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Abstract

Glycinergic neurotransmission is a major inhibitory influence in
the CNS and defects are associated with paroxysmal neuromotor
disorder, hyperekplexia with mutations in subunits of the
inhibitory glycine receptor which facilitates postsynaptic ligand-
binding, ion-channels. This study investigates the human
glycinergic system by: 1) Mutation analysis of glycinergic
candidate genes in hyperekplexia: the DNA sequencing of GLRA1
in 88 hyperekplexia patients revealed 30 sequence variants; 21
were inherited in recessive mode or part of compound
heterozygosity, indicating that recessive hyperekplexia is more
common than previously expected. Further screening of the
glycine transporter-2 gene (SLC6A5) as a candidate gene, 12
SLC6A5 mutations were found in 7 human hyperekplexia cases
inherited predominantly by compound heterozygosity. 2)
Biophysical analysis and molecular modelling of GLRA1 mutations:
which demonstrated that subcellular localisation defects were the
major mechanism underlying recessive mutations. Other mutants
typically show alterations in the dose-response curve for glycine
suggestive of disrupted signal transduction. This study reports
the first hyperekplexia mutation associated with leaky current
suggesting tonic channel opening as a new receptor mechanism
and fully-supported by molecular modelling. 3) Molecular and
immunoreactive analysis of gephyrin heterogeneity in human
brain: gephyrin encodes a multifunctional cytoplasmic protein
important for organizing glycine and GABAa receptors at the
postsynaptic membrane. Gephyrin has many different transcript
isoforms and the study describes the population / distribution of
gephyrin isoforms in neuronal tissues using molecular and
immunohistochemical techniques. The heterogeneity of gephyrin
cassettes indicates that each cassette is temporally and spatially
regulated with unique patterns of glycine receptors co-localisation
and we hypothesise that different gephyrin isoforms exhibit
differential binding specificity affecting protein-protein
interactions. This thesis describes that hyperekplexia is
definitively a glycinergic disorder with several mechanism of
molecular pathogenicity. Moreover, the underlying complexity of
proteins, such as gephyrin, reveals further challenges in
interpretating the functional significance of the neuronal
heterogeneity.
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Chapter 1 Introduction

Fast synaptic neurotransmission in the central nervous system
(CNS) is mediated by members of the ligand-gated ion channel
superfamily, which includes the glycine receptor (GIyR),
acetylcholine receptor (AchR), gamma-aminobutyric acid receptor
(GABAR), and glutamate receptors (Celesia, 2001). These
channels share similar structures and conduct neuronal signaling
by permitting ionic flux which changes the membrane potential
(Breitinger and Becker, 2002). Mechanisms of the excitatory
neurotransmission and/or inhibitory neurotransmission have been
intensively studied in many neurological diseases such as
Alzheimer's disease, Parkinson's disease, hyperekplexia and
psychiatric disorders (Cyr et al.,, 2002; Grossberg, 2002;
Moghaddam, 2002; Segovia, 2002; Brotchie, 2003; Spedding et
al., 2003) In particular, inhibitory transmission pathways have
been pharmacological targets to relieve neurological and
psychiatric symptoms such as depression, epileptic seizures, and
psychosis (Ketter and Wang, 2003; Lynch, 2009). However, the
mechanisms underlying inhibitory neurotransmission are not well
understood. This thesis aims to provide better understanding of
the glycinergic inhibitory system using the following two
approaches: 1) mutation analysis of a neurological disorder,
hyperekplexia, which is associated with defects in the inhibitory
glycinergic molecules; 2) molecular investigation of a
multifunctional scaffolding molecule, gephyrin, which is important
for organizing of inhibitory GlyRs and GABA type-A receptor
(GABAAR) at the postsynaptic membrane of neurons (Betz, 1998).



1.1 Inhibitory system

Glycine receptor (GlyR)s and GABA type-A receptor (GABAAR)s are
the two major inhibitory determinants in the central nervous
system (CNS) and regulated expression of these receptors at the
postsynaptic cell membrane surface is crucial for the balance
between neural excitation and inhibition (Lynch, 2004). Defects in
several determinants in the glycinergic system (Shiang et al.,
1993; Rees et al., 1994; Rees et al., 2002; Harvey et al., 2008)
are associated with startle disorder or hyperekplexia
(OMIM:149400) which can provide an excellent opportunity to
study the dynamics and mechanisms underlying the inhibitory
system. Before we examine the molecular basis of hyperekplexia
(HE) later in this chapter (section 1.2), the glycinergic system will
be briefly reviewed in this section.

1.1.1 Glycine receptor

Glycinergic neurotransmission mediates postsynaptic inhibition
mainly in the spinal cord and the mammalian central nervous
system (Figure 1.1) (Betz et al., 1999). Binding of a
neurotransmitter (or ligand), such as glycine, to GlyR mediates a
conformational change which then leads to the opening of the
channel gate followed by influx of CI" and hyperpolarisation of the
cell (Lynch, 2004). GlyRs are a member of the Cys-loop ligand-
gated ion channel (LGIC) superfamily and GlyR consists of five
subunits with each of which comprising a large N-terminal extra-
cellular domain, followed by four membrane-spanning domains
(M1-M4) and a short extracellular C-terminus (Celesia, 2001).
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Like other members of the cys-loop LGIC superfamily, GlyR subunit
has ligand-binding sites at the interface of two adjacent N-terminal
domain, and a channel pore-forming M2 region (Breitinger and
Becker, 2002; Lynch, 2004). The adult human glycine receptor
has at least four subunits, al, a2, a3 and B (Betz et al., 1999) and
the expression of GlyRs are spatially and developmentally
regulated: the neonatal isoform is mainly a homopentamer of a2
subunits encoded by the GLRA2 gene (Lynch, 2004; Lynch, 2009),
whilst the most abundant adult isoform is a hetero-pentamer
consisting of ligand-binding al and structural B subunits at a
2a1:3p stoichiometry (Grudzinska et al., 2005). The
heteropentameric alp GlyR is the most abundant form of GlyRs in
the adult human brain, however the al GIlyR subunits are able to
generate a functional homo-pentameric receptor, whereas the f-
subunit requires alpha subunits to form a functional channel
(Lynch, 2009).

The formation of GlyR clusters at the postsynaptic sites requires
the interaction of the B-subunit with a multifunctional scaffolding
protein named gephyrin (Meyer et al., 1995). Gephyrin in turn
binds to a variety of structural molecules including microtubules,
collybistin and microfilaments to form the subsynaptic cytoplasmic
matrix or lattice (reviewed in Fritschy et al., 2008). Mice with
complete loss of gephyrin generated by antisense primers or
transgenic gene knockout, resulted in the abolished postsynaptic
clustering of GlyRs (Kneussel et al., 1999). The importance of
gephyrin is further discussed in detail later in this chapter (section
1.3).



1.1.2 Glycinergic system

The glycinergic system is established throughout the brain but does
play a subservient role relative to GABAergic neurotransmission.
GlyRs are highly-enriched in the medullary brainstem and spinal
cord with other regions in the basal ganglia and auditory pathways
also heavily innervated with glycinergic inputs (Baer et al., 2003).
On the molecular level expression of GlyRs at the postsynaptic cell-
surface and controlled release of neurotransmitters such as glycine,
are critical aspects of maintaining the normal inhibitory function
(Lynch, 2004).

In the synaptic cleft, glycine is removed by two discretely-localized
Na+/Cl- dependent glycine transporters, GlyT1 and GlyT2 (Harvey
et al., 2008). GlyT1 is mainly expressed in glial cells and
terminates neurotransmission by removing excess glycine for
enzymatic degradation via glycinergic cleavage system (GCS)
(Gomeza et al., 2003). GlyT1 is also involved in controlling glycine
concentration at the excitatory N-methyl-D-aspartate synapses
(Gabernet et al., 2005). Alternatively, GlyT2 transports glycine
into the presynaptic terminal for repackaging into synaptic vesicles
by the low-affinity vesicular transporter (VGAT/VIAAT) (Supplisson
and Roux, 2002; Gomeza et al., 2003) (Figure 1.1). The knockout
mouse for GlyT2 has a hyperekplexia-like phenotype whilst the
GlyT1 knockout is an embryonic lethal (Gomeza et al., 2003).

GlyR ol knockout mice also have a lethal outcome, in contrast with
human hyperekplexia patients with null mutations in the GlyRal
subunit where a lethal outcome is avoided through a theoretical
compensatory GABAergic mechanism (Kling et al., 1994). This is
partially supported by the action of benzodiazepine drugs which

enhance the GABAergic inhibition and are the main frontline drug in



alleviation of hyperekplexia symptoms. GlyRs also co-exist with
GABARs in the spinal cord neurons and glycine can be co-released
with GABA from the axonal presynaptic terminals (Triller et al.,
1987; Maxwell et al., 1995). Therefore it is likely that inhibitory
influences in the brain and spinal cord are sometimes a mixed
influence of GABAergic and glycinergic effects, but the reason for
this is unclear. Although it may go some way to explain the
relative moderate effects of human knockout phenotypes.

1.2 Hyperekplexia

Hyperekplexia (HE), also known as startle disease, is the first
human disease identified as a result of mutations within a
neurotransmitter gene in the CNS (Andrew and Owen, 1997).
From the findings of this study/ thesis, hyperekplexia is also the
first human neurological disorder with mutations in a cognate
neurotransporter gene (Rees et al, 2006). The startle response is
a normal and basic reaction to sudden unexpected stimulation.
The reaction, however, can be present in a pathologically
excessive, abnormal form and this clinical entity was initially
termed “Hyperexplexia” meaning ‘startle’ in Greek (Gastaut and
Villeneuve, 1967). Hyperexplexia was then replaced by
“Hyperekplexia” using the correct Greek word for startle (Gastaut
and Villeneuve, 1967). Hyperekplexia is a relatively rare, but
potentially fatal, neurological disorder characterized by an
abnormal startle reflex and an exaggerated muscle stiffness in
response to sudden, unexpected auditory or tactile stimuli (Gastaut
and Villeneuve, 1967)



1.2.1 Clinical aspects of hyperekplexia

Symptoms

The disorder is characterised by exaggerated startle and stiffness
due to an abnormal increase in muscle tension and the reduced
ability of a muscle to stretch (hypertonia) (Gastaut and Villeneuve,
1967). The symptoms are most severe in neonates and infants
and the affected newborns suffer from essentially continuous, but
variable muscular rigidity and the intense hypertonicity can lead to
breath-holding spells and prolonged cyanotic attacks. They are
also at risk of sudden death from apnea or aspiration (Nigro and
Lim, 1992; Praveen et al., 2001). Several cases of sudden infant
death syndrome (SIDS) were reported in association with
hyperekplexia (Giacoia and Ryan, 1994). Delay in the acquisition
of motor skills is common in infants with hyperekplexia due to
hypertonicity. The hypertonia - which is predominantly in the
trunk and lower limbs - often diminishes during the first year of
life, but the pathological startle response, which can provoke
unprotected falls and result in injury, remains throughout
development and into adulthood (Nigro and Lim, 1992; Praveen et
al., 2001). Patients of all ages experience brief attacks of
generalized, intense spasm of skeletal muscles in response to
sudden, unexpected noises or tactile stimulation (Zhou et al.,
2002). Startle induced spasms often cause unprotected falls
without loss of consciousness, resulting in severe injuries.

