled puncta
arranged in lines running over cell bodies (A3) atehdrites (arrowhead, B1, 3), in
agreement with Brunigt al 2002.¢-sarcoglycan was also distributed along the same
soma (Al, 2) and proximal dendrites (arrowhead,3Blin agreement with Esapsh al
2007. The abundance of classical dystrophin instirea was similar to that reported by
Brunig et al 2002, but its significance remains to be investidawhereas the abundance
of e-sarcoglycan in the cell body was due to its la@zdion in some intracellular
structures including the Golgi apparatus and padgiGvesicles (Esapat al, 2007).
Despite their abundance in the cell body, this rigunighlightse-sarcoglycan and
classical dystrophin never co-localized (arrowhedll).e-sarcoglycan was also
distributed in more distal parts of the dendritebere classical dystrophin was absent
(arrow, B1-3). This suggests trasarcoglycan is unlikely to be a component of ¢tads
dystrophin-containing DPC complexes at GABAerginagyses of cortical neurons of the

forebrain.e-sarcoglycan (green), classical dystrophin (redal&bar 1Qm.
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535 The low levels of classical dystrophin isoforms
Imunopr ecipitated by g-sarcoglycan suggest €-sarcoglycan is unlikely to
associate with classical dystrophin-containing DPC complexes in the
forebrain

Biochemical analysis (figures 5.3.2 and 5.&8d cortical neuronal (figure
5.3.4) immunocytochemical studies all suggest thaarcoglycan is unlikely to be a
component of DPC complexes in brain, due to dififereompartmentalization
restrictions. The next goal was to carry out an unoprecipitation (IP) study using an
immunoaffinity column cross-linked to the amtsarcoglycan antibody, in order to re-
investigate whether there is any binding interactietweene-sarcoglycan and delta
dystrophin, as well as with the neuron-specificssieal full-length dystrophin isoform
(cDp427) (Blakeet al, 1999) in the forebrain. In order to carry out Isiexperiment,
forebrain homogenates were treated with RIPA bufere M & M), such thate-
sarcoglycan isoforms could be solubilised from thembrane as part of any multi-
protein complexes that exist within the membrare: made available to interact with the
anti€-sarcoglycan antibody during the immunoprecipitati@xperiment. Protein
complexes are said to be more soluble in RIPA buffeen compared to other lysis
buffers (Lambertet al, 2008), hence the choice of this buffer for thesperiments,
however, limitations of the RIPA buffer include lewsolubility of membrane proteins,
as well as of cytoskeleton and extracellular regpmnteins (Lambertet al, 2008).
Therefore, a control experiment was carried outrtsure that the membrane-associated
g-sarcoglycan proteins were successfully solubilizgdRIPA buffer, by using an argi
sarcoglycan antibody cross-linked to a column oteoto allow immunoprecipitation (IP)
of proteins from a BH preparation prior to RIPA tauftreatment, followed by an IP from
a solubilized RIPA buffer BH preparation. Result®wed that the RIPA buffer treated
homogenate immunoprecipitated far mergarcoglycan than in the control IP lane (data

not shown), suggesting the solubilization with RIB#{fer was successful.

Beads cross-linked to aarcoglycan antibody, kindly provided by
our collaborators (Derek J Blake and Christophdts@pa, University of Oxford), were

mixed with the solubilized brain homogenate matdanaorder to allow binding of the
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anti-€-sarcoglycan antibody witb-sarcoglycan and angssarcoglycan-binding proteins.
An immunoblot containing brain homogenate (solubiti with RIPA buffer),
immunoprecipitated protein (IP) material, and atogn was incubated with ang-
sarcoglycan antibody (figure 5.3.5.1). The conkaoke contained eluates from beads that
were not cross-linked with angisarcoglycan antibody (figure 5.3.5.1), in order to
measure the level of non-specific binding that noagur between the uncross-linked
beads and the solubilized brain homogenate matémighe brain homogenate lane, two
g-sarcoglycan isoforms of 47kDa and 49kDa were piteses expected. In the IP lare,
sarcoglycan was successfully immunoprecipitate@ras thick band of about 50 kDa.
Our control lane demonstrated that beads that badaen cross-linked with the aisti-
sarcoglycan antibody did not immunoprecipitate @msarcoglycan protein. Asterisks
refer to bands in the brain homogenate that magesept cross-reactive bands of ren-
sarcoglycan proteins, otherwise the same bandsdnalsib have been observed in the IP

lane.
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Figure 5.3.5.1: Western Blot containing anti-g-sarcoglycan immunopr ecipitated
proteins of the forebrain, immunodeveloped with anti-g-sar coglycan antibody.

The brain homogenate fraction contains wsarcoglycan isoforms, 47kDa and 49kDa
respectivelye-sarcoglycan isoforms were successfully immunopitated by the beads
cross-linked to the angi-sarcoglycan antibody, resulting into a thick basfdaround
50kDa in the IP lane. The control lane, contairbegds that were not cross-linked to the
anti--sarcoglycan antibody, contains asarcoglycan protein, suggesting that the beads
alone were unable to immunoprecipitate thsarcoglycan protein. Protein loading is
20ug/lane. Lane 1, Brain Homogenate (BH); lane 2, imaprecipitated material (IP);
lane 3, Control. Molecular weight standards areécaued. *, may represent cross-reactive

bands of nore-sarcoglycan proteins.
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Given that the IP lane contained a singiektband as opposed to a doublet
band, | have demonstrated that the 50kDa banceimtmunoprecipitate (IP) lane indeed
represented the twe-sarcoglycan isoforms (47kDa, 49kDa isoforms) ratthean the
cross-linked ante-sarcoglycan antibody 50kDa 1gG heavy chain protkat may have
detatched from the beads during elution of thedmmex. Therefore, the immunoblot
used in figure 5.3.5.1 was stripped using Glycire2p5, a mild stripping procedure that
reduces the amount of protein loss from the mengbveimen compared to other harsher

SDS stripping treatments _ (http://www.piercenet.ddes/TR0023-Strip-&-reprobe-

blots.pd), and subsequently incubated with the secondatipady alone. The aim was
to detect the presence of any primary antibody ey have detached from the column
during the elution procedure. The stripped immuabhblas incubated using double the
amount of secondary antibody that would normallyused, and results show that the
antibody did not pick up any 50kDa antibody heatmin band in the IP lane (figure
5.3.5.2), demonstrating that the as¥8arcoglycan antibody cross-linked to the beads was
not removed from the column during elution of tRenhaterial, but remained successfully
cross-linked to the beads in the column. To vetifgt the stripping procedure with
Glycine pH 2.5 did not remove all the protein or thlot, this western blot was re-
incubated with antg-sarcoglycan antibody followed by a secondary amaybincubation
procedure. The result obtained (data not shown) weaker but identical to figure
5.3.5.1, suggesting that most of the protein wat nemoved during the stripping
procedure. Therefore, the thick 50kDa band (figbt8.5.1) represents the twe
sarcoglycan isoforms merged together, rather tharb0kDa antibody heavy chain. For
example, in figure 5.3.3, the SM lane of the foeabicontains saturated levels of the two

isoforms that, similar to the IP lane in figure 5.3, also appear as one thick band.
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Figure 5.3.5.2: Western Blot from figure 5.3.5.1 stripped with Glycine pH 2.5, and
subsequently immunodeveloped with anti-rabbit secondary antibody.

The 47kDa and 49kDa-sarcoglycan isoforms are absent from the brain dysnate
lane, suggesting that the stripping procedure wasessful. The IP lane also contains no
bands, suggesting that the primary a@rsiarcoglycan antibody was not removed from the
column during the elution step of the immunopreeigid complex. Protein loading is
20ug/lane. Lane 1, Brain Homogenate (BH); lane 2, imaprecipitated material (IP);

lane 3, Control. Molecular weight standards arecied.
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In order to test whether classical full-length tdgshin was also
immunoprecipitated by the-sarcoglycan antibody and protein bound to the roalua
duplicate immunoblot containing brain homogenatelufsilised with RIPA buffer),
immunoprecipitated protein (IP) material, and atognwas incubated with anti-classical
dystrophin antibody (figure 5.3.5.3). In the solidggid brain homogenate lane, the anti-
classical dystrophin antibody picked up all 4 diessdystrophin isoforms. In the IP lane,
none of the immunoprecipitated dystrophin protewveye enriched in this lane when
compared to the brain homogenate fraction, with ni@st abundant isoform being
cDp71, followed by 2 equally weaker cDpl140 and cDpZXrotein bands. Possibly
negligible amounts of cDp427 were also presentthi control lane, only negligible
amounts of unspecific binding were observed, reprizsg the cDpl40, cDpl16 and
cDp71 bands, therefore suggesting that classictajyhin isoforms in the IP lane were
specifically immunoprecipitated by tleesarcoglycan antibody cross-linked to the beads
rather than by the beads themselves. In concluthenlevel of cDp427 in the IP lane is
negligible, and given that cDp427 is the only dygliin isoform expressed in neurons
(Blake et al, 1999) where it forms classical dystrophin-coriteinDPC complexes
exclusively at GABAergic PSD structures, this stustyagreement with figures 5.3.2-
5.3.4, suggests that-sarcoglycan isoforms are not part of classicall-largth
dystrophin-containing complexes in neurons of trelfrain. Furthermore, given the low
but existing levels of shorter classical dystropswforms (cDp140, cDp116 and cDp71)
in the IP lane, this result also suggests thatideitseurons, where the shorter classical
dystrophin isoforms reside (Blalkeal, 1999), low amounts afsarcoglycan may be part
of non-neuronal classical dystrophin-containing ptexes in the forebrain. However,
given that the level of the short classical dydtiop isoforms that were
immunoprecipitated bg-sarcoglycan is low compared to that in the stgrtiraterial, and
that there is no enrichment compared to the bramdygenate level, it seems unlikely
that e-sarcoglycan complexes with these shorter dystropboforms in the brain.
However, it does seem likely that there may be rodiseyet unidentified binding partners

in the brain.