Classification

Hyperekplexia is a primarily hereditary non-epileptic pafoxysmal
disorder, transmitting in dominant or recessive manner. Sporadic
cases of HE, symptomatic HE, have also been reported, particularly
in association with other brain disorders, such as brainstem lesions
or frontal lobe dysfunction (Brown et al., 1991; Kellett et al., 1998;

7



Gambardelia et al., 1999; Ruprecht et al., 2002; Gaitatzis et al.,
2004). Abnormal startle response can be associated with other
neuropsychiatric and neurophysiological disorders such as the
congenital stiff-man syndrome, startle epilepsy, myoclonic seizures,
cerebral palsy, neuromyotonia, Tourette syndrome, Swartz Jampel
syndrome, and Coffin-Lowry syndrome (see Appendix B).

Diagnostic criteria

The diagnosis of hyperekplexia can be established by presence of
the following features: 1) neonatal hypertonia; 2) excessive startle
reactions followed by general muscle stiffness in response to
sudden and unexpected tactile/auditory stimuli; 3) abnormal startle
reactions induced by nose tapping; 4) fall-down startle reactions
(Matsumoto et al., 1992; Meinck, 2006). A detailed diagnostic
inclusion criteria is included in Appendix A. Startie attacks may
simulate pseudo-epileptic seizure episodes. Genotype-phenotype

correlations have not yet been established in hyperekplexia.

Treatments

Benzodiazepines, which enhance GABAAR activity, are currently the
treatment of choice. Clonazepam often, but not always, has a
dramatic and sustained effect on the symptoms of hyperekplexia
(Scarcella and Coppola, 1997; Stewart et al., 2002). However,
despite a successful treatment of the excessive startle response,
further attention is needed to approach the residual problems that
may arise from the fear of falling, such as anxiety disorders,
depression, and the side-effects clonazepam may cause.
Interestingly, it was reported that enhancing GlyR activity has
temporarily diminished the hyperekplexia phenotype in mutant
mice (Kung et al., 2001). Further investigation into development
of drugs that enhance GlyR response may provide potential
therapeutic options for hyperekplexia patients.
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1.2.2 Pathogenesis of hyperekplexia

Hyperekplexia was first described in 1958 (Kirstein and
Silfverskiold, 1958) and the pathogenesis of HE was unclear for
many decades. Recent advances in molecular genetics have
revealed that HE is associated with mutations in genes involved in
the glycinergic inhibitory pathway (Shiang et al., 1993).
Hyperekplexia is the first neurological disease identified as a result
of mutations within a neurotransmitter gene, GLRA1 and Na+/Cl-
dependent neurotransmitter transporter, GlyT2 (Rees et al 2006
and this study). Defects in these genes can result in decreased CI’
currents and consequently impaired glycinergic inhibitory
transmission which may lead to excessive startle reaction and
muscle stiffness (Harvey et al., 2008)

To date, five genes are associated with hyperekplexia: GLRAI,
SLC6A5, GLRB, gephyrin - GPHN, and collybistin - ARHGEF9 have
been identified using a positional cloning strategy and an animal
model / candidate gene approach. Of these genes 1) GLRA1 and
GLRB encode a and B subunits of inhibitory glycine receptor (GlyR),
respectively (Shiang et al., 1993; Rees et al., 2002); 2) SLC6A5
encodes for the glycine transporter subtype-2 (GlyT2) which plays
an important role in neurotransmitter reloading of synaptic vesicles
at glycinergic synapses (Rees et al., 2006); 3) GPHN encodes the
peripheral membrane protein, Gephyrin, that is involved in
clustering and anchoring of two major inhibitory receptors, GlyR
and GABAR (Rees et al., 2003); 4) ARHGEF9 encodes collybistin
which is necessary for clustering of gephyrin on postsynaptic sites.
GLRA1 is regarded as the most prevalent gene associated with
hyperekplexia - accounting for 70% of all hyperekplexia mutations
identified thus far. Mutations in GLRB, GPHN, and ARHGEF9 are
rare causes of HE with only one case per gene reported- albeit with



functional evidence of pathogenicity (Rees et al., 2002; Rees et al.,
2003; Harvey et al., 2004) (Table 1.1). SLC6A5 was identified as
the second major gene in hyperekplexia as part of this study and
the findings will be discussed in Chapter 3.

Table 1.1 Genes associated with hyperekplexia.

Gene Protein Locus Incidence
GLRA1 GlyR al subunit  5¢33-q35 >70 %
SLC6A5 GlyT2 11p15.1 20%
GLRAB GlyR p-subunit 4q31.3 3%
GPHN Gephyrin 14923.3 3%
ARHGEF? Collybistin Xql1.2 2%

1.2.2.1 Hyperekplexia associated genes - GLRA1

GLRA1 consists of 9 exons and spans 100 kb of genomic sequence
(Shiang et al., 1993) and hyperekplexia is the only phenotype
associated with mutations in GLRA1. After the identification of the
first hyperekplexia mutation, R271Q, in dominant hyperekplexia
families in 1993, over 29 distinct GLRA1 mutations have been
identified in 56 index cases from various studies and involving
missense, nhonsense and frame shift mutations, including 3 cases of
compound heterozygotes and 15 presenting as recessive
hyperekplexia cases (Table 1.2). Interestingly, an analysis of the
transgenic mouse expressing the mutant human GLRA1 (R271Q)
showed that this mutation diminished both GIlyR and GABA-A
receptor mediated inhibitory transmission (Becker et al., 2002).
This indicates that the expression of a mutant gene affects the

entire postsynaptic mechanism of inhibition.
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All nonsense and frameshift GLRA1 mutations identified to date are
associated with recessive cases of hyperekplexia with
asymptomatic parental carriers, proving that hyperekplexia is not
susceptible to haploinsufficiency (Brune et al., 1996; Rees et al.,
2001). In contrast to other diseases caused by dysfunction of ion
channels (channelopathies) or in murine hyperekplexia models
(Buckwalter et al., 1994; Traka et al., 2006), patients with
recessive or null mutations in GLRA1 were not associated with
particularly severe cases of hyperekplexia. This indicates that the
complete loss of GlyR al function in humans may be tolerated due
to compensatory mechanisms possibly by other inhibitory
influences (Harvey et al., 2008).

1.2.2.2 Hyperekplexia associated genes — GLRB

GLRB consists of 9 exons and spans 95 kb of genomic sequence
(Milani et al., 1998) and currently hyperekplexia is the only
disorder associated with mutations in GLRB. GLRB in addition to
GLRA3 are candidates genes for autism and idiopathic generalized
epilepsy (Sobetzko et al., 2001; Ramanathan et al., 2004). To
date only one compound heterozygote has been identified in a
transient hyperekplexia case (Table 1.2) (Rees et al.,, 2002). A
missense mutation in this case leads to a GlyR with a reduced
agonist sensitivity, whereas a splice site error results in exon
skipping. Both mutations did not produce a hyperekplexia
phenotype in heterozygous asymptomatic parents.

1.2.2.3 Hyperekplexia associated genes — GPHN

GPHN consists of 27 exons and spans 700 kb of genomic sequence.
GPHN encodes the peripheral membrane protein, gephyrin, which
is involved in organizing and clustering of the two major inhibitory
receptors, GlyR and GABAaR, to the postsynaptic membrane.
Gephyrin mediates GlyR anchoring by binding to the B subunit of
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GlyR. One missense mutation was described in a transient HE case
(Table 1.2) (Rees et al., 2003). Functional studies of the GPHN
mutation shows that it did not affect interactions with GlyR, but it
remains unknown if the mutation affects interactions with other
gephyrin-binding proteins.

1.2.2.4 Hyperekplexia associated genes - ARHGEF9

ARHGEF9 encodes collybistin, a RhoGef protein which is required
for clustering of gephyrin on postsynaptic sites (Kins et al., 2000).
ARHGEF9 consists of 10 exons and spans 120.18 kb of genomic
sequence. One ARHGEF9 missense mutation, G55A, was identified
in a young patient with a severe case of hyperekplexia and
epileptic encephalopathy phenotypes who died at the age of four
(Harvey 2004). Functional studies of ARHGEF9 G55A indicated that
the mutant collybistin disturbed the localization of gephyrin and
GlyR at the postsynaptic sites.

1.2.3 Functional analysis of GLRA1 mutations

Recessive mutations are scattered throughout the a1l GlyR channel,
whereas, dominant mutations are specifically clustered around the
M2 domain containing an ion-selectivity filter and flanking regions
(Figure 1.2). Previously-identified dominant GLRA1 mutations have
all been missense mutations predominantly located either in the M2
pore-lining domain of the GlyR al subunit (V260M and Q266H,
S270T), or in the M1-M2 / M2-M3 loops adjacent to the M2 domain
(P2501I, R271L/Q, K276E, and Y279C/S) (Shiang et al., 1993;
Eimslie et al., 1996; Milani et al., 1996; Saul et al., 1999; del
Giudice et al., 2001; Lapunzina et al., 2003; Poon et al., 2006;
Becker et al., 2008; Gregory et al.,, 2008). The functional
consequences of dominant GLRA1 mutations have been extensively
studied and heterologous expression studies demonstrate that
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mutations in these regions exert dominant-negative effects by
altering the channel gating process, conductance or agonist
sensitivity (Rajendra et al., 1994; Laube et al., 1995; Saul et al.,
1999; Breitinger et al., 2001; Breitinger et al., 2004).

Ion selectivity of the ligand-gated ion channels is controlled by the
charged residues in the pore lining region and the size of pore
diameter. The smaller the pore diameter, the higher the
permeability of anions (Lynch, 2004). The substitution of proline to
threonine at the P250T mutation increases the pore diameter,
thereby altering the channel conductance. The high-frequency
R271Q mutation (identified in at least 18 independent families with
dominant hyperekplexia), which substitutes a positively charged
highly hydrophilic arginine to glutamine, can alter the channel
conductance by changing polarity (Langosch et al., 1994).

All nonsense and frameshift GLRA1 mutations identified to date are
associated with recessive cases of HE with asymptomatic parental
carriers, proving that hyperekplexia is not susceptible to
haploinsufficiency (Brune et al., 1996; Rees et al., 2001).
Identification and functional studies of two recessive missense
mutations, 1244N and S231R revealed a reduction in whole cell
channel current possibly due to the defects in receptor trafficking
or a decrease of membrane expression (Lynch et al., 1997; Rees et
al., 2001; Humeny et al., 2002). Thus, it was suggested that the
compensation mechanism is induced by a reduction of cell surface
GlyR numbers, but not by the alteration in GlyR function (Humeny
et al., 2002).

Further functional studies, however, are necessary to investigate
whether the traffic defects and reduced number of cell-surface GlyR

numbers are the initiating factor for the compensatory mechanism.
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Recessive mutations interfere with some aspect of receptor
expression, folding, assembly, trafficking, or stability. A GABAAR
gamma-subunit mutation, R43Q, interferes with receptor assembly,
trafficking, or surface expression (Kang and Macdonald, 2004)

1.2.4 Hyperekplexia animal models

Defects in glycinergic genes are also associated with hereditary
motor disorders with exaggerated startle responses and increased
muscle tone in a variety of mammalian species (Table 1.3)
(Buckwalter et al., 1994; Kingsmore et al., 1994; Ryan et al.,
1994; Kling et al., 1997; Becker et al., 2000; Becker et al., 2002).
A LINE-1 transposable element in the GIrb results in aberrant
splicing of the B subunit transcripts in the spastic mouse
(Kingsmore et al., 1994). In spasmodic, a point mutation causing
a A52S missense change in Glral causes ligand sensitivity
problems. In homozygous spastic and spasmodic mice, when the
neonatal isoform of GlyRs change over to the adult isoform of the
GlyRs (at about 2 weeks of age), a severe neuronal motor
phenotype develops.

A microdeletion in the Glral leads to a truncated protein devoid of
the M3-M4 loop and M4 of the protein in oscillator mouse
(Buckwalter et al., 1994). A severe neuromotor phenotype was
also observed in homozygous oscillator 2 weeks after the birth and
they usually die within a week. Mutations in glycinergic genes are
also responsible for hyperekplexia in cows, dogs, goats, and
various interbred mammals (Harvey et al., 2008). Gephyrin-
deficient mice displayed phenotypes similar to human hereditary
molybdenum cofactor deficiency and hyperekplexia further
suggesting that gephyrin is essential for synaptic clustering of
glycine receptors as well as molybdenum enzyme activity (Feng et
al., 1998).

18



6}

s25uanbas
8661 |0 42 bua4 uoissaudxa uruAydab opN woautsdn
PIUOX2 JO UOI42|2p

aurnyy  uriAydag

0002 '[P 42 J42¥22g G2 {bJ J0 uoissaudxa mo 9Gy91 bds/ods ods ul g¥419 4oy

"G661 '[P 42 424229 (661

“|o 42 4pJOYINW ‘H66T [0 42 VNJW (ods “o1450d5)

Uo1LJ2SUIT INIT

240WSBUDY Z86] 42I[2H PAHUM gJ/9 }o uoiojnbau-umop 2A1SS222Y
aulny 9412
1002 “’|p 42 224214 2A1S5222Y X 12 JAL
aumog
2002 "I 42 J222g uoissaudxa yA|9 paonpay o124
09/2S
1661 "D utowop (4o4p/(1250) UoL42[2PODI
42 buipy ‘y661 [0 42 Jajomyong  HW pup doo| HW-EW O SSO| 2A155222y : :
y661 (pds “21powsvds’)
|0 42 |NDS ! HEET |0 12 UDAY AtiisU3s tsiuobo paonpay 2AISS222Y Seav
aurnyy 0419
25Up4luayul
20UaJ2a}aYy sasu2nbasuos |puoiyoung 40 apoyy adAjouag U39

vixajdyasaday fo sjapow jpwituy £°1 219 [



1.3 Gephyrin

Gephyrin, meaning ‘bridge’ in Greek, plays two distinctive and
independent roles; 1) clustering inhibitory Glycine and GABAa
receptors at the postsynaptic membrane of neurons; 2)
molybdoenzyme activity in non-neuronal tissues and glial cells in
the CNS (Feng et al., 1998; Stallmeyer et al., 1999; Smolinsky et
al., 2008). Rare defects in gephyrin can result in a neurological
startle disorder, hyperekplexia, hereditary molybdenum cofactor
deficiency and is disrupted in specific leukaemia translocation
breakpoints (Reiss et al., 2001; Rees et al., 2003; Macaya et al.,
2005). Gephyrin is encoded by a single-copy gene located on the
chromosome 14 (14g23.3) in human and it has at least 29 exons,
eleven of which undergo alternative splicing generating multiple
isoforms (David-Watine, 2001; Rees et al., 2003).

The diversity of human gephyrin isoforms are mainly generated by
alternative splicing of C3/C4cassettes in the central linker region of
gephyrin (Rees et al., 2003) whereas in rodents, splicing exons in
the N or E terminal regions also account for generating multiple
isoforms (Meier et al., 2000; Fritschy et al., 2008) (Figure 1.3).
Studies on rodent gephyrin isoforms demonstrated that the
presence or absence of central linker region can interfere with the
postsynaptic clustering of glycine receptor (Meier et al., 2000;
Schrader et al., 2004; Bedet et al., 2006). Mice with complete loss
of gephyrin by antisense primers or transgenic gene knockout
resulted in severe depletion of GlyRs (Kneussel et al., 1999).

1.3.1 Gephyrin heterogeneity

Alternative splicing is one of the major mechanisms underlying the

functional diversity of proteins and at least two thirds of multi-exon
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genes are subject to alternative splicing (Lander et al., 2001;
Modrek et al., 2001; Johnson et al., 2003; Ben-Dov et al., 2008;
Melamud and Moult, 2009). Particularly, the tissue-specific splicing
events are most common in the nervous system to accommodate
the functional diversity observed in neurological systems (Xu et al.,
2002). Gephyrin, a multifunctional cytoplasmic protein, provides
an outstanding example of tissue-specific alternative splicing in the
neuronal context (reviewed in Fritschy et al., 2008).

Previous studies demonstrated that human neuronal tissues
express over a dozen variants of gephyrin isoforms, generated
from alternatively spliced exons, whereas non-neuronal tissues
express a single gephyrin transcript (David-Watine et al., 2001;
Rees et al., 2003). Functional studies on rodent gephyrin isoforms
suggested different gephyrin isoforms exhibit different binding
specificity and thereby affect protein-protein interactions (Meier et
al., 2000; Bedet et al., 2006; Smolinsky et al., 2008). The variety
and biological significance of gephyrin heterogeneity in the human
brain, however, remains to be characterised and justified. Further
analysis of gephyrin transcripts will lead to better understanding of
the mechanisms underling the expression of specific splice variants
and their functional roles in the dynamics of inhibitory

neurotransmission.

1.3.2 Functional effects of gephyrin isoforms

The central region contains several potential protein-interaction
domains whereas both N and E terminal regions, homologous to
Escherichia coli MogA and MoeA enzymes, are involved in the
synthesis of molybdenum cofactor (MoCo) (Kneussel and Betz,
2000; Fritschy et al., 2008). Recent findings suggest that gephyrin
is involved in the modulation of signaling pathways by interacting
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with several neurological partners including Mena/VASP
(mammalian enabled/vasodilator stimulated phosphoprotein),
dynein light chain, RAFT1 (rapamycin and FKBP12 target 1),
collybistin, or the actin-binding protein profilin (Sabatini et al.,
1999; Kins et al., 2000; Fuhrmann et al., 2002; Giesemann et al.,
2003; Bausen et al., 2006). Thus, the activity of the central linker
region is regarded as essential for brain-specific functions and
studies in rodents suggest that heterogeneous gephyrin isoforms
enable differential binding-specificity and thereby affect protein-
protein interactions (Meier et al., 2000; Bedet et al., 2006).
Gephyrin interacts with GlyR B subunit through its E-domain but
recent studies on rodent gephyrin isoforms demonstrate that the
presence or absence of central linker region can interfere with the
postsynaptic clustering of GlyRs (Meier et al., 2000; Schrader et
al., 2004; Bedet et al., 2006).

Previous studies demonstrated that gephyrin is ubiquitously
present in the human brain and it is co-localized with the majority
of GlyRs (over 50%) in the human brainstem and spinal cord (Baer
et al., 2003; Waldvogel et al., 2003; Waldvogel et al., 2007).
Although GIlyRs are also identified in the upper brain regions, such
as basal ganglia, auditory cortex and amygdala, the greatest
concentration of glycine and GlyRs are located in the brainstem,
spinal cord and retina (Greferath et al., 1994; Maksay et al., 2002;
Waldvogel et al., 2003; Waldvogel et al., 2007).
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1.4 Aims and Objectives of Research

1. To assess the GLRA1 mutation spectrum in a large hyperekplexia
cohort.

2. Investigate if a new candidate gene, SCL6AS5, is responsible for
hyperekplexia in GLRA1-negative cohorts.

3. Establish the functional basis of GLRA1 mutation pathogenicity
using biophysical assays, cell-surface experiments and molecular
modelling.

4. Investigate the extent and baseline of gephyrin isoform
heterogeneity in specific areas of the human brain, the spinal
cord and retinal tissues.

5. To complement and accompany objective 4, investigate the
distribution of gephyrin isoforms in the human brain and spinal
cord using new custom-made gephyrin antibodies.