Unfortunately, the anti-delta dystrophintibody required to test whether
delta dystrophin isoforms were immunoprecipitatgdtite antie-sarcoglycan antibody

was depleted. In order to overcome this problengetided to carry out a mass
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spectrometry analysis study efsarcoglycan interacting proteins, to investigatestuer
delta dystrophin would be identified in the lista$arcoglycan associated proteins, and
concominantly identify potential novel binding peets ofe-sarcoglycan. To achieve
this, a large amount of ardisarcoglycan antibody was required and therefonsais
necessary to raise an astsarcoglycan antibody. The next section descridesha

procedures for ant-sarcoglycan antibody production.
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Figure 5.3.5.3: Western Blot containing immunoprecipitated classical dystrophin
isoforms of the forebrain, immunodeveloped with anti-classical dystrophin
antibody.

All four classical dystrophin isoforms, cDp427, <2, cDpll6 and cDp71 are
identified in the brain homogenate fraction. OnbwI levels of classical dystrophin
isoforms are immunoprecipitated (IP lane). The &gjhlevel of immunoprecipitated
protein is the cDp71 isoform, followed by cDpl140dacDpl116 isoforms. The cDp427
isoform is possibly immunoprecipitated at negligildvels. The control lane depicts only
negligible levels of unspecific binding between then-cross-linked beads and the
classical dystrophin isoforms (cDp140, cDpl116 abg#l), suggesting the proteins in
lane 2 are pulled-down by theesarcoglycan antibody rather than the beads. Giken
low yield of immunoprecipiated material, it suggeshate-sarcoglycan isoforms are
likely to associate with other novel-binding parmeProtein loading is 2@/lane. Lane
1, Brain Homogenate (BH); lane 2, immunoprecipdateaterial (IP); lane 3, Control.

Molecular weight standards are indicated.
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5.3.6 Anti-e-sarcoglycan antibody production for the

characterization of g-sar coglycan binding partners

There are no amtsarcoglycan antibodies currently available comimaéyc
that have been raised against the same epitogeeantibody used in this chapter, and
our collaborators Derek DJ and Esapa CT had depldteir in-housee-sarcoglycan
antibody stock, which | had been supplied with. Tiegt section therefore describes the
various steps carried out in order to obtain anr&sarcoglycan antibody that recognized
the same epitope as the a;garcoglycan antibody used up to this point of chapter.
The aim was to use the antibody to further inves¢éighe potential association between
g-sarcoglycan and classical and/or delta dystropbmtaining DPC components, as well

as to investigate novel interacting partners-eércoglycan.

In order to begin the antibody production, collators Blake DJ and Esapa
CT provided me with a pET32b vector containing atige (figure 5.3.6.1A) that they
had previously utilised to raise their in-housei-argarcoglycan antibody. The pET32b
vector was used to transform BL21 (DE3) competetisca type oE.coli cells that are
compatible with the pET32b vector. Thearcoglycan peptide inserted in the vector had
been previously fused to a series of tags at iterhinus, and a His tag at its C-terminus
(figure 5.3.6.1B), such that it could be easilycé@ and isolated without the need of an
anti-€-sarcoglycan antibody. An SDS gel containing fieenples of BL21 (DES3) cells
that had each been transformed with the pET32bowemintaining thee-sarcoglycan
peptide was stained with Coomassie Blue gel stagaré 5.3.6.2). Each lane represents
BL21 (DE3) cells grown in a different 1 L flask, dagiven the need to produce large
(8mg) quantities of the-sarcoglycan epitope, a total of 5 L culture wasagr. All BL21
(DE3) cells, except in lane 1, were treated wittprepyl 3-D-1-thiogalactopyranoside
(IPTG). As highlighted in figure 5.3.6.2, the IPTi@atment successfully induced the
PET32b vector to express a large amount of the 82k&arcoglycan peptide (lanes 2-5),
when compared to BL21 (DE3) cells that did not iedPTG treatment (lane 1). In
order to reconfirm that the overexpressed proteas vepresented by tlgesarcoglycan
peptide, a duplicate SDS gel was western blottigairg 5.3.6.3) and incubated with an
anti-His antibody, recognizing the His-tag of thsarcoglycan peptide fused at the N-
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and C-terminal end of the peptide (figure 5.3.6Higure 5.3.6.3 confirmed that the
overexpressed 33kDa protein was indeedetsarcoglycan peptide in all flasks treated
with IPTG (lanes 2-5), whereas only low levels ofpeession of thee-sarcoglycan

peptide were present where no IPTG was added f{lanEhis suggested that cells were
successfully transformed and IPTG clearly indudedlttansformed BL21 (DE3) cells to

produce large quantities of the desired peptide.
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F1origin

T7 terminator

€-sar coglycan peptide

Ampicillin Trx
(bla gene)
pET32b vector T7lac promoter
lacl
pBR322 ori
B.
ATG €-sarcoglycan TGA
Trx tag His Stag EK peptide His

(CCRREGVEKRDMQTPDIQLVHHSSIQKSTKELRDM SKNREIAWPL STLPVFH PVTG
EVIPPTHTDNYDSTNMPLMQAQQNPLHQTQIPQPQTTGKWYD)

Figure 5.3.6.1: A pET32b vector designed for cloning and high-level expression of
peptide sequences. g-sar coglycan peptide has been inserted in the Multiple Cloning
Site (MCS).

A. The pET32b vector contains a T7lac promotertranscription terminatotacl gene
(lac repressor), pBR322 origins of replicationfdt single-stranded plasmid production,
and bla gene for ampicillin resistance. B. Thearcoglycan peptide (accession number
AAH12665) represents the last 98 amino acids (uvesid316-413) of a 413 amino acid
full-length e-sarcoglycan protein. In the construct, the peptioletains a series of tags at
its N-terminal end, and a His tag at its C-termieiadl. The tags at the N-terminus of the
peptide include thioredoxin (Trx), His tag, S-tagdaan enterokinase (EK) tag. In

brackets is the amino acid sequence-sércoglycan peptide (blue).
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Figure 5.3.6.2: SDS PAGE separation of BL21 (DE3) cells transformed with the
PET32b e-sar coglycan peptide and treated with IPTG.

Aliquots of BL21 (DE3) cells were separated on &olgel. Proteins were visualized with
Coomassie blue. As a control, BL21 (DE3) cells wew treated with IPTG, to
demonstrate BL21 (DE3) cells alone are not ableverexpress the peptide (lane 1).
Lanes 2-5 represent BL21 (DE3) cells treated WG, resulting in overexpression of
the 33kDas-sarcoglycan band. Sample loading illl@ne, from a total fraction of 1L.
Lanes 1-5, BL21 (DE3) cells transformed with thelBEb vector containing the desired
peptide. Molecular weight standards are indicatd®TG, isopropyl (-D-1-

thiogalactopyranoside.
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Figure 5.3.6.3: Western Blot of IPTG induced BL 21 (DE3) cells immunodeveloped
with anti-His antibody.

This study confirms that the overexpressed 33kDwal lmdbserved in figure 5.3.6.2 (lanes
2-5) corresponds to theesarcoglycan peptide, given that the anti-His adipbwas able
to pick up the His tag found exclusively in the NdaC-terminus of the overexpressed
33kDag-sarcoglycan peptide (lanes 2-5). The 33kBsarcoglycan peptide was the only
immunoreactive band on the blot. Sample loadingOigd/lane. Lanes 1-5, BL21 (DE3)
cells transformed with the pET32b vector containthg desired peptide. Molecular

weight standards are indicated. IPTG, isopr@@aii-1-thiogalactopyranoside.
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BL21 (DE3) competent cells containinge tbverexpressed-sarcoglycan
peptide were lysed and their protein content wastihoough a Nickel column in order to
isolate thee-sarcoglycan peptide from the protein mixture fouimd BL21 (DES3)
competent cells. Given that the Nickel column bisgecifically to the His tag, which
was only present in thesarcoglycan peptide, the latter was able to sjpady bind to
the Nickel column, therefore allowing specific istoidbn of the peptide from the protein
mixture found in BL21 (DES3) cells. An SDS gel cantag the various steps o
sarcoglycan peptide purification was stained witho@assie Blue gel stain (figure
5.3.6.4). Lanes 1 and 2 depict #isarcoglycan peptide obtained from lysed BL21 (DE3)
competent cells before and after binding to thekdlicolumn, respectively. Lanes 3 and
4 represent successful binding of #isarcoglycan peptide to the Nickel column during
the two washes through the Nickel column, as ordgligible amounts of the-
sarcoglycan peptide were eluted off from the colytanes 3 and 4). Lanes 5-7 and 8-10
contained thee-sarcoglycan peptide (33kDa) successfully elutddtieg Nickel column
with Elution Buffer (100mM NakPQ,, 10mM Tris-HCI, 8M Urea) pH4.5 and pH5.9,
respectively. High molecular weight doublet banastérisks) were visible in the eluted
fractions, which may represent dimeric and triméoiens of theg-sarcoglycan peptide.
However, these dimers and trimers were observéideiiorm of doublets. Given there is
no glycosylation in BL21 (DE3) cells, the doubletsay not represent different
glycosylated dimeric and trimeric forms of the $en83kDage-sarcoglycan peptide eluted
from the column. When a duplicate SDS gel was wedibtted and incubated with anti-
His antibody (figure 5.3.6.5), it demonstrated thia 33kDa eluted protein from the
Nickel column was indeed thesarcoglycan peptide (lanes 2-6), that the pepiide
completely eluted from the column (lane 7), and thdy a single band from the dimer
(asterisk) and from the trimer (asterisk) was idiet by the His antibody, indicating that
only these are indeee-sarcoglycan dimeric and trimeric aggregationspeesvely.
Therefore, the remaining bands next to #isarcoglycan dimer and trimer (figure
5.3.6.4, lanes 6-10) could represent endogenousipsothat lack Histidine residues but
associated non-specifically with thesarcoglycan tagged protein, and consequently

eluted with thee-sarcoglycan peptide (figure 5.3.6.4, lanes 6-10).
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Figure 5.3.6.4: SDS PAGE separation of g-sarcoglycan peptides isolated using a
Nickel Column.