6. Immunofluorescent co-localisation studies with the new gephyrin
cassette antibodies with GlyR receptor subunits and
constitutional full-length gephyrin in normal human brain
samples.

1.5 Justification of Research

Although, the mechanisms of inhibitory neurotransmission have
been intensively studied in many neurological diseases such as
Alzheimer's disease, Parkinson's disease, hyperekplexia and
psychiatric disorders (Cyr et al., 2002; Grossberg, 2002;
Moghaddam, 2002; Segovia, 2002; Brotchie, 2003; Spedding et
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al., 2003), the mechanisms underlying the inhibitory network are
still relatively undefined.

The structural and physiological properties of GlyRs have been
extensively investigated using random site-directed mutagenesis
approach (Shan et al., 2002; Nevin et al., 2003; Shan et al., 2003;
Han et al., 2004; Hawthorne et al., 2006; Press et al., 2007; Yang
et al., 2007; Heads et al., 2008; Press et al., 2008; Yang et al.,
2008; Chen et al., 2009; Press et al., 2009), however, these
studies do not provide us with clinical perspective and the in-vivo
biological significance of the receptor activity. Furthermore, the
hyperekplexia literature is dominated by small studies or single
case-studies where it is difficult to arrange meaningful cohort-
based research or establish translational genetics trends. There is
also the false perception that hyperekplexia is a dominant disease
when slowly, but surely, the evidence-base is indicating that it is a
recessive disorder on a world-wide basis.

With 88 patients gathered over 15 years from centers around the
world, this study regards our assembled cohort as a compelling
resource to bypass the numbers limitation to establish trends. The
outcomes of the genetic screening will create 2 research
opportunities; the first is the pathophysiological characterization of
the gene-positive cases, and the second being further gene-
discovery work in those cases who remain gene-negative. This
genetic triaging has the advantage of respective patient audit to
establish phenotypic trends that will improve future study inclusion
criteria.

The discovery of any clinically-relevant mutation in receptor biology
triggers an opportunity to define pathophysiological mechanisms

and a direct cause of disorder onset. This also can provide insights
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in other channelopathy disorders (e.g. epilepsy, arrhythmia,
migraine) where similar gene-family structures (e.g. GABA, ACh
receptors) can adopt principles from other channelopathy findings.
As the research on inhibitory systems becomes more developed
then the baseline research can be used in the development of new
interventions and also provide insights into drug-resistance and

side-effect causes in existing interventions.

The controlled expression and clustering of glycine receptors at the
postsynaptic sites are vital for normal inhibitory function. Recent
studies demonstrated that the stable clustering of GlyRs at the
synaptic sites can be achieved through interacting with gephyrin as
well as the controlled expression of gephyrin isoforms (Bedet et al.,
2006). The altered level of gephyrin has been implicated in
neurological disorders such as Alzheimer’s disease (AD), chorea-
acanthocytosis (ChAc) and amyotrophic lateral sclerosis (ALS)
(Kurano et al., 2006; Lorenzo et al., 2006; Agarwal et al., 2008).
In this study, the heterogeneity of gephyrin splicing cassette at the
human brain will be examined in both mRNA and protein levels.
Understanding the mechanisms of the startle disease and the
characterization of the essential scaffolding molecule gephyrin,
may ultimately provide important new insights into the
pathophysiology and treatment of other neurological disorders that

are correlated with inhibitory neurotransmission.

1.6 Experimental Strategy

From the beginning of this thesis work in 2005 there has already
been a shift in technology platforms and so this must be considered
in context with the following experimental approaches.
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1.6.1 Mutation analysis (Chapter 3)

Based on the small cohort sizes and fragmented evidence-base for
the genetic contribution of GLRA1 in hyperekplexia, we have
screened the entire coding regions of GLRA1 gene for our eighty-
eight hyperekplexia samples. Although GLRA1 is currently the
major gene for hyperekplexia, more than two-thirds of screened
patients are gene-negative. Therefore, using the candidate gene
approach, we have selected a second gene to screen based on the
hyperekplexia-like phenotype observed in GlyT2 knockout mice
(Gomeza et al., 2003). The GlyT2 gene (SLC6A5) was analysed in
all GLRA1-negative cases using Transgenomics dHPLC technology
and direct sequencing due to the expense of mutation screening of
both GLRA1 and SLC6A5 genes. dHPLC has now been superseded
by the Idaho technologies LightScanner platform which is now used
in continuing screening efforts.

1.6.2 Functional analysis of GLRA1 mutations (Chapter 4)

As new GLRA1l genotypes were identified the next step was to
prepare for the biophysical characterization of the new gene
variants. The experiments were conducted as a visiting RA at
laboratories in London and Brisbane as part of a multi-centre
collaboration. The generation of mutant GLRA1 constructs and
immunostaining experiments were hosted by the School of
Pharmacy (with Professor Robert Harvey) in London. The
electrophysiological studies of mutants were conducted at the
University of Queensland during a total of nine months of stay in
2007 and 2008. In addition to the molecular genetics, the cell-
surface biotinylation experiments and molecular modeling was
completed within ILS, Swansea. The aim here was to provide
convincing multi-disciplinary proof for GLRA1 pathogenicity.
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1.6.3 Molecular basis of gephyrin isoforms in human brain
(Chapter 5)

To investigate the heterogeneity of gephyrin isoforms and
biological basis behind GlyR clustering, cassette-specific primers
and antibodies were generated. The expression level of cDNA
transcripts were determined using RT-PCR and real-time PCR
analysis. Whereas the distribution of the gephyrin proteins
containing specific-cassettes was examined using
immunohistochemical analysis of human brain sections from
medulla oblongata and the cervical spinal cord. Further double-
labelling immunocytochemical analysis was adopted to establish
co-localisation trends between gephyrin cassettes and GlyRs.
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Chapter 2 Materials and Methods

This chapter will describe the methods and technical details of the
experiments undertaken to deliver the experimental objectives
outlined in Chapters 3-5. Several appendices have been prepared
to add some background and indirect context to the work.

2.1 Mutation analysis of hyperekplexia

The molecular genetic analysis of candidate genes uses the
techniques outlined in this section and relates to the results
described in chapter 3.

2.1.1 Patients

With informed consent procedures in place, patients with suspected
hyperekplexia were ascertained by referral from neurologists,
paediatricians or clinical geneticists from centres around the world.
Eighty-eight anonymized index patients were included in this study
following phenotypic evaluation. Clinical inclusion criteria states
that phenotypes such as non-habituating startle response (positive
nose tap test), history of infantile hypertonicity and an exclusion of
mimics such as startle-epilepsy (see Appendix A) are markers for
human hyperekplexia. The 88 patients were then tested by PCR
amplification methods and genomic sequencing in two
hyperekplexia candidate genes.

2.1.2 DNA extraction from blood

DNA was extracted from the patient’s blood using standard phenol-
chloroform extraction. Approximately 5 -10mlis of the patient’s

blood was placed into a 50ml falcon tube and red cell lysis buffer
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was added to constitute a total volume of 50ml. The solution was
placed on ice for 15 minutes and then centrifuged for 15 minutes at
3000 rpm. The supernatant was discarded into a dedicated
disposal bottle and a further 40ml of red cell lysis buffer was
added. The tube was gently vortexed to break up the pellet, and
centrifuged for 10minutes at 3000rpm. After the removal of the
second supernatant, 4.5ml of proteinase K resuspension, 250pl of
10% SDS and 100yl of proteinase K was added. Following gentle
agitation of the digest mix, the solution was incubated in a 37°C
water bath overnight. All DNA samples were stored at -20°C.

2.1.3 Polymerase Chain Reaction (PCR)

The genomic sequences of GLRA1 and SLC6A5 were determined
using BLAST 2.2.14 (NCBI) software. The exonic fragments and
exon-intron boundaries of GLRA1 and SLC6A5 were amplified using
primers designed using the Primer 3.0 program (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). To prevent
allelic dropout, all primers were placed in intronic regions that were
devoid of known SNPs as revealed by the SNP database at NCBI
(Tester et al., 2006) and care was taken to avoid obvious short-
repeat and alu-like structures. Primer sequences for both genes
are presented in table 2.1.

Optimal PCR protocols were established for GLRA1 and SLC6A5
exons using two control DNA samples with Qiagen PCR solution
(Table 2.2). Genomic DNA was diluted to 8 ng/ul and PCR was
performed in a total volume of 25 ul of a solution containing 80 ng
of genomic DNA, 10 pmol of each forward primer and reversed
primer, 200 uM deoxynucleotide triphosphates (dNTPs), 1 Unit Taq
DNA polymerase (Qiagen) using a PTC-200 thermal cycler (MJ]
Research Inc). Amplification conditions were an initial denaturation
at 94°C for 5 minutes followed by 30 - 38 cycles at 94°C for 30
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Table 2.1 PCR primers for GLRAI and SLC6A5