Cleared lysates of IPTG-induced BL21 (DE3) cellsntaming the overexpresseg
sarcoglycan peptides were separated on a 12% SDSPgeeins were visualized with
Coomassie blue. Lanes 1 and 2 originate from theedaatch of total volume of lysed IPTG-
induced BL21 (DE3) cells, before (lane 1) and aflane 2) the addition to the Nickel
column, respectively. Only half of the peptide aduced (lane 1) exited the column (lane 2),
suggesting enough peptide had successfully boundet@olumn until the column became
saturated thus allowing the surplus peptide to tlatcolumn. Lanes 3 and 4 confirmed that
almost none of the boursdsarcoglycan peptide detatched from the Nickelmoiuuring the
washing procedure. Lanes 5-7 and 8-10 depict thddeewas successfully eluted from the
column with Elution Buffer pH4.5 and pH5.9, respesly, eliminating contaminating
proteins normally found in BL21 (DES3) cells. Samfwading is 1@l/lane. Due to variations
in the total eluted fraction volumes from which éan1-10 were obtained, appropriate
dilutions on the sample for loading were carrietl such that each sample loaded was as if it
originated from the same total eluted volume. Lapesarcoglycan before its addition to the
nickel column; lane 2, surplssarcoglycan that did not bind to the Nickel colytame 3-4,
washes of the nickel column boundg@arcoglycan peptides; lane 5-10, elution of ¢ghe
sarcoglycan peptide. Molecular weight standards iadécated. *, potential dimeric and

trimeric forms of the-sarcoglycan peptide. IPTG, isoprofyD-1-thiogalactopyranoside.
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Figure 5.3.6.5. Western Blot of purified 33kDa eg-sarcoglycan peptides
immunodeveloped with anti-His antibody.

In lanes 2-6, the anti-His antibody was able tomgaize the His tag of a 33kDa protein,
confirming it is thee-sarcoglycan peptide. Lane 7 confirms that allgbptides bound to
the column were successfully eluted within lane& 2s no ulterior peptide is eluted in
lane 7. Lane 1 demonstrates that most oftkarcoglycan peptide remains bound to the
column during the wash procedure, as only negkygilelvels elute during the wash
procedure (lane 1). Sample loading iqulldne. Due to variations in the total eluted
fraction volumes from which lanes 1-7 were obtajnadpropriate dilutions on the
sample for loading were carried out, such that esachple loaded was as if it originated
from the same total eluted volume. Lane 1, wagshgda2-7, elution of the-sarcoglycan
peptide. Molecular weight standards are indicatedconfirmed dimeric and trimeric

formation ofe-sarcoglycan peptide.
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As shown in figure 5.3.6.1, the N-termsnof thee-sarcoglycan peptide
contained a variety of tags that may induce an mt@aimmunogenic response, which
could generate an antibody against the tag or gfattie tag, rather than the peptide of
interest. Therefore all four tags found at the Nirieus of thee-sarcoglycan peptide were
removed by recombinant enterokinase (rEK) treatmem enzyme that cuts the
enterokinase (EK) tag found adjacentetsarcoglycan (figure 5.3.6.1), leading to the
immediate removal of all tags found at the N-temumsimf thes-sarcoglycan peptide. An
SDS gel containing the overexpressedarcoglycan peptide before and after rEK
treatment was stained with Coomassie Blue gel gfegore 5.3.6.6). Lane 1 contained
the e-sarcoglycan peptide (33kDa) prior to enzyme cgttamd detachment of the N-
terminal tag sequence from thesarcoglycan peptide. Lanes 2-7 show the tag (18kDa
was successfully removed from the 33kDa peptiddifedrent enzyme incubation time-
points. The 14kDa band represents ghearcoglycan peptide without the tags. S-tag
Agarose beads already cross-linked to an anti-@utéipody were utilised to promote the
association between the S-tag found in the 18kOdigee and the anti-S-tag antibody
cross-linked to the beads, such that the 14kBsarcoglycan peptide remaining in
solution contained almost no contamination by tie&Dia tag. An SDS gel (figure
5.3.6.7) demonstrating the successful isolatioa purifiede-sarcoglycan peptide (lane
1, 2) from the tag (lane 3, 4) was stained with i@assie Blue gel stain. Lanes 1 and 2
only contained thee-sarcoglycan peptide, therefore the peptide doets appear
contaminated by the 18kDa tag. Lanes 3 and 4 amtyained the 18kDa tag, suggesting
no visible contamination with thesarcoglycan peptide. Figure 5.3.6.7 demonstratss t
the two enzyme digest products were successfufigreged from one another. A Folin-
Lowry protein assay was carried out in order to snea a total of 3mg of the 14kR2a
sarcoglycan peptide, which was subsequently lygadl before being sent to Sigma-
Genosys, where the immunization for rabbit polyelcemtibody production took place in

two rabbits.
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Figure 5.3.6.6: SDS PAGE separation of 18kDa tag and a 14kDa g-sarcoglycan
peptide obtained by recombinant Enterokinase (rEK) digestion of the 33kDa e€-
sar coglycan peptide.

The experiment was carried out according to Materamd Methods (section 5.22).
Aliquots of the 33kDe&-sarcoglycan peptide mixed with the 97kDa rEK eneywere
separated on a 10% gel. Proteins were visualizéd @@omassie blue. Lane 1 contains
the 33kDae-sarcoglycan peptide prior to digestion with rEKanes 2-7 show the 33kDa
peptide is successfully digested into a 14kisarcoglycan peptide and 18kDa tag at
different incubation time-points. The optimal inatilon time is 16hours (lane 7), where
the digestion gives the highest level of digestegtide. Sample loading is fllane
from a total volume of 5@l. Lane 1, undigested-sarcoglycan peptide; lane 2, 1:50
(enzyme: protein concentration) two hours rEK iratidn; lane 3, 1:100 two hours rEK
incubation; lane 4, 1:50 four hours rEK incubatidane 5, 1:100 four hours rEK
incubation; lane 6, 1:50 sixteen hours rEK inculrgtilane 7, 1:100 sixteen hours rEK

incubation. Molecular weight standards are indidate

208



22kDa ¥

18kDa tag

.‘-_ 14kDag-sg peptide
6kDa | —

16kDa

Supernatant
Eluted from

S-Agarose beads

Figure5.3.6.7: SDS PAGE separation of the purified 14kDa g-sar coglycan peptide.

The experiment was carried out according to Materamd Methods (section 5.23).
Separate aliquots of the purified 18kDa tag andDk4k-sarcoglycan peptide were
separated on a 12% gel. Proteins were visualizéd @@omassie blue. After a 16 hour
digestion of the 8mg-sarcoglycan peptide by the rEK enzyme, equal amsoahthe
18kDa tag and 14kDasarcoglycan peptide were generated. S-Agarosesbeapable of
binding to the S-tag found in the 18kDa tag, wetéeal to the digest and allowed to bind
to the S-tag. Subsequently, the solution was dag#d, generating a pellet containing
the 18kDa tag bound to the S-Agarose beads, angerrgtant with an uncontaminated
14kDa e-sarcoglycan peptide preparation. Lanes 1-2 denmsirstthe 14kDae-
sarcoglycan peptide found in the supernatant iscantaminated by the presence of the
18kDa tag. Lanes 3-4 demonstrate that the 18kDalt#tgd from the S-Agarose beads
does not contain residual amounts of 14klsarcoglycan peptides. Protein loading is
10ul/lane. Lanes 1-2, 14kDea-sarcoglycan peptide; lanes 3-4, 18kDa tag. Mokecul

weight standards are indicated.
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Prior to the arrival of the antibody, dpeads were cross-linked with the
33kDacg-sarcoglycan peptide. Upon the arrival of the imimed serum, the latter was
run through a column containing dynabeads crosedinto the 33kDe-sarcoglycan
peptide, to affinity purify the antiserum such tloay the antibody raised against the
sarcoglycan peptide was present in the eluate.bdhed antibody was then eluted from
the column. Table 5.3.6 represents the spectropteity readings denoting which
elution contained the antdtsarcoglycan antibody eluted from the column. Ideorto test
the ability of the antibody to recognize the nativearcoglycan protein, as well as the
sarcoglycan peptide, western blots containing f@ebhomogenates and the purified
33kDaeg-sarcoglycan peptide were incubated with the ngwisified anti€-sarcoglycan
antibody (figure 5.3.6.8). The newly purified aetsarcoglycan antibody was only able
to recognize the 33kDasarcoglycan peptide whereas it was unable to pickae native
g-sarcoglycan protein. A duplicate western blot waepared (figure 5.3.6.9) and
incubated with the last aliquot of amtisarcoglycan antibody provided by our Oxford
collaborators, in order to determine whether thability to detect the natives-
sarcoglycan protein was due to our in-house anyilmydvhether it was due to the brain
homogenate preparation. According to this studgu(® 5.3.6.9), the antibody clearly
detected both the 33kDa&sarcoglycan peptide and the native 47kDa and 49%Da
sarcoglycan isoforms, confirming that the newlyifeenl anti-€-sarcoglycan antibody is
not able to recognize-sarcoglycan isoforms in the brain homogenate,camhot be used

further to purifye-sarcoglycan binding proteins for identification ldass Spectrometry.
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Column elutions Spectrophotometer Reading for
*0.1IM Glycine pH 2.5 protein deter mination
(280nm)

Fraction 1, 1ml 0.00
Fraction 2, 1 ml 0.02

Fraction 3, 1ml 0.41

Fraction 4, 1ml 0.90

Fraction 5, 1ml 0.60
Fraction 6, 1ml 0.13
Fraction 7, 1ml 0.06
Fraction 8, 1ml 0.03

Table 5.3.6: Spectrophotometer reading used to identify the elution containing the

new anti-g-sar coglycan antibody.