GLRA1 Primers

Exon Forward Primer 5'-3' Reverse Primer 3'-5'
1 GAAATATACCCACCCCCAAAC GGTAGCCTCCG6TACTCTTTCC
2 TAACCTG6GGCCTTACCTCATT CTGCTTGCTGCTTTAATCTGG
3 CAAGGATCTCCTCCACCAAA TGGAGACCAATGCAGAGGATA
4 ACCCCCATATAAGATGCAACC TTTGG6CCCCTCTTTTAGAGTC
5A CCTATCCTGGGCAACTGATTTT GCCTATCCCATGGGTAAAAAG
5B CCTGGTCTCACAAGTTCCATC AAATGACCTCTGGTCCTGGTT
6 TG6TGAGACTGAACCAGGACTCT TGTTTTAGGCAGAGCAAGGAA
7 ATGTGGGGAATTACCGAAGAG GAAGGATGGACCATTGAAACA
8 GAAATATACCCACCCCCAAAC TGCATCACTGCATTTTGCTAT
SLC6AS5 Primers
EXON Forward Primer 5'-3' Reverse Primer 3'-5'
1 CTCTACAGCCCGATCCACTCT AAACGAATCTGCTTTCCCTGT
2 | TAAAAGCTGTTGTGACTTTGTTTT GACACTGTGCGGGCCGTAAT
3 CTTGCTGG6AAGGACCCCTA TCCCACCCAACCCTCAGGTGE
4 CAGGAATGGAGCTAAATTGTCC GACAGAGTAAGAAAGGGCCTGA
5 TCCATTCTGTACAAGAGAGCCTA CTCTGTGTTCCCAGAACCTAGT
6 GCAAATGTTTTTGGCATTTGT CACCTCTGGTCTGCAAATTGA
7 TGTGATTAGGTTCCTGATGGTG CAGCTCCTGACTCTCTTTCCA
8 CCCTGATGTGCTCTCTGTCAT GTCTAACCCTTTTTGCCCAAG
9 TTTCCCCTEGGAAACATGATA GTGGCCTCAGGTGTCTGATAA
10 GCACACCTAATGGAAAACTCTG TCCTCCACCCTCTATCCTGTT
11 ACCAACAGTGGAAGCAGCATA AGGGGGAGTCTTCAAGAGGAG
12 GCCATCCTAAAAACCAAACCT CATGGAAATGGTAGTGATTTGC
13 TCCTGTTTGCACCTGACTCTT CATGAATGCCTTACCGACACT
14 GCTTGAGTGAGGGGCTCTAGT ACGTATGCAAGGTGCTGTCTG
15 CGAAAGCATCAAACTCATAACG GGCAACTGTAATCGCTTCATC
16 CAAGGACTCTGGTCAAAGTGG AAATGGGAGGAGAGCTATGGAA
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Table 2.2 Amplification conditions for GLRAI and SLC6A5

GLRA1
Amplimer PCR Temp
Exon | Size (bp) (oC) PCR Cycles

1 453 60* 35

2 347 60 32
3 267 60 32
4 448 60* 32

- BA 243 60 32
5B 321 60 32
6 392 60 32
7 347 60 32
8 585 55Q* 35

SLC6A5
Amplimer PCR Temp
Exon Size (bp) (oC) PCR Cycles

1 491 60 32

2 620 55Q 34
3 300 60 32
4 306 60 32
5 400 60 32
6 326 60 32
7 379 60 32
8 325 60 32
9 287 55 32
10 386 60 32
11 294 60 32
12 379 60 32
13 272 60 32
14 239 60 32
15 397 60 32
16 350 60 32

Q= addition of Q solution (Qiagen) required, *=45 seconds annealing time required. All
exons underwent 32 cycles of denaturation at 94 °C s, extension at 55-64 °C s and annealing
at 72 °C s unless otherwise stated.
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seconds, 55-64°C annealing temperature for 30 seconds, and 72°C
extension temperature for 30-45 seconds.

2.1.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate and isolate DNA
fragments. The percentage of agarose in the gel was selected
based on the target size of DNA. Agarose gels at 1.5 % were
selected for the majority of gels, as this was the optimal
concentration for separation of DNA fragments between 200 bp and
500bp in length, a range encompassing the majority of the exons
in the hyperekplexia gene assays. For restriction enzyme digests
(see section 2.1.5), 2% gels were used to separate smaller
fragments produced by cutting of the PCR fragments.

To generate 1.5 % agarose gels, 1.5 g of dried agarose was
dissolved in 100 ml of 0.5 X TBE (tris-boric acid-edta) buffer by
boiling and after cooling the solution to about 70 °C, the gel was
poured into a casting tray containing a well-forming comb. The gel
was allowed to solidify at room temperature. Set agarose gels
were submerged in 0.5 X TBE buffer (Sigma) in a horizontal
electrophoresis apparatus and the DNA samples mixed with 6X gel
loading dye (Sigma) were pipetted into the sample wells.
Electrophoresis conditions were usually set at 80 —120 V for about
1 h, depending on the size of the gel. DNA fragments were then
visualized under UV light by staining gels with SYBR-Green
(1:10,000, Invitrogen), a fluorescent dye that intercalates between
bases of double stranded nucleic acids.
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2.1.5 Denaturing High-Performance Liquid
Chromatography (dHPLC)

Transgenomic dHPLC analysis was used to rapidly identify
mutations in SLC6AS5 gene, since at the time it was considered the
optimal method for mutation detection due to a high degree of
automation and high-throughput detection rate (Xiao and Oefner,
2001). dHPLC detects single nucleotide polymorphisms (SNPs)
based on the melting temperature differences between hetero- and
homo-duplexes of wild - type and mutated DNA and the sensitivity
of the analysis is maximized by maintaining the column

temperature for successful heteroduplex separation (Figure 2.1).

AT GC Hd
Homoduplexes
Wild Mutant Chromatograph
A C G T
i n r
Heterodu plexes
Figure 2.1 Hetero and homoduplexes resolution on the dHPLC. When an

individualis heterozygousfor a mutation orpolymorphism in a sequence, heating the
DN A to 94°C and cooling of the PCR product results in the form ation o f
heteroduplex molecules between the wild-type and m utant sequences. This
heterozygosity can be id e n tifie d by dH PLC when analyzed under partially
denaturing temperatures. M utation detection was based on the visualization o f

chrom atogram shape differences between homozygous and heterozygous samples.
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For each of the exon assays, the optimal partial denaturing
temperatures were determined using interpretation of the DNA

melting properties by the Navigator version 1.5.1 software.

Prior to dHPLC, 5 pl of PCR product was checked on a 1.5%
agarose gel to verify the yield and purity of the amplified DNA
fragment. The remaining 20 upl of PCR product was then
heteroduplexed in preparation for dHPLC analysis. This was
achieved by denaturing at 95°C for 5 minutes and slowly cooling to
4°C (0.1°C/sec) using an automated program on the PTC-200
thermal cycler to generate either homoduplex or heteroduplex
molecules if a mismatch of base pairs is present. dHPLC analysis
was performed on the Transgenomic 2100 WAVER DNA fragment
analysis system (Transgenomic Inc), using a DNASep HT cartridge
and Navigator version 1.5.1 software.

The heteroduplexed sample (5 pl) was automatically injected on a
preheated column and eluted on a linear acetonitril gradient with a
constant flow-rate of 1.5 ml/min (Figure 2.2). Heteroduplex
molecules were separated from homoduplex DNA molecules by ion-
pair reverse-phase liquid chromatography in a partial denaturing
environment. At the partial denature temperature, the mismatch
region of the heteroduplexes begins to melt and the DNA becomes
less hydrophobic causing heteroduplexes to elute earlier than
homoduplexes. The difference in elution time between hetero- and
homo-duplexes, produces distinct patterns of elution profiles with
heterozygous samples including double or multiple peaks, peak
shift, plateau, or curves. Any sample that displays a variant
chromatogram profile was selected for ABI 3100 sequencing.
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Buffer A Il Buffer B

mmmmm
Column UV Detector Print
out
DNA Sample
Introduction
BUFFER A BUFFER B BUFFER C (syringe BUFFER D (column
Acetonitrile: 250|il  Acetonitrile: 250ml Washing solution) wash solution)
TEAA: 50ml TEAA: 50ml ﬁceton:gl'_e: 80m! Acetonitrile: 750ml
H20 (dHPLC grade) H20 (dHPLC grade): o0 (AHPLC grade): H2 (dHPLC grade):
920ml 250ml|
~ 950ml 700ml

Figure 2.2 Schematic diagram of dHPLC system flowpath. dHPLC uses a
polyacrylam ide gel m atrix to separate hom o - and hetero-duplex species lik e
conventional heteroduplex analysis, hut in a denaturing environment, to enhance the
sensitivity of detection between the two species. Aliquots of PCR product were
autom atically loaded on the DNA SepR column packed w ith polystyrene -
divinylhenzene polymers, and stationary phase occurs due to binding of the
positively charged TEAA (triethylam m onium acetate) ion pairing molecules and
partially unwound DNA fragments with the negatively-charged backbone exposed
(Xiao and Oefner, 2001). DNA was then elutedfrom the stationary phase by using a
linear acetonitrile gradientform ed by m ixing b uffer A and buffer B. DNA which is
progressively elutedfrom the column is detected using a ultra-violet detector, w hich
allow s the DNA fragments to be collected. Recipes for buffer solutions for
Transgenomic 2100 Wave DNA fragment analysis dHPLC machine are also shown

(Transgenomic Inc.)

2.1.6 Sequencing analysis.

PCR products of DNA samples were electrophoresed on 2 %
agarose gels (Roche Applied Sciences) and then purified with
QIlAquick Gel Extraction / QIlAquick purification kits (QIAGEN Inc).
The purified DNA fragments were directly sequenced using Big Dye
Terminator and ABI automated sequencer (ABI3100; Applied

Biosystems). DNA samples and primers were submitted at 5 ng/pl
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and 1.5 pmol/pl respectively. The sequence of nucleotides on the
chromatograph was compared to the normal established sequence
using a mutation surveyor (vergion.3.2, SoftGenetics, State
College, PA) and any changes were investigated for mutational
consequence.

2.1.7 Restriction Fragment Length Polymorphism
(RFLP) tests

Mutations identified by sequencing analysis were confirmed by a
RFLP test. Genetic mutation due to a single or multiple base pair
changes could result in the loss or gain of specific restriction
enzyme sites. Digestion of the DNA fragment containing the
restriction site with an appropriate restriction enzyme could
distinguish alleles or variants based on resulting fragment sizes via
electrophoresis, and this type of polymorphism was thus referred
to as ‘restriction fragment length polymorphism’.

A restriction map of the exon was established for both the normal
and the mutant sequences using the restrictionmapper software
(http://www.restrictionmapper.org/).  Comparison between the
normal and mutant maps reflects the differential loss and gain of
restriction enzyme cut sites. A restriction enzyme was chosen
based on availability and price when more than one enzyme was
applicable. A total of 25 ul of the PCR products were digested
overnight at the required temparature with 1U of enzyme in a total
volume of 5ul. DNA fragments were separated on a 2 % agarose
gel to assess SNP or mutation frequency in control samples. RFLP
mapping can also be applied to the screening of family members of
a proband with a known mutation, as a confirmatory assay to
accompany the sequencing data.
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2.2. Functional analysis of GLRA1 mutations

As a consequence of mutation discovery, the following techniques
were adopted and correspond to the research findings in Chapter 4
of this thesis.