A column cross-linked to the 33kRasarcoglycan peptide as described in materials and
methods (section 6.12) was used to affinity putifg new ante-sarcoglycan antibody
present in the rabbit antiserum. The antibody dluethe third, fourth and fifth eluted
fractions, where the spectrophotometer readindneshighest (red). The reading of the
remaining eppendorf tubes is negligible suggestiray the new anti-sarcoglycan is

concentrated in eppendorfs 3, 4, 5 only.
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- 33kDag-sg peptide

22kDa

Figure 5.3.6.8: Western Blot containing a forebrain homogenate preparation, and

an aliquot of pure 33kDa e-sarcoglycan peptide, immunodeveloped with the new
anti-g-sar coglycan antibody.

In the lane containing a preparation of pure 33ki3arcoglycan peptide, the new agti-
sarcoglycan antibody is capable of recognizing3BkDa peptide. However it is unable
to recognize the native 47kDa and 49kPsarcoglycan isoforms that are known to be
expressed in the brain homogenate (BH lane). Tie=ssdts demonstrate that although the
antibody production was successful it was not able2cognize native-sarcoglycan in
brain homogenate. Protein loading ispg0ane. Lane 1, pure aliquot of 33kD2a
sarcoglycan peptide. Lane 2, Brain Homogenate (BhYlecular weight standards are
indicated.
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- 33kDag-sg peptide
22kDa

Figure 5.3.6.9: Western Blot containing a forebrain homogenate preparation, and

an aliquot of pure 33kDa eg-sarcoglycan peptide, immunodeveloped with the last
aliguot of anti-g-sar coglycan antibody provided by our Oxford collabor ators.

In contrast with the new angisarcoglycan antibody, the original aetsarcoglycan
antibody provided by the Oxford collaborators i¢edo recognize the 33kDa peptide in
the lane containing a preparation of pure 33kBarcoglycan peptide, and it is also able
to recognize the native 47kDa and 49kDa isoformsha brain homogenate fraction.
Protein loading is 3@g/lane. Lane 1, pure aliquot of 33kB&arcoglycan peptide. Lane

2, Brain Homogenate (BH). Molecular weight standaack indicated.
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5.4 Discussion:

5.4.1 e-sarcoglycan is likely to form novel complexes in the

brain that arenot related to dystrophin protein complexes

The data in this chapter highlights clearfedénces in the patterns of
subcellular distribution ofe-sarcoglycan isoforms (figure 5.3.3) when compated
classical full-length dystrophin (Chapter 3, figu8e2.4.1) in forebrain and cerebellar
subcellular fractions. In fact, classical full-lehgdystrophin and associated DPC
components enrich in PSDs of both forebrain anéldtum (Chapter 3; figure 3.2.3.2,
3.2.3.3 and 3.2.4.1), more precisely, in neuronshefbrain they have been shown to
localize exclusively at PSD structures of GABAergymapses (Blaket al, 1999; Brunig
et al, 2002; Culliganet al, 2002). Contrary to classical full-length dystropland
associated DPC components, neither 47kDa nor 48kfxacoglycan isoforms enrich in
the PSD fraction of the forebrain or cerebellungyfe 5.3.2 and 5.3.3). Instead, both
isoforms predominantly occur in membrane fractiools non-synaptic (LM and
microsomes) and primarily synaptic origin (SM) bétforebrain and cerebellum (figure
5.3.2, 5.3.3). What is more, the immunocolocal@astudy presented in this chapter is in
agreement with the biochemical data, as it hightighate-sarcoglycan isoforms are not
part of PSD structures of GABAergic synapses caiigi classical dystrophin, as
sarcoglycan isoforms do not co-localize with cleakdystrophin (figure 5.3.4) therein.
Lastly, the staining pattern efsarcoglycan isoforms presumably along the membo&ne
the neurone (figure 5.3.4) does not resemble tpé&dly punctate staining pattern of
classical dystrophin and associated DPC comporfentsd at the soma and along
proximal dendrites (Chapter 4, figure 4.2.6, 4.2lif)conclusion, the results presented in
this chapter strongly suggest that althougbarcoglycan and delta dystrophin are
expressed in the same neuragsarcoglycan isoforms may not be part of clasdal
length dystrophin-containing DPC complexes at GABf@synapses in neurons, rather,
they are likely to form novel and yet unidentifiptbtein complexes at the membrane of

neurons.
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The data in this chapter also highlights rccleédéferences in the patterns of
subcellular distribution of-sarcoglycan isoforms (figure 5.3.3) when compdoedelta
full-length dystrophin (Chapter 4, figure 4.2.11id)forebrain and cerebellar subcellular
fractions. In fact, delta full-length dystrophin Fsghly enriched in the microsomal
fraction, to a lesser extent in other membranetivas, and only moderately enriched in
the PSD fraction of the forebrain and cerebelluhg@er 3, figure 3.2.4.2). In contrast,
the 47kDa and 49kD&-sarcoglycan isoforms predominantly occur in membéra
fractions of non-synaptic (LM and microsomes) arichprily synaptic origin (SM) of the
forebrain and cerebellum (figure 5.3.2, 5.3.3). Tthewunocolocalization study presented
in Chapter 4 (figure 4.2.10) confirms the differeadn subcellular distribution between
delta dystrophin anck-sarcoglycan isoforms, as it clearly demonstratest tdelta
dystrophin exclusively co-localizes with the mierotile (MT) cytoskeleton found
throughout the central parts of the entire neuesymay from the membrane (Chapter 4,
figure 4.2.8). This is a very different subcelluldistribution when compared to the
exclusive neuronal membrane enrichment and lodadizaof both e-sarcoglycan
isoforms (figure 5.3.2, 5.3.3; Esapiaal, 2007). Therefore, these results suggest that due
to the different compartmentalization restrictioesarcoglycan isoforms are unlikely to
associate with delta dystrophin-containing DPC cdexgs at MT structures within
forebrain and cerebellar neurons. Insteagarcoglycan isoforms are likely to form
novel, yet unidentified proteins complexes at tremfrane of neurons. Furthermoge,
sarcoglycan staining was only identified in a syfagation of neurons viewed under the
microscope, whereas delta dystrophin was found astnf not all neurons, including
neurons expressingrsarcoglycan. This result further reinforces thaatesion thate-
sarcoglycan isoforms and delta dystrophins arepadt of the same protein complex in

neurons.

According to the results presented in figbrg.3, in membrane fractions of
the forebrain and cerebellum, the level of expmssind distribution exhibited by the
two g-sarcoglycan isoforms is not identical. In facguiie 5.3.3 highlights that in the
forebrain, both 47kDa and 49kRasarcoglycan isoforms are expressed at higherdevel
when compared to the respective membrane fracobtise cerebellum, suggesting that
the level of expression of the isoforms in the meanb fractions are regionally
controlled. What is more, unlike the 47kDa isofothe 49kDa isoform is differentially
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expressed within the membrane fractions of the bi@ie when compared to the
membrane fractions in the cerebellum. Lastly, sigamntly only the 47kDa isoform is
present in the myelin fraction of the forebrain aedebellum, suggesting that the 47kDa
and 49kDa isoforms not only exhibit differentiatédization within the cerebellum, but
also within the forebrain. Altogether these ressiiggest that the level of expression and
distribution of the two isoforms in the two braggions is highly regulated. On the other
hand, the different subcellular distributions es$arcoglycan isoforms in the two brain
regions may reflect the differences in glycosylataf the isoforms, as opposed to true
differences in their expression patterns. It isom@nt to add that the patterns of level of
expression of these sarcoglycan isoforms in the rizgions is also very different from
that of classical and delta dystrophin isoformsthier reinforcing the hypothesis that
sarcoglycan isoforms form novel protein complexagependent of classical and delta

dystrophin.

The immunoprecipitation study used to meestigate the association
potentials between-sarcoglycan and classical dystrophin isoforms iwithe forebrain
highlights a very faint, almost undetectable, cDp42and being immunoprecipitated by
g-sarcoglycan antiserum (figure 5.3.5.3). Classiafitlength dystrophin (cDp427) is a
neuron-specific isoform that exclusively localizas PSDs of GABAergic synapses
(Brunig et al, 2002). Given that the biochemical studies preseirt this chapter (figure
5.3.2, 5.3.3) highlight a weak doubiesarcoglycan band in the PSD fraction of forebrain
and cerebellum (figure 5.3.2, 5.3.3), the resudisnot exclude the possibility that such a
very small amount o€-sarcoglycan may indeed reside in PSDs and intevébt the
cDp427 isoform localized therein. However, mostat all of cDp427 remained unbound
in the starting brain homogenate material (figur8.%3, lane 1) used for the
immunoprecipitation study, therefore suggesting thast if not all of the cDp427 is
unlikely to associate with thes-sarcoglycan isoforms, in agreement with the
immunocytochemical study (figure 5.3.4), therefergygestinge-sarcoglycan isoforms
are likely to associate with other novel, yet uniifeed binding partners. Kinugawet al
(2009) describes that in MDS patients containingateale-sarcoglycan proteins, the
GABAergic inhibitory system is functionally intacthis statement further reinforces the

conclusions from our studies that in neuromassarcoglycan isoforms are unlikely
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components of DPC complexes in GABAergic synapstgrwise the functions of the
GABAergic system in MDS patients would have beeeral.

The immunoprecipitation study highlights ttegher levels of cDp140 and
cDp71 isoforms were also immunoprecipitateceksarcoglycan isoforms (figure 5.3.5.3,
lane 3). cDp140 and cDp71 isoforms are reportdddate exclusively in astrocytic cells
(Blake et al, 1999; Culligaret al, 2002), and given that only the 47kDa (not theB&k
isoform) e-sarcoglycan isoform is known to be expressed troaegtes (Nishiyamat al,
2004), the results suggest that in vivo, the 47kBmrcoglycan isoform may interact
with the cDp140 and cDp71 isoforms in astrocyted #rerefore be a component of
classical dystrophin-containing DPC complexes therdowever, given that the band
intensity of each of the immunoprecipitated shdassical dystrophin isoforms (figure
5.3.5.3, lane 3) was much less concentrated whempaed to the classical dystrophin
isoforms band intensity found in the starting miatgffigure 5.3.5.3, lane 1), it is likely
that in forebrain, at least most of the classigatiphin isoforms are not associated with
g-sarcoglycan. This again raises the possibility ¢hsarcoglycan isoforms associate with
other as yet unidentified partners to form novehptexes. It is often hypothesized in the
literature that brairg-sarcoglycan may possibly associate with other «kiodmembrane
proteins and/or cytoskeletal proteins rather tHam DPC complex (Nishiyamet al,
2004; Esapat al, 2007), in agreement with the data presentedisndhmapter. To date,

the proteins interacting wittysarcoglycan in the brain have yet to be identified

The brain is not the only organ whosearcoglycan protein may function
independently from the DPC complex. The kidney eettha also contais-sarcoglycan
proteins that do not associate with DPC complekest &t al, 2005; Durbeegt al, 1999).

In the kidney, botte-sarcoglycan and DPC components are expressednwithi same
cell, but similarly to that observed in our corticaultures (figure 5.3.4), they are
differentially distributed and therefore do noterdct (Durbeejt al, 1999). Also in
neurons of the retin&-sarcoglycan is not part of the DPC complex (Febral, 2005),
whereas in photoreceptor terminals of the rettrsarcoglycan does associate with DPC
components (Forét al, 2005). Therefore, there are specific cells in réttna wheree-
sarcoglycan does associate with DPC components aiher cell-types wheree-

sarcoglycan is independent of DPC complexes (Ebrdl, 2005). In the lung also,
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depending on the cell-typessarcoglycan is either associated with the DPC d¢exnpr
due to compartmentalization restrictions, may bentb independently from the DPC
complex (Durbeegt al, 1999). These studies therefore strongly inditaé the function
of e-sarcoglycan can also work independently of the @B@plex, and that the brain

may well contaire-sarcoglycan proteins that function independentip®C complexes.

The antie-sarcoglycan antibody used in this chapter was lenab
distinguish the 47kDa isoform from the 49kDa isaipras the antibody recognised an
epitope found in both isoforms, therefore from tenunoprecipitation study in figure
5.3.5.3, it was impossible to decipher which of the e-sarcoglycan isoforms was
associated with which of the immunoprecipitatedsieal dystrophin isoforms. Similarly
in our cortical neuronal study (figure 5.3.4), iasvimpossible to determine whether both
g-sarcoglycan isoforms were co-expressed in the sahhe or same parts of the cells, or
whether each isoform was expressed in a cell-typeciBc manner or in different
membrane compartments of the same cell. It wowddefre be interesting to generate an
antibody against exon 8 or exon 11b, the two ep#ofhat distinguish the 47kD=a
sarcoglycan isoform from the 49kDBasarcoglycan isoform (chapter 1; figure 1.1.2.1)
respectively. These could be used in immunocytoatednstudies to establish their
cellular localizations throughout the entire bredecondly, eaclk-sarcoglycan antibody
could be cross-linked to a separate column, inrotdesearch for proteins that may
specifically interact with their unique cytoplasntals, for subsequent analysis by Mass
Spectrometry and ultimately the functions of anychsiproteins identified. These
antibodies, in concomitance with other antibodigaiast the DPC components, would
also allow to determine by immunocytochemical téghes, whether in analogy to the
retina (Durbeegt al, 1999; Fortet al, 2005), the brain 47kDa and 49kBaarcoglycan
isoforms may or may not be part of DPC complexesoime cells and be independent of

DPC complexes in other cell-types.

In this thesis | have also attempted to peeda new antg-sarcoglycan
antibody such that a number of immunopurificatidqadges could be carried out, and
Mass Spectrometry could be used to investigate ndweire of the immunopurified
components of the complexes interacting with th&D& and 49kDag-sarcoglycan

isoforms. Unfortunately the new antibody was orheao recognize the-sarcoglycan
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peptide but not the nativeesarcoglycan protein on western blots. | confirnteat thee-
sarcoglycan peptide used for the immunization efrdibbit was not defective, as a small
aliquot of antie-sarcoglycan antibody gift remaining from our poais experiments was
able to recognize the peptide, as well as the egirotein, suggesting that the peptide
contained an unmutated epitope against which abayt could be successfully raised.
One possible explanation as to why the new in-hamédody did not pick up the native
g-sarcoglycan protein may be that the new in-houdd@dy may recognize part, if not
all, of the His tag left at the C-terminus of thékDa e-sarcoglycan peptide used for the
immunization. As a consequence, the new antibodylavioe unable to pick-up the native
protein lacking the His tag, whereas it consistergcognized the-sarcoglycan peptide
containing the His-tag. Another possibility is thiae antibody was of low affinity and
hence only recognized high concentrations of thptige, but was not sufficiently
sensitive to detect the lower concentrations-sércoglycan present in tissue samples. A
third possibility is that the epitope recognizedtbe peptide is blocked in the full-length
proteins, for example, as a result of glycosylatibor the future, in addition to the
generation of antibodies specific for either th&@& isoform, or the 49kDa isoform, it
would be interesting to also generate a new &strcoglycan antibody recognizing both
isoforms, cross-link this antibody to a column,lage the proteins that interact with
sarcoglycan isoforms, and subsequently identifyséh@ssociated proteins by Mass
Spectrometry. These antibody productions will pdevian important step forward

towards the understanding of the functiorz-gfarcoglycan isoforms in the brain.

The function ofe-sarcoglycan remains largely unknown (Ehial, 2009),
although it is well accepted that mutationse$arcoglycan causes Myoclonus Dystonia
(MDS; Chapter 1, part two). MDS patients witsarcoglycan mutations do not show any
signs of muscle disease, SGCE mutations appeardtece only neurological disorders
(Hjermind et al, 2008). Further elucidations of the cellular lazation of e-sarcoglycan
in mammalian brain will be important in the iderd#tion of candidate neuronal groups
and circuits through whiclg-sarcoglycan mutations lead to the specific psydhia
symptom complex associated with MDS (Cleairal, 2005). The membrane localization
of e-sarcoglycan isoforms (figures 5.3.2 & 5.3.3) #meir expression in the mouse brain

monoaminergic neurons (Chanal, 2005) suggests that the symptom complex of MDS
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may be related to the effects of decreasedrcoglycan activity on the development or
function of these neurons (Chanhal, 2005). Other neuronal-types have been found to
expresse-sarcoglycan although the nature of these neurenwmins to be identified,
suggesting that-sarcoglycan may also influence neurotransmissiprthiese neurons
(Chanet al, 2005). The expression of the 47kBaarcoglycan isoform in astrocytes of
the brain (Nishiyamat al, 2004) suggests that decreasezhrcoglycan activity in glial
functions may also be a contributing factor to MBBhough this remains to be verified.
Esapaet al (2007) suggested one possible mechanism by whictutation of thee-
sarcoglycan protein may lead to MDS. Accordingheirt studiesg-sarcoglycan proteins
containing mutations in the extracellular regioe egtained intracellularly and degraded
by the proteosome. In other words, thearcoglycan mutant is no longer allowed to
reach the plasma membrane where its functions amréged out. Therefore Esah al
(2007) suggest MDS is probably caused by a logssafcoglycan function at the plasma
membrane. Esapet al (2007) also suggest thatsarcoglycan, a membrane-associated
protein (figure 5.3.2 & 5.3.3), is expressed inno@s of the basal ganglia and cerebellum
(Esapaet al, 2007) and may therefore co-operate with other bmame proteins to
modulate the activity of these neurons (Esapaal, 2007). Hjermindet al, 2008
hypothesised that the major cause of MDS mightdteted to the existence of a brain-
specific isoform, which may have brain-specifia@uellular interactions that play a role
in neuronal differentiation and synaptic transnuasias suggested in mice (Hjermied

al, 2008). When mutated, such a brain specific isofaives rise to neurological
disorders without affecting the muscle. It is cl&am these studies that a lot of further

work needs to be carried out before the mechanismerlying MDS are understood.

The 47kDa and 49kDa isoforms exhibit strumitudifferences at their
cytoplasmic tails (Nishiyamat al, 2004), but the significance of these differences
remains unresolved. No studies have yet investigatesther these structural differences
may influence the trafficking of the protein. Thesults in this chapter, in agreement with
Nishyamaet al (2004), suggest differential localization of theotisoforms in forebrain
and cerebellum subcellular fractions, which | siggge may be due to their different
cytoplasmic domains, although this hypothesis rem&o be verified. Nishiyamet al
(2004) suggest that the structural differencebeit C-terminus may causesarcoglycan
isoforms to play different roles at synapses witmeurons of the forebrain and
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cerebellum. However this hypothesis also remainddoverified. The extracellular
domain of eithere-sarcoglycan isoform contains putative cadherie-ldomains and a
calcium-binding pocket which is typically found proteins involved in homotypic or
heterotypic interactions with other glycoproteirBickens et al, 2002; Ozawaet al,
2005), it is therefore possible thatsarcoglycan may also be implicated in similar
interactions, although this hypothesis remains ¢o vierified. Proteins containing a
cadherin domain have also been shown to modulatee variety of processes, such as
cell polarization (Tepasst al, 2000), migration (Tepasg al, 2000) as well as cell
adhesion (Dickenst al, 2002). Developmental studies essarcoglycan have suggested
its participation in the early development of braimuscle, liver, kidney and heart tissue,
due to its high levels of expression in fetal |d€ rats when compared to adult life
(Hjermind et al, 2008). The cadherin-like domains in thsarcoglycan protein may be
involved in modulating polarization and/or migratioand /or adhesion during
development, although again this hypothesis rentail® verified. It is clear that a large
number of studies need to be carried out beforéuthetion ofe-sarcoglycan in the brain

is understood.