2.2.1 Mutagenesis and expression of cDNAs

The full-length human GLRA1l al and B-subunits were cloned into
the pRK5 vector (provided by Prof Rob Harvey, University of
Pharmacy, London) and the PpIRES2-EGFP plasmid vector
(Clontech, Mountain View, CA, provided by Prof Joe Lynch, QLD
Brain Institute, University of QLD, Australia), respectively. Mutant
GlyR al subunits were constructed using a QuickChange Site-
directed mutagenesis system according to the manufacturer’s
protocol (Stratagene, La Jolla, CA, USA). All cDNA constructs were
confirmed by sequencing the entire coding region. Wild-type (WT)
or mutant GlyR al subunits were transiently expressed in human
embryonic kidney cells (HEK-293) using Qiagen's Effectgene
transfection reagent or a calcium phosphate technique (Sambrook
et al., 1989). HEK 293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, La Jolla, CA)
supplemented with 10% of fetal calf serum (Invitrogen) and 5% of
a mixture of penicillin and streptomycin (100 U/ml penicillin ; 100
g/ml streptomycin; Invitrogen) at 37°C in 5% CO,. Homomeric
GIlyR al subunits were co-transfected with empty pEGFP vector
(Clontech, Mountain View, CA) as a transfection marker in a 1:1
ratio. For heteromeric GlyRs, al and B subunit were transfected at
a DNA ratio of 1:10 (Lynch et al 2008). Homomeric alphal subunit
or heteromeric alpha and beta subunits of GlyRs were distinguished
by applying 100uM picrotoxin (PTX), which inhibits homomeric
GlyRs but not heteromeric GlyRs (Lynch, 2004). Twenty four hours
after transfection, cells were washed in Phosphate Buffered Saline
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(PBS) twice, and electrophysiological recordings were made at
room temperature within the following 24-48 hours.

2.2.2 Electrophysiology - Patch clamping

Whole-cell patch-clamp recordings were performed on HEK293 cells
placed in an external solution consisting of: 140mM NaCl, 5mM KCl,
2mM CaCl;, 1mM MgCl,, 10mM HEPES, 10mM glucose, adjusted to
pH 7.4 with NaOH. Electrodes were pulled from borosilicate glass
hematocrit tubing (Vitrex, Modulohm, Denmark) with a horizontal
puller (P97, Sutter Instruments, Novato, CA, USA) and heat-
polished. The electrode has resistances of 1 - 3 MQ when filled
with an internal pipette solution consisting of: CsCl 145mM, CaCl;
2mM, MgCl; 2mM, HEPES 10mM, EGTA 10mM, adjusted to pH 7.4
with NaOH. Glycine-gated currents were recorded using the whole-
cell patch-clamp configuration at a holding potential of —40 mV
using Axon instruments (Union City, CA, USA). Solutions were
applied to whole cells via gravity through parallel micro-tubules.
The perfusion system was under the control of a manual
micromanipulator and solution exchange was routinely complete
within 100 ms between adjacent tubes. Currents were digitized at
1 kHz, filtered at 500 Hz and digitally recorded on a computer
using an Axopatch 1D amplifier and pClamp9 software suite (Axon
Instruments, Union City, CA).

The half-maximal concentration (ECso) and the Hill coefficient (nu)
values for activation were calculated for an individual cell
separately using the Hill equation (SigmaPlot 9.0, Systat Software).
Currents from individual cells were normalized to the maximum
response at saturating glycine concentrations. The averages of the
current amplitudes from individual cells were used to construct a

dose-response curve by fitting data into the Hill equation through a
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nonlinear least squares analysis (SigmaPlot 9.0, Systat Software).
For tonic open channel activity, the voltage-clamp protocol used to
determine the current-voltage (I-V) curves was voltage-ramps
from a holding potential of —80 mV to a target potential of +20 mV
over 2-s interval.

2.2.3 High-throughput fluorescent system

Forty eight hours after transfection, HEK293 cells were screened
using an automated high-throughput system using the vyellow
fluorescent protein (YFP) mutant, YFP-I152L as previously
described (Kruger et al., 2005; Gilbert et al., 2009). Briefly,
HEK293 cells were co-transfected with mutant/WT ol and YFP-
I1152L within the pcDNA3.1 vector. Twenty four hours after
transfection, cells were plated into a 384 well plate (approximately
2.5 x 103 cells/well). Within the following 24-32 hours, cells were
incubated in 25uL standard control solution (NaCl 140mM, KCI
5mM, CaCl, 2mM, MgCl; 1mM, HEPES 10mM, and glucose 10Mm;
pH 7.4 using NaOH) for one hour. Ten different glycine
concentrations (1uM-30mM) were prepared in Nal solution (Nal
140mM, KCI 5mM, CaCl, 2mM, MgCl, 1mM, HEPES 10mM, and
glucose 10Mm; pH 7.4 using NaOH). Using the automated high-
throughput system, fluorescence images of each well were
obtained twice before and after the application of Nal solution
containing a varying concentration of glycine (Figure 2.3).
Individual concentration responses were constructed by pooling
results from 2-wells exposed to Nal solution containing the same
glycine concentration. The averages of the fluorescence from
individual cells were used to construct a dose-response curve by
fitting data into the Hill equation (SigmaPlot 9.0, Systat Software).
For each mutant, screening was replicated at least 3 times.
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Control image

Test image

[-
lodide (I ) containing solution
» Glycine: luM-30mM

Figure 2.3 Automated high-throughput fluorescent system. the anion-sensitive
yellow fluorescent protein (YFP) mutant, YFP(I152L), highly sensitive to T and
transfection ofH E K 293 cells with YFP(I152L) leads to jluorescence cells (Control
image). E K 293 cells transfected with YFP (II52L) and GIyRs can be quenched by
influx o f T through anion channels such as GIyRs (Test image). A typical image
contained average o f 500 fluorescence cells that can be usedfor analysis. G lycine
concentration-response relationships can be fitte d w ith the following equation: F =
Fmit /(1 + (EC50/[Glycine])nH ), where F is the fluorescence Jlevel following the
application o f a particular glycine concentration, [glycine]; F im, is the initial (or

control) fluorescence.

2.2.4 Biotinylation- cell surface expression assay

Two days after transfection, surface expression of GLRA1 subunits
in HEK293 cells were investigated using a cell membrane-
impermeable reagent Sulfo-NHS-LC-Biotin (Pierce Biotechnology,
Rockford, IL, USA) based on the manufacturer's protocol. Briefly,
transfected HEK293 cells in a 100ml dish were washed twice with
ice cold PBS buffer and incubated in 10ml of PBS containing
0.25mg/ml Sulfo-NHS-SS-biotin for 30 min at 4 °C with gentle
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shaking. Excess biotinylating reagent was then removed by adding
Quenching solution followed by washing the cells twice with TBS.
Cells were lysed using a lysis buffer supplemented with protease
inhibitors. To remove non-soluble fraction, the Ilysate was
centrifuged at 14,000 x g for 15 min at 4°C and then the clear
supernatant removed for further analysis. The total protein
concentration was measured with a DC (detergent compatible)
Protein Assay (Bio-Rad, Hercules, CA) and 50ug of total protein was
removed for immunoblotting analysis. To separate biotin-labelled
surface proteins, 500ug of protein was incubated with 125ul of
immobilized biotin-binding protein, NeutrAvidin gels for 1h at room
temperature (RT). The biotin protein attached beads were then
washed four times with a wash buffer. The surface proteins were
isolated from NeutrAvidin linked biotin molecule by incubating with
100ul of a sample buffer containing 50mM of reducing reagent
dithiothreitol (DTT) for 1h at RT. The surface proteins were then
eluted by centrifugation at 1000 x g for 2 minutes. Total protein
lysates were also obtained from cells transfected with mutant or
WT GIyR a1l and B subunits by lysing cells as described above, but
without the biotinylation labelling. The expression levels of GlyRs
were analyzed using anti-human GIlyR ol antibody (1:1500;
Millpore, Billerica, MA).

Proteins in the whole cell lysates or cell surface proteins were
separated on 4-12% Bis-Tris gels (Biorad) and transferred to
nitrocellulose membranes (Invitrogen). The blots were blocked
with a blocking buffer (Invitrogen) then incubated with an
appropriate antibody at 4°C overnight / 1lhour at room
temperature. After three washes with Tris-Buffered Saline Tween-
20 (TBST), the blots were incubated with secondary anti-mouse or
anti-rabbit IgG (GE healthcare, UK) for 1hr at room temperature.
Proteins were visualized with a gel imaging system (Biorad). An
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anti B-actin antibody (1:7000; ABcam) was used as a control to
confirm that the intracellular proteins were not labelled with biotin.
The intensity of immunoreactivity signal was quantified with
Image) software (http://rsb.info.nih.gov/ij/)

2.2.5 Statistical analysis

Data were analysed using Sigma plot (Systat Software, version
9.0; Point Richmond, CA, USA) and GraphPad Prism version 3.02
(GraphPad Software Inc. San Diego. CA) and expressed as
mean+ SEM. Statistical significance was determined by Student’s
t-test and considered to be significant at P<0.01.

2.2.6 Immunostaining

To examine the subcellular localisation the GLRA1 mutants,
HEK293 cells were transfected with the al construct using Qiagen's
Effectgene transfection reagent. For live-staining, 24 hours after
transfection, cells were washed twice with PBS, then incubated in
10% (vol/vol) FCS + 0.5% (wt/vol) BSA (FCS/BSA) in PBS
for 15 min at RT. Cells were then incubated with a primary
antibody against GlyR al subunit (1:400 dilution, Millipore) for 1-
hour at RT. After three washes with FCS/BSA in PBS, the cells
were incubated with secondary fluorochrome conjugated
antibody (1:200, Alexa 488 goat anti-rabbit, Invitrogen) for 30
min at RT (Figure 2.4). Cells then washed three times with
FCS/BSA in PBS, followed by two washes with PBS. After
fixing cells in 4% paraformaldehyde (PFA) in PBS for 5 min, fixed
cells were incubated with the quenching solution containing 50 mM
NH4Cl for 10 min followed by a further wash with PBS. For normal
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GlyR (x1 or
mutants in
HEK293s

Primary antibody
Anti-GlyR a1

Secondary antibody

Anti-Rabbit Alexa 568 Fix in

4% PFA

Figure 2.4 Schematic diagram ofimmunostaining of HEK 293 cells transfected
with G/yRS GIyR al subunit expressed on HEK293 cells were detected against the
prim ary antibodies against the N -term inal regions of GIyR a | subunit, and
subsequently detected using secondary antibodies. In contrast to norm al staining
method where the cells were fixed with PFA before the antibody incubation, byfixing
cells with PFA after the antibody incubation, only cell surface expressed GIlyR al

can be detected.

staining, cells were fixed with 4% PFA prior to the primary antibody

incubation.