In conclusion, based on the results preseintéais chapterg-sarcoglycan is
unlikely to be a component of classical and dejtstrdphin-containing DPC complexes,

rather, it is a membrane protein that is part ofahoyet unidentified, complexes in the

brain.
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Chapter 6

6.1 Conclusions

The work carried out in this thesis has led toftlewing novel conclusions:

6.1.1 Part 1

* Biochemical studies presented in this thesis suggésssical and delta
dystrophin exhibit different regional and subcehutiistribution in forebrain and
cerebellum. The level of expression of classicastayphin is higher in the
cerebellum when compared to the forebrain, whetteadevel of expression of
delta dystrophin is lower in the cerebellum whempared to the forebrain.

» Biochemical studies confirm the published data shgwthat classical full-
length dystrophin is exclusively enriched in PSDE tbe forebrain and

cerebellum (chapter 3, figure 10).

* Biochemical studies show that in the forebrain aedebellum, contrary to
classical dystrophin, delta dystrophin is most higinriched in microsomes and

only moderately enriched in the PSD fraction.

* Immunocytochemical data shows delta dystrophimidact an extra-synaptic
protein that fully co-localizes with33-tubulin (chapter 4, figure 10), a
component of the microtubule (MT) cytoskeleton. rEfiere, delta dystrophin
may not replace classical dystrophin at GABAergitapses to form novel delta
dystrophin-containing DPC-like complexes thereinstéad, | suggest delta
dystrophin is likely to form novel delta dystroptoontaining DPC-like

complexes within the central parts of the neuron.
* | also suggest that the molecular composition ofCDédmplexes containing

delta dystrophin differ from DPC complexes contagniclassical dystrophin.

This point is emphasized by the fact that deltardphin andB-dystroglycan, a
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core component of classical dystrophin-containingCDcomplexes, do not
colocalize (chapter 4, figure 6). Indeed the ddfeze in distribution in the
forebrain and cerebellum (chapter 3, figure 11)ilkdd by the two isoforms
also suggests the two isoforms may carry out diffefunctions in the neuron.
Obviously it would be expected that some componeiftslassical and delta

DPC complexes would be common to both.

The data showing the different localization of fielhgth classical and delta
dystrophin suggest Cexon78 and Dexon78 may intevath the region
extending from the WW domain to the C-terminusrédfick the two dystrophin
isoforms to different cellular compartments, PSIA amcrotubule cytoskeleton

respectively.

| suggest that delta dystrophin may utilize the Miding domain to directly
associate with the MT network it is found to colamawith.

| also suggest that delta dystrophin may also @petie in maintaining stability
of the MT cytoskeleton, and hence, as a consequanaemutated DMD gene,
both delta dystrophin and classical dystrophin roagtribute to the cognitive
pathology in DMD patients by altering the MT cytegiton.

| suggest delta dystrophin is likely to be exprdsse different neuronal sub-

types of excitatory neurons of the forebrain, siatdorebrain neurons viewed

under the light microscope expressed delta dysinppind 80% of these neurons
are said to be excitatory (X al, 2010), whilst only 20% are inhibitory (Xt

al, 2010).
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6.1.2 Part 2

* Both 47kDa and 49kDasarcoglycan isoforms occur predominantly in
membrane fractions, both of synaptic (SM) and ngamptic origin (LM and

microsomes).

» There appears to be lower expression of the 49ldd&orim in cerebellum

compared to forebrain.

» Significantly only the 47kDa isoform is presentanmyelin enriched fraction.
The myelin fraction also contains fragments of arm@mbrane attached to the

myelin.

* Neither isoform is enriched in the PSD fractionslike classical full-length
dystrophin and associated DPC proteins (Chaptiég®e 7, 8, 10). Therefore it
is most unlikely that-sarcoglycan is a component of classical DPC coxesle
present in the PSD. Given that to date, classigatrdphin-containing DPC
complexes are said to exclusively localize at GABA®synapses (Brunig al,
2002), these studies suggest thatarcoglycan may not associate with these

classical dystrophin-containing complexes at GABf@synapses.

» Delta dystrophin localizes with the MT cytoskelet@@hapter 4, figure 10),
away from the membrane (Chapter 4, figure 8), wdmgesarcoglycan isoforms
exclusively localize at the membrane. Therefore thueompartmentalization
restrictions, neithere-sarcoglycan isoform may associate with the delta

dystrophin-containing DPC complexes in the forebemd cerebellum.

* Therefore g-sarcoglycan isoforms are likely to form novel, yatidentified

complexes in brain.
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6.2 Future Work

6.2.1Part 1

For future work, | suggest to generate an anti-raoakassical dystrophin
antibody and an anti-rabbit delta dystrophin ardijpto immunoprecipitate and
isolate the proteins that interact with these isofy and subsequently identify
these interacting proteins via Mass Spectrometrglygis. Concominant with
these studies, | suggest to carry out co-locabmasitudies in various cell-types
of the brain, to directly compare the distributiohthese isoforms in various
brain regions and with respect to the distributatsserved in cortical neurons
described in this Thesis.

For the future, | suggest studying the moleculamposition of classical and
delta dystrophin-containing DPC complexes in ghatl neuronal cells. This is
because evidence implicating glial and neuronal Di@@plexes in DMD is
continuously growing. For example, the abnormaloasthitecture of the
cerebral cortex is due to the loss of a DPC commpibimeglial cells (Satzt al,
2010). Furthermore, deletion of some DPC componémt:ieurons blunts
hippocampal LTP, indicating the DPC is involvedsymaptic activity (Satet al,
2010). Hence, the structural and functional brdincamalities in DMD may be
a consequence of a combination of DPC-like comgareastrocyte cells in
addition to the DPC complex found at the PSD ofraeal synapses. To date, no

studies have yet determined whether delta dystrojgheéxpressed in glial cells.

The co-localization between delta dystrophin gs8tubulin presented in
Chapter 4 suggests that delta dystrophin is diyremtlindirectly associated with
the microtubule cytoskeleton. For future work, ggest to investigate whether
such association occurs in a direct or indirect meanPrinset al (2009) have
already demonstrated that classical dystrophin dumdain an MT-binding
domain, with which it directly associates with tiMT network. | have
established that the MT-binding domain in delta tehghin exists and is

unaltered by Dexon78. | suggest establishing, via(casedimentation)
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immunoprecipitation approach, whether the deltatrdphin MT-binding

domain is utilized to directly associate delta dyshin with the MT network.

The literature reveals that classical dystrophintaims actin and intermediate
filament binding domains (Stonet al, 2005; Prinset al, 2009), and | have
established that these domains in delta dystropRist and are unaltered by
Dexon78. For future work, | suggest to investigateether delta dystrophin

utilizes these domains to directly associate watimaand intermediate filaments.

It has already been demonstrated that classicatrogysn is capable of
stabilising MTs from cold-induced depolymerizati¢rins et al, 2009). For
future work, | suggest to investigate whether dditatrophin may also function
to stabilize the MT cytoskeleton, as no studiesehget investigated this. The
MT cytoskeleton becomes deranged when the DMD gemaitated (Prinst al,
2009; Percivakt al, 2007), and given that both classical and deltstrdphin
originate from the DMD gene, this suggests thahlibe classical and the delta
dystrophin isoform are likely involved in maintaigi the stability of the MT
cytoskeleton, and require further investigationwtiuld also be interesting to
compare the stability of the MT network in wild-gy@nd dystrophin-deficient
mice, by utilizing cortical cultures obtained fromild, mdx mice, and if

possible, other mdx models.

For the future, it would be interesting to inveatiin more detail the function
and binding abilities of Cexon78 and Dexon78 (skepter 3). The studies
presented in this thesis show that as a consequérhese exons, classical and
delta dystrophin distribute differently (chapterfigures 8-9, 10-11; Chapter 4,
figures 1-10). A key question is what are the digrihat direct classical and
delta dystrophin to such widely differing subcediulocations. My results show
that Cexon78 and Dexon78 alone, are unable toidkatb the PSD and MT
cytoskeleton respectively. Separate studies caougdy Sakamotet al (2008)
found that the region extending from the WW dontaithe C-terminal domain
iIs necessary to localize classical dystrophin t@ tRSD in neurons;

mislocalisation to neurites and axons of neuronsuic when this region is
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removed. | suggest that Dexon78, localized wittie ¥WW domain and C-
terminus region, may function to disrupt the PSBdimg domain found within
this crucial C-terminal region, leading to deltastigphin being distributed
throughout the neurites and axons of the neuroigsir@fs 1-10), similar to
classical minidystrophins lacking the C-terminusnéin (Sakamotet al, 2008).
This may explain why delta dystrophin observedhapter 4 is localized within
the central parts of neurites and axons, where-ibcalizes with33-tubulin. For
the future, it would therefore be interesting téedmine the fragments between
the WW domain and the C-terminus domain, involvettafficking the classical
dystrophin isoforms to the PSD. The disruption ok ttrafficking signal by
Dexon78 is a good indicator of a crucial regionhiitthe C-terminus containing

the trafficking signal that directs classical dggtnin to the PSD.

There is to date no knowledge as to whether dgk&raphin is expressed in the
muscle, the tissue whereby the disease is mosticghihgs manifested. Hence |
suggest investigating and comparing the cellular subcellular distribution of
classical and delta dystrophin therein, via the usk biochemical,

immunohistochemical and immunocytochemical analy$ég identification of

delta dystrophin in muscle tissue would providecaat potential therapeutic
target to treat patients with DMD. Ofcourse, thg@ression of delta dystrophin
in other organs is important as well and will atsmed to be investigated. To
date, with the exception of the liver (Blake al, 1999) and the brain (this
Thesis; Blakest a, 1999), there is no knowledge of any other orggressing

delta dystrophin. These studies will also be nexrgsas they will reveal novel

and potentially alternative routes underlying DMD.
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6.2.2 Part 2

For the future, it would be interesting to generateiew anti-sarcoglycan
antibody able to recognize both the 47kDa and 49idoéorm, cross-link this
antibody to a column, immunoprecipitate and isol# proteins that interact
with the isoforms, and subsequently identify theoasted proteins by Mass
Spectrometry. It is often hypothesized in the éitare that brairg-sarcoglycan
may possibly associate with other kinds of membrameteins and/or
cytoskeletal proteins rather than the DPC complghiyamaet al, 2004; Esapa
et al, 2007), in agreement with the data presented im ttiesis. To date, the
proteins interacting witte-sarcoglycan in the brain have yet to be identified
This antibody production will provide an importastep forward towards the
understanding of the function efsarcoglycan isoforms in the brain and in MDS

pathology.