2.2.7 Molecular modelling

Structural modelling of wild-type and mutant GlyR al was carried
out using a homology modelling pipeline built with the Biskit
structural bioinformatics platform (Grunberg et al., 2007), which
scans the entire protein data bank (PDB) for candidate homologies.
The best homology attained for GlyRal was based on 26% identity

with the crystal structure of the nicotinic acetylcholine receptor
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(PDB: 2BG9). Our pipeline workflow incorporates the NCBI tools
platform (Wheeler et al., 2007), including the BLAST program
(Altschul et al., 1990) for similarity searching of sequence
databases. In this case, protein sequences corresponding to the
PDB of protein structures were searched for homology with the C-
terminus of GIlyT1l in order to identify putative structural
homologues. A multiple sequence alignment software T-COFFEE
(Notredame et al., 2000) was used for alignment of the test
sequence with the template. Homology models were generated
over 10 iterations of the MODELLER program (Eswar et al., 2003),
and the DSSP algorithm (Kabsch and Sander, 1983) applied for
secondary structure validation. All models were visualized using

the molecular graphics program Chimera (Pettersen et al., 2004).

2.3 Analysis of Gephyrin heterogeneity

This section details the techniques used to deliver the research
outputs for Chapter 5 with supporting literature (Rees et al 2003;
Waldvogel et al 2006)

2.3.1 RT- PCR analysis of gephyrin isoforms

Primers were designed to target the C3/C4 linker region of
Gephyrin, forward, 5'-CAGTGGTGTTGCTTCAACA GA-3’; reverse,5’-
TCAGAGGAA AAGAGCATGC-3'. Totél RNA from human adult brain,
fetal brain, spinal cord and retina (Clontech, Mountain View, CA,)
were reverse-transcribed using 1ul of total RNA, 10pmol of oligo
(dT) primers and SuperScript III (Invitrogen, La Jolla, CA, USA),
and then PCR-amplified. Amplification conditions were an initial
denaturation at 94 °C for 5 minutes followed by 30 — 38 cycles at
94 °C for 30 seconds, 55-64 °C annealing temperature for 30
seconds, and 72 °C extension temperature for 30-45 seconds. PCR
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products from the DNA samples were electrophoresed on 1.5 %
agarose gels and C3/C4 band was extracted from the agarose gel
using scalpel blades, then purified with QIAgel agarose gel
extraction purification kit (QIAGEN Inc). Purified PCR products of
C3/C4 regions were cloned into pGEM-Easy vectors (Promega,
USA) by incubating the PCR products with T4 ligase (Promega) and
the pGEM-Easy vector for 1 h at RT. 1pl of ligated reactions was
then transformed into TOP20 competent cells (Invitrogen) and
plated on plates containing ampicillin (1pg/ml), isopropyl-p-D-
thiogalactopyranoside (IPTG) (80 pg/ml) and 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside (X-gal) (20 mM) for white and blue
colony selection. A total of 1,500 colonies were picked from
different neurological sources and transferred into 96 well plates
containing 20l of LB (Luria-Bertani) complemented with ampicillin
(1pg/ml). 1 pl of the sub-cloned colony / LB solutions was used to
PCR screen for size heterogeneity on a 2% agarose gel fragments
and a selection was sequenced using Big-Dye Terminators and an
ABI automated sequencer (ABI3100; Applied Biosystems).

2.3.2 Q-PCR analysis

Primers for Q-PCR analysis of gephyrin cassettes were designed
with the Primer-3 programme: The following reverse primer was
used for amplification of all C3 and C4A-C regions, 5-TCAGAG GA
AAAGGAGACAT GC-3’; Forward primers for each cassette are 1)
targeting C3 region, 5’-C AGTCCTGCTGTTGTCATGG-3’; 2) targeting
C4A region, 5'-ATTAGACGGCCGGATGAAAG -3'; 3) targeting C4B
region, 5'-CTCCATCGAAAGCTGGAGGA -3'; 4) targeting C4C of
gephyrin, 5-TTCCCTCGTGCTCATCTACC-3’; 5) targeting C4D, 5'-G
ATTGGAAGGGCTTAAAGATG A-3’; 5) targeting invariant G-domain
region of gephyrin (GephG), forward, 5'-CAAGGAAACCCTGATAGA
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TTGG-3’; reverse,5'-CTGGTGCTTCCCGTTCTATTA-3'. 6) targeting
invariant E-region of gephyrin (GephE), forward, 5-CAACCATCATC
AAAGCAAGGT-3" reverse, 5'-AGACGGCTGCTCATTTGATTA-3".
Total RNA from human adult brain, fetal brain, spinal cord, retina
and heart was reverse transcribed into cDNA as described above
and used as template in a Q-PCR experiment. p-actin and
hypoxanthineoquanin phosphoribosyl transferase (HPRT) mRNA
levels were used as an internal standard. Biorad IQ system was
used with SYBRgreen as the reporter dye. Q-PCR was performed in
triplicates using the IQSYBR Green supermix (Biorad) on Biorad IQ
system (Biorad). A 25ul reaction includes 1pl of cDNA, 10pmol of
each forward and reverse primers and 12.5ul of 1x SYBR Green
mastermix (Biorad) and PCR conditions are as follows: at 95 °C for
5 min, 40 cycles of denaturation at 95 °C for 10s, anneal at 60°C
for 30s, followed by 95 °C for 1 min, 55 °C for 1 min, 81 cycles of
55 °C for 10s (fluorescence acquiring). Primers were optimized to
have ~100% efficiency. To determine the fold gene expression
level of each cassette, the Ct values of the target gene to the Ct
value of the control gene (B-actin) were compared using the
following formula: 2"(Ct(Target)-Ct(Control))

2.3.3 Immunohistochemical procedures

Adjacent series of from human upper medulla and the cervical level
of the spinal cord were processed as a free-floating format in 6-well
tissue culture plates and prepared for immunohistochemical
procedures using standard protocols outlined below, but also
covered in precise detail by Waldvogel et al (Waldvogel et al.,
1999; Waldvogel et al., 2004; Waldvogel et al., 2006; Waldvogel et
al., 2007). For each primary antibody, dilution factor was
optimized using dilution series. Each gephyrin cassette antibody
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was then incubated with the antigenic peptide which can block the
binding of the primary antibody to test the specificity of the
antibody.

2.3.3.1 Brain tissue

The human brain tussue for this study were obtained from the
Neurological Foundation of New Zealand Human Brain Bank
(Department of Anatomy with Radiology, University of Auckland).
with the written informed consent from the families. Ethical
approval for this study was obtained from The University of
Auckland Human Participants Ethics Committee. Brain tissue was
obtained from 5 neurologically nhormal cases including 1 female and
4 males (Table 2.3), with no history of neurological disease and no
evidence of neuropathology. The cases have an average age of
61.2 years (range 35-98 years), and a mean post post-mortem
interval of 15.2 hours (Table 2.3). Blocks from upper medulla and
the cervical level of the spinal cord were frozen with powdered dry-
ice and sectioned at a 50-70um thickness with a microtome.
Sections were stored in PBS with 0.1% sodium azide at 4°C for the

immunohistochemical studies.

Table 2.3 List of human cases used in this study.

Case Age(yr) Sex Pzz:‘:ra;m Cause of death
H148 64 M 7 Ischemic heart disease
H149 48 M 21 CO poisoning

H187 98 F 15 -

H183 61 M 13 -

H184 35 M 20 -
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2.3.3.2 Primary antibodies

1. Custom-made polyclonal antibodies for gephyrin cassettes.
Rabbit polyclonal antibody production for cassettes C3, C4A, C4C

and C4D was performed by Mimotopes Pty Ltd, Victoria 3168,
Australia (www.mimotopes.com). The antigens used correspond to

the human gephyrin gene cassettes are as follows:
VVMAHGEQPIPGC for C3; QIRRPDESKGVAC for C4A; ARLPSCSST
YSV for C4C; G LKDELWRNRGYC for C4D (See Figure 5.3). Two
rabbits were injected intradermally with synthetic peptide
conjugated to carrier protein followed by a booster injection. The
antisera were affinity-purified from a 50/50 mixture of both
hyperimmune sera. The antibody titer of the affinity-purified
antisera was determined by ELISA assay according to standard
manufacturer’s procedures (Mimotopes) yielding a titre of 19,413
for C3; 54,281 for C4A; 5,567 for C4C; and 20,766 for C4D;
corresponding to a concentration of 104 pg/ml for C3; 319 pg/ml
for C4A; 59 pg/ml for C4C; and 119 pg/ml for C4D. Rabbit
polyclonal antibody production for cassette C4B was performed by
NeoMPS, Inc., San Diego, California (www.neomps.com) using the
human C4B peptide sequence LHRKLEELRDHLEGNVKGYC. Three
New Zealand white rabbits were injected intradermally with purified

peptide conjugated to carrier protein followed by a booster
injection. The antisera were affinity-purified, and the antibody titer
was determined by ELISA assay according to standard
manufacturer’s procedures (NeoMPS) yielding a titer of 940,500
and a concentration of 3.42 mg/ml for C4B.

2. GlyRs were detected using a monoclonal antibody Mab4a
(Synaptic Systems; Germany) raised against amino acids 96-105 in
GlyR o3 subunit and recognizes both oy and B GlyR subunits
(Pfeiffer et al., 1984; Perez-Leon et al., 2003). This antibody has
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been characterized in immunohistochemical studies on human
brain (Waldvogel et al., 2003; Waldvogel et al., 2007).

3. A monoclonal antibody 3B11 (Synaptic Systems, Germany)
raised against the first half of the E-domain of the gephyrin protein
was used to detect the full-length gephyrin. 3B11 has been
recently characterized by immunoreactivity rat spinal cord cells
(Smolinsky et al., 2008). At the time of this study there was no
viable gephyrin N-domain antibody available.