It would also be interesting to generate an anfibaghinst exon 8 or exon 11b,
the two epitopes that distinguish the 47kBaarcoglycan isoform from the
49kDag-sarcoglycan isoform (chapter 1; figure 1) respetyi. These could be
used in immunocytochemical studies to establish distinguish their cellular
localizations throughout the entire brain. Secondbche-sarcoglycan antibody
could be cross-linked to a separate column in otdemmunoprecipitate and
isolate proteins that may specifically interacthatiheir unique cytoplasmic tails.
Mass Spectrometry could then be used to analyzeidemntify the isolated
proteins. These antibodies, in concomitance witieioantibodies against the
DPC components, would allow to determine by immwytmchemical and
immunohistochemistry techniques whether, the briitkDa and 49kDee-
sarcoglycan isoforms, in analogy to the retina (i@ejet al, 1999; Fortet al,
2005), may or may not be part of DPC complexes dmes cells and be

independent of DPC complexes in other cell-types.
For future work, it would be interesting to establithe significance of the

structural differences exhibited at the cytoplastaits of the 47kDa and 49kDa
e-sarcoglycan isoforms (Nishiyarme al, 2004). The results in Chapter 5, in
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agreement with Nishyamat al (2004), show differential localization of the two
isoforms in forebrain and cerebellum subcellulacfions, which | suggest it
may be due to their different cytoplasmic domaiaishough this hypothesis
remains to be verified. Nishiyamea al (2004) suggest that the structural
differences at their C-terminus may caussarcoglycan isoforms to play
different roles at synapses within neurons of threlfrain and cerebellum. For

the future, it would be interesting to verify baththese hypotheses.

For future work, | suggest to identify the proteiigteracting with the
extracellular domain of the 47kDa and 49kBaarcoglycan isoform. This is
because the extracellular domain of eitlgesarcoglycan isoform contains
putative cadherin-like domains and a calcium-bigdmocket, which is typically
found in proteins involved in homotypic or hetemmtyinteractions with other
glycoproteins (Dickenst al, 2002; Ozawat al, 2005). These interactions would
normally lead to the modulation of a variety of geeses, such as cell
polarization (Tepasst al, 2000), migration (Tepasa al, 2000) as well as cell
adhesion (Dickenst al, 2002). For future work, | suggest to immunopréatip
the proteins that associate wiitsarcoglycan’s extracellular domain, in order to

determine whethes-sarcoglycan may be involved in any of these preees
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Appendix | General Molecular Biology Reagents

Box 1- Chemicals (SIGMA)

All molecular biology grade laboratory chemicalsrevpurchased from Sigma-Aldrich and stored
at room temperature unless stated otherwise. Whepessary, solutions were sterilized by
autoclaving, or filtering through a 0.@e filter.

3 (N-morpholino) propanesulfonic acid (MOPS); Inogen.
Acetic acid

Acrylamide Solution (40% w/v); BioRad
Agar, Noble

Ampicillin. Stock solution 205mg/mL in
autoclaved purite 0, stored at —2C
B-mercaptoethanoBtME)
B-(N-morpholino) propanesulfonic acid (MOPS); Inatjen
Boric Acid

Brilliant Blue R250 (Coomassie)
Bromophenol Blue

Calcium Chloride

Citric Acid

Copper Sulphate

Dextran T-500; Pharmacosmos
Dibasic Sodium Phosphate Dehydrate
Dimethoxypropane (DMP)

Disodium hydrogen phosphate heptahydrateR;)
Deoxycholate (DOC)

Ethanol

Folin reagent

Glycerol

Glycine

HCI

isopropanol

L-Glutamine

Glutamic Acid (glutamate)

Magnesium Chloride

Marvel dried milk powder

Methanol

NaOH

n-octyl glucopyranoside. Store &G4
Polyethylene glycol 6000 (PEG 6000); Sciencelab
p-iodonitrotetrazolium violet (INT). Store at@.
Polyethylene glycol

Ponceau S

Potassium Acetate

Potassium Chloride

Protogel; National Diagnostics

Sodium Azide

Sodium Bicarbonate

Sodium Carbonate

Sodium Chloride

Sodium dihydrogen phosphate

Sodium dodecyl sulphate (SDS)
Sodium hydroxide

Sodium succinate

Sodium tartrate

Sucrose

Sulphosalicylic acid

Thimerosal;
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Trichloroethane (TCA)

Triethanolamine; Fisher Scientific.
Tretrametiletilendiammina (Temed); Pierce
Thiethanolamine; Fisher Scientific

Thimerosal

Triton X-100

Tryptone; Neogen Corporation.

Tween-20 (Polyoxyethylenesorbitan monolaurate)
Urea

Yeast extract; Difco Labs

Box 2: Biological Kitsand Systems

AminoLink Column; Pierce.

Bradford Method for protein Detection; Biorad

ECL detection kit; Pierce

Endofree-Maxiprep kit; Qiagen tip-500.

Protease Inhibitors; Boehringer Manheim.

Supersignal WestDura ECL HRP substrate detectipi®Plérce.

Box 3: Markersand enzymes
Prestained SDS-PAGE broad range standards; Biorad.

SeeBlue Plus2 Pre-stained Standard; Invitrogen.
Recombinant Enterokinase; Novagen.
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Box 4: Buffers

0.2M Triethanolamine Buffer pH 8.2.98g triethanolamine, make pH 8.2, adjust volwmité
ddH,O to 100mL. Sterilize using a filter. Store at RT.

1M Tris Buffer pH 7.512.4g Tris, make pH 7.5, adjust volume with d@Ho 100mL. Sterilize
using a filter. Store at RT.

10mM Tris Buffer pH 7.0: 0.121g Tris, make pH 7.0, adjust volume with g¢dHo 100mL.
Sterilize using a filter. Store at RT

50mM Tris pH 5.5 with SDS:0.5mL of 1M Tris Buffer pH 5.5 + 1mL SDS, adjustiume with
ddH,0O to 10mL. Sterilize using a filter. Store at RT.

Blotting Buffer pH 8.3 25mM Tris, 192mM glycine, 1% (w/v) SDS, 20% (vivethanol. Store
at £C.

Buffer B (lysis buffer) pH 8.0100mM NaBPQ,, 10mM Tris-HCI, 8M Urea. Adjusted to pH 8.0
and sterilized by Filter. Store at RT.

Buffer QBT (equilibration buffer)750mM NaCl, 50mM MOPS pH 7.0, 15% isopropanol (v/v)
0.15% Triton X-100 (v/v). Sterilize using a filté3tore at RT.

Buffer QC (wash buffgr 1.0 M NaCl, 50mM MOPS pH 7.0, 15% isopropandl)yv Sterilize
using a filter. Store at RT.

Buffer QN (elution buffer) 1.6M NaCl, 50mM MOPS pH 7.0, 15% isopropanol Jv/iSterilize
using a filter. Store at RT.

Citrate-phosphate Buffer pH 5.0 (washing buffet)7g Citric Acid + 9.2g Dibasic Sodium
Phosphate. Adjust the pH to 5.0 ad adjust the veltorilL with ddHO. Sterilize busing a Filter
Store at RT.

Citrate-phosphate Buffer pH 5.0 with 0.1% Tween 28.9mL Citrate-phosphate Buffer pH 5.0
+ 0.1mL Tween 20. Store at RT.

Cleavage Buffer pH 7:420mM Tris-HCI, 50mM NaCl, 2mM Cagl Adjusted to pH 7.4 and
sterilized using a Filter. Stored &iC4

Cleavage/Capture Buffer:/200mM Tris-HCI, 500mM NaCl, 20mM Cag|Adjusted to pH 7.4
and sterilize using a Filter. Stored 8€C4

Coupling Buffer pH 22: 0.1M phosphate, 0.15M Sodium Chloride. Adjlst pH to 7.2 and
adjust the volume to 500mL with dd@. Sterilize using a Filter. Store &G4

Dilution/Storage Buffer pH 7:420mM Tris-HCI, 200mM NaCl, 2mM Cagl50% glycerol.
Adjusted to pH7.4 and sterilize using a Filter.r8tbat -26C.

Elution buffer pH2.50.1M Glycine adjusted to pH 2.5. Sterilize usingiléer. Store at 2C.

Elution buffer pH 4.5100mM NaHPQ,, 10mM Tris-HCI, 8M Urea. Adjusted to pH 4.5 and
sterilize using a Filter. Store at RT.

Elution buffer pH 5.9 100mM NaHPQ,, 10mM Tris-HCI, 8M Urea. Adjusted to pH 5.9 and
sterilize using a Filter. Store at RT.

Endotoxin-free Buffer TE10mM Tris-HCI pH 8.0, 1mM EDTA. Sterilize by aulave/Filter.
Store at RT.

Neutralization bufferlM Tris-HCI in ddHO. Adjust to pH 9.0. Sterilize using a Filter. &tat
RT.

P1 Buffer (resuspension buffe}9mM Tris-HCI pH8.0, 10mM EDTA, 1@/mL RNaseA.
Sterilize by autoclave/Filter. Store &4

P2 Buffer (lysis buffer) 200mM NaOH, 1% SDS (w/v). Sterilize by autoclailér. Store at
RT.

P3 Buffer (neutralization buffier3.0 M potassium acetate pH 5.5. Sterilize byelatve/Filter.
Store at 4C.

Phosphate Buffered Saline (PBS8g NaCl + 0.2g KCI, 1.44NBPQO, in 800mL of ddHO.
Adjust the pH to 7.4 with HCl and adjust the volun® 1L with ddHO. Sterilize by
autoclave/Filter. Store at RT.

Quenching Buffer pH 7.4tM TrisHCI, 0.05% Sodium AzideAdjust the pH to 7.4 and sterilize
using a Filter. Store af@.

RIPA Buffer pH 7.5 0.5mL 1M Tris Buffer pH 7.5 + 0.1mL Triton X-1000.05g DOC + 1mL
of 1M NacCl. Adjust final volume to 10mL. Sterilizesing a Filter. Store af@.

Storage Buffer pH 7:4PBS pH7.4, 0.5M NacCl, 0.02% Thimerosal. Steriligéng a Filter. Store:
at £C.

Storage Buffer B pH 7:4°BS containing 0.05% sodium azide. Sterilize tieF Store at RT

TE buffer:10mM Tris (pH 8.0), 1ImM EDTA (pH 8.0). Filter sti&re.
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Tris-buffered Saline (TB)S Make 0.1% v/v polyoxythylenesorbitan monolauréfeveen 20) in
PBS. Sterilize using a Filter. Store at RT.

Tris-HCI buffer pH 8.0dissolve 121.1g of Tris base in 800mL of g@H Adjusted the pH to 8.0
by adding concentrated HCI, make final volume toahld sterilize by autoclaving.

Wash/Bind Buffer pH 7.520mM Tris, 0.15M NacCl, 0.1% Triton X-100. Adjustéte pH to 7.5.
Sterilize using a Filter. Store at RT.

Wash Buffer pH 6.3100mM NaHPQ,, 10mM Tris-HCI, 8M Urea. Adjusted to pH 6.3 and
sterilized by Filter. Store at RT.

Box 5: Cells, Buffers, Solutions and reagents used for bacterial growth and IPTG induction

Bacterial cell line:
BL21 (DE3) competent cells; Stratagene.

Reagents:
Ampicillin; Stock solution 205mg/mL in autoclavednie H,O. Stored at —2C.

IsopropylB-D-1-thiogalactopyranoside (IPTG); Sigma, stord°ax.
B-mercaptoethandB-ME); Sigma, store at°C.

Solutions:

Lysogeny Broth (LB) mediatL = 10g NaCl + 10g Tryptone + 5g Yeast extractjusted to pH
7.0 and autoclaved.

Lysogeny Broth (LB) agar mediaB media + 2% Agar. Autoclaved and then cooled 58C5
before addition of ampicillin to 1Q@/mL and pouring plates.

SOC medium2M filter-sterilised glucose solution.

263



Box 6: Equipment

Glass/Teflon homogeniser with 1mm clearance.

15 cm tissue culture plates; Sigma-Aldrich.

24 well tissue culture plates; Sigma-Aldrich.

50mL high-speed polypropylene centrifuge tubes;rirteeScientific.
37°C and 42C water bath.

Beckman (Beckman GS 6R, Beckman GS 15 R, AllegR)21
Beckman Ti60 rotor (angle), Beckmane 42.1 rotog Beckman ultracentrifuge L8/L8M.
Cell strainer, 7@m; BD Biosciences. .Store at RT.

Centricon YM-10; Millipore.

Dialysis membrane, MWCO 1,000; Spectra.

Electroporation cuvettes; Invitrogen.

Electroporator IlI; Invitrogen E. coli pulse/charge electroporation; 1800V).
Filters; 0.22um acrodiscs, Gelman Sciences.

Glass coverslips 24mm, Thermo Scientific.

Haemocytometer; Weber.

High-speed centrifuge and SS-34 rotor (Sorvall)3t8.rotor (Sorvall)
Hyper-film ECL; Amersham

Incubator/shaker Model G-25; New Brunswick Scieoi@o. Inc., NJ, USA.
Inverted microscope: Nikon Eclipse TE300 microscope
Microscope slides; BDH.

Nitrocellulose membrane, pore size Qu&5 Amersham.

Qiafilter Maxi Cartridge; Qiagen

Beckman Rotors: 42.1, Sw28, Beckman

Semi-micro cuvettes with 1cm path length; FisherBra

Sonicator with a 3-mm-diameter probe.

Spectrophotometer, A@sy, Unicam.

Spin-filter columns; Novagen.

Tissue culture plastic; Nunc from life Technologies

Transmission electron microscope; Hitachi H600.

Ultra-free Centrifugal filter device; Millipore

Vacuum for lyophilization.

Zeiss Axioplan light microscope.
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Appendix I1: Media, solutions and reagentsfor cell culture

Box 1. Tissue culture media and reagents

Reagents
B27 supplement; Gibco. Store at 220

Bovine serum albumin (BSA); Sigma. Stored ¢ 4

DMEM; Dulbecco’s Modified Eagles Media, Sigma. St 4C.

Foetal calf serum (FCS); Seralabs. Stored atG20

Hanks’ Balanced Salt Solution (HBSS) withoufGand Md"; Sigma. Stored af’@.
Horse Serum; Gibco. Heat inactivated at@€or 30 minutes. Stored at —Z0)
L-Glutamine; Sigma. 200mM stock. Stored at %20

Lipofectamine 2000; Invitrogen. Stored 4C4

Methanol; Sigma. Stored at RT.

Neurobasal Medium; Invitrogen. Store 8€4

OPTI-MEM I; Invitrogen. Stored at°@.

Paraformaldehyde (PFA); Sigma. Stored at°€20

Penicillin; Gibco. Stored at —20.

Poly-D-lysine; Sigma. Stored at <20

Streptomycin; Gibco. Stored at 2D

Triton X-100; Sigma. Stored at RT.

Trypan Blue; Sigma. Stored &Gl

Trypsin; 2.5% stock solution; Gibco. Stored at %20

Vectashield Mounting Medium; Vector Lab. Storedt4t.

Media:

Day 1 Media:DMEM containing 10% FCS, 2mM Glutamine, 100U/mlnjadlin/100ug/mL
streptomycin. Stored af@.

Day 2 Media: Neurobasal Medium containing 2mM L-Glutamine, 1BR7 supplement,
100U/mL penicillin/10Qug/mL streptomycin. Stored af@.

Neurobasal Media ANeurobasal medium containing 0.5mM L-Glutamin@7Bsupplement.
and 2um glutamate. Stored at@.

Neurobasal Media BNeurobasal medium containing 0.5mM L-Glutaming7Bupplement, no
glutamate. Store af@.

Solutions:

4%PFA in PBS4mL PFA in a total volume of 100mL PBS. Store &0°C.

25mM Glycine in PBS1.87g Glycine in a total volume of 1L PBS. StatefC.

Blocking Solution with Triton X-10010% Horse Serum, 5% sucrose, 3% BSA, 82% PBS,
0.2% Triton X-100. Store at -20.

Blocking Solution without Triton X-100t0% Horse Serum,. 5% sucrose, 3% BSA, 82% PBS.
Store at -26C.
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Appendix I11: Antibodies

Table 1: List of antibodies used for mmunocytochemistry (IHC) and/or Western blots (WB).

Antibody

Anti-classical
dystrophin
antibody

Anti-delta
dystrophin
antibody
Anti-
dystrobrevin
antibody

Anti-g-

Sar coglycan
antibody
Anti-PSD95
antibody
Anti-Gp65
(anti-
neuroplastin)
antibody
Anti-Gp50
antibody
Anti-M AP2
antibody

Anti-
MANDAG
antibody

Anti-
GABAAR
antibody

Company Protein
recognised

Gift from Classical

Oxford .

Dr.Blake lab Dystrophin
cDp427,cDp140,
cDpl116, cDp71

Gift from Delta Dystrophin

Oxford

Dr.Blake lab dDp427,dDp140,
dDp116, dDp71

Gift from al,a2, B-

Oxford q brevi

Dr.Blake lab ystrobrevin

Gift from g-sarcoglycan

Oxford

Dr.Blake lab

Affinity PSD-95

BioReagents

In-house np55, np65

antibody

In-house Gp50

antibody

Sigma MAP2a,
MAP2b,
MAP2c

Gift  from | B-dystroglycan

Oxford

Dr.Blake lab

Chemicon GABA
Receptor

MW Species
Reactivity

427, Rabbit

140,

116,

71kDa

427, Rabbit

140,

116,

71kDa

78, Rabbit

59,

55kDa

45kDa Rabbit
95kDa Mouse
55, Mouse

65kDa

50kDa Mouse

280, Mouse

270,

75,

70kDa

43kDa Mouse

55kDa Mouse

IHC and
wB
dilutions

IHC 1:10
WB 1:100

IHC 1:20
WB 1:200

WB 1:1000

IHC 1:50
WB 1:500

IHC 1:1000

WB 1:100
WB 1:50

WB 1:1

IHC 1:750
WB 1:1000

IHC 1:50

IHC 1:50
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Anti-NMDAR | Millipore NMDA Receptor| 130kDa, Mouse IHC 1:100
antibody

38kDa Mouse

Anti- Sigma synaptophysin IHC 1:750
synaptophysin WB 1:2000
antibody
Anti-GAD-65 | Chemicon GAD65 65kDa Mouse IHC 1:500
antibody
Anti-B3- Sigma B3-tubulin 46kDa Mouse IHC 1:400
tubulin WB 1:1000
antibody
Rat Invitrogen Secondary Rat - Anti-rat WB 1:2000
polyclonal Antibody
antibody
Mouse Invitrogen Secondary - Anti-mouse WB 1:2000
monoclonal mouse Antibody
antibody
Alexa Fluor | Molecular Secondary - Anti-Mouse IHC 1:1000
568 Probes Mouse Antibody
Alexa Fluor | Molecular Secondary - Anti-Rabbit IHC 1:1000
488 Probes Rabbit

Antibody

267