2.3.3.3 Single immunoperoxidase labelling (DAB staining).

Pretreated sections were incubated with primary antibodies for 48
=72 hrs at 4°C with gentle shaking at the following dilutions:
mouse monoclonal antibody mAb4a at 1:2,000; mouse monoclonal
antibody 3B11 at 1:1000; C3 at 1:500; C4A at 1:500; C4B at
1:15,000; C4C at 1:200; C4D at 1:500. The sections were washed
three times with PBST for 15 min, then incubated with biotinylated
secondary antibodies (at 1:400; Veatastain) overnight at 4 °C.
Following three washes with PBS-Triton (PBST), the sections were
incubated with Avidin-Biotin Complex kit (at 1:250, ABC kit,
Vectastain Elite kits) for 4 h at RT. After three further washes with
PBST, the sections were incubated with DAB (3,3'-
diaminobenzidine) solution for 15-30 min to generate a brown
coloured product.

2.3.3.4 Immunofluorescent double labelling

Sections were incubated in a combination of primary antibodies for
48 -72 hrs at 4°C with gentle shaking; the mAb4a antibody (diluted
at 1:2,000) or 3B11 antibody (diluted at 1:1,000) was co-
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incubated separately with gephyrin cassette antibodies against C3
(diluted 1:250), C4A (diluted 1:500), C4B (diluted 1:5,000), C4C
(diluted 1:50), or C4D (diluted 1:250). The sections were washed
three times with PBST for 15 min and then incubated with
fluorescent secondary antibodies coupled to Alexa 488 or 568
(1:2500; Invitrogen, La Jolla, CA, USA) for 4 h at RT. The sections
were again washed three times with PBST for 15 min, and then
mounted on glass slides with Prolong Gold (Invitrogen). Each
primary antibody was incubated with both secondary antibodies
and no cross-reactivity was observed between the secondary
antibodies. In control sections where the primary antibody was
omitted, no immunolabelling was obtained.

2.3.3.5 Immunohistochemical analysis

Single immunoperoxidase labeled sections were analysed with light
microscopy using a Zeiss Axioskop upright microscope (Zeiss, Jena,
Germany) equipped for epi-fluorescence and a Axiocam digital
camera. Double immunofiluorescent sections were assessed by
laser scanning confocal microscopy (Zeiss LSM 510 Meta, Jena,
Germany) by using dual-channel recording of AlexaFluor 568 (red
emission) and AlexaFluor 488 (green emission). Digital images
were processed and merged for color colocalisation using the Zeiss

LSM5 Image Examiner software (Zeiss, Jena, Germany).

To determine the immunoreactivity for the gephyrin cassette, for
each cassette, at least three independent experiments were
conducted on brainstem and spinal cord sections obtained from 3
different cases (Table 2.3). The level of immunoreactivity was
semi-quantitatively analysed by counting the number of puncta
from randomly selected cell bodies and dendrites from a total of
402 neurons. Then the level of immunoreactivity of each cassette
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expressed as the ratio of that of C3. For analysis of co-localisation,
colour images were merged, and the position of each gephyrin
cassette was compared with that of the GlyR- or Geph-E clusters.
The level of co-localisation was then represented to the level of
each cassette analysed.
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Chapter 3

Mutation analysis of hyperekplexia

Glycinergic neurotransmission is a major inhibitory system in the
central nervous system (CNS) and defects in glycinergic genes are
associated with the startle disorder, hyperekplexia. This rare, but
potentially fatal, neurological disorder is primarily a hereditary
disorder, typically associated with hypertonia, non-epileptic drop-
down attacks in response to audible or tactile stimuli and
psychogenic consequences. At inception of this thesis and study,
dominant mutations in the glycine receptor al subunit (GLRAI)
was the accepted perception from the literature. This study
however, describes one of the largest studies in the molecular
genetics of hyperekplexia where we not only find an increased
incidence of recessive mutations in GLRA1, but also describe a new
gene in hyperekplexia (at the time) in the form of the glycine
transporter GlyT2 (SLC6A5) gene. The choice of SLC6A5 as a
candidate gene in hyperekplexia was due to the reporting of a
GlyT-2 knockout mouse in 2005 that had all the features of startle
disease (Gomeza et al 2005). In this study, we have analysed the
entire coding regions of two major glycinergic genes, GLRA1 and
SLC6AS5 through the 88 index-cases.

3.1 Patients

Eighty-eight hyperekplexia index-cases were recruited for
hyperekplexia mutation screening having passed the diagnostic
inclusion criteria (Appendix A). All samples were accompanied by
informed consent from patients, parents, carers or guardians. The

samples have originated from healthcare systems from across the
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globe and referred from centers/specialties ranging from neonatal
paediatrics to adult neurology. Patients were numbered according
to the order in which blood samples were received and cohorts
were assembled into a manageable size (n<16) for effective
mutation analysis. Patient samples were initially screened for
GLRA1 mutations using direct sequencing, with all GLRA1-negative
patients progressing towards dHPLC screening (and later direct
sequencing) of SLC6A5 (Table 3.2).

3.2 GLRA1 analysis

GLRA1 was a recognized diagnostic gene in hyperekplexia at the
start of this study, although the disorder was perceived as a mainly
dominant disorder. Eighty-eight index cases of hyperekplexia were
screened for genetic variation in the entire coding regions and
splice regions of GLRA1. Direct sequencing analysis revealed 19
mutations within 30 hyperekplexia index cases, of which 12
mutations were novel and a further 7 mutations have been
described in other studies; whilst seven of the novel and recurrent
mutations were discovered in more than one index case (Table 3.1,
Figure 3.1). This compendium of mutations included 13 missense
mutations (9 novel), 3 nonsense mutations (1 novel) and 3
frameshift deletions (2 novel). The majority of mutations (21/30,
70%) were inherited in a recessive mode, including four cases of
compound heterozygote inheritance (Table 3.1) thereby
significantly increasing the number of pathological recessive
hyperekplexia alleles in the literature. Consequently, on a large
population, index-case ascertainment basis, hyperekplexia is
predominantly recessive, and not dominant as reflected by an
ascertainment bias in the literature (Harvey et al., 2008).
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Consistent with previous studies, all nonsense and deletional
frameshift mutations were associated with recessive cases of HE,
whereas missense mutations transmit either as dominant or
recessive traits depending on their relative position in the
polypeptide subunit or co-inheritance in compound heterozygotes.
Recessive mutations were scattered throughout the GIyR «l
subunit, whereas, dominant mutations are specifically clustered
around the M2 domain containing an ion-selectivity filter and
flanking regions (Figures 3.2 and 3.3). As revealed from previous
studies (Brune et al., 1996; Gilbert et al., 2004; Becker et al.,
2006), clinical phenotypes of patients with recessive mutations
were not as severe as the phenotype of HE animal models where
recessive mutations are associated with more severe outcomes
leading to premature death (Buckwalter et al., 1994; Kling et al.,
1997; Traka et al., 2006), indicating the existence of compensatory
mechanisms. However, they tend to have more complex
phenotypes with developmental delay and/or learning difficulties
(Appendix C). Parents that were heterozygous carriers of the
recessive/compound mutations did not present with clinical
symptoms reminiscent of hyperekplexia. Similarly, dominant
mutations in index-cases were associated with one affected parent
within the family structure.

3.2.1 GLRAI1 recessive variants

Five novel (R65W, D165G, R252C and G254D) and one recurrent
(R392H) recessive missense mutations were identified in the N-
terminal, intracellular and the transmembrane regions. Of the 30
mutation-positive cases, 13 index-cases were identified with
null/non-functional truncated GLRA1 alleles (Table 3.1, Figure 3.4).
The established homozygous deletion of exons 1 to 7 (Aexon
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1-7) was identified in six patients of Turkish origin with
consanguineous parents and is identical to the previously- reported

deletion (Becker et al., 2006). The Aexon 1-7 genotype

hAGlyR al MYSENILRCYLWEITVFFY AASKEAFA. -1
ndyR al
hAQyR al
m(AyR al ARSAPKPMSPSDFLDKLMGRTSGYDARIRPNFKGPPVNVSCNIFIUSFGSISETTMDYRYV 60
N46K A52S
R65L/W E103K

hAdyR al NIFLEQQWNDPRLAYNEYPDDSLDLDPSMLDSIWKPDL FFANEKGAHFHEITTDNKLLRI - 120
mQyR al NHRIOWNPRIAYNEYA T T TPSM DIWKPLY FEANSKCAHFFHHTIONKILRL 120

Y128C D165G
hAyR al SRNOWMBIRTLIITACPMII KNFEVDVOIOM Y ESFGYTIVRNY TFEW EHIGAVMVAD 180
n(IyR al SKRNOGOWMAYSRITTT ACPMT KNEEVDVOIOM Y ESFGYTIVNC TFEWEH XA MVAD 180

L184fs21X Y197X Y202X S231N

hGlyR ai  GLT" QFILKEEKDI RECTKHBNTGKFTCIEARFHL FROMGYYLIQIGV TPSLLIVILSWI 240
nmIyR al QEIITRCHIKEKO RYCIKHYNIGKFIOEARFH FROMGYYLICBYIPSLLIVILSW. 240

S$296X
hAGlyR al ITTVLTM 1§SCAS PRVSYVKEIOWVANVA T FVRAITE 300
n(IyR al RAS PRVMSYWKSIOWVANATRVESALTE 300

R252C
G342
hAyR al  YAAVNFVSR(HKH T RERRKRRFEHH FAKRINESAYOMPAL QAKBASVKGANNS 360
n(GyR al  YAAMNFVIR(HH T RARRKRRHHAKO H R RINESAYOMPA CQAKDAOS MKGANNN 360

R392H

hGiyR al NITNPPPAPSKSPEEVRKI H(RAKKITKISj  rPVARLIF RADVN 420
nmyR al NITNPPPAPSKSPEEVRKI FICRAKKICKIS. " FVAHIRNVEYW REDVN 420
hGIyR al @ 421
nm3yR al K= 421

Figure 3.2 Amino acid sequence of GlyR al subunit with hyperekplexia variants

identified in this Study. Amino acid sequence alignm ent o fhuman and mouse G IyR

al with locations of human GLRA1 mutations identified in this study and mouse
G Ilral missense mutations published to date (grey shading). Residues on the
transmembrane dom ains (M 1-M 4) are shaded in colour and correspond to

transmembrain (TM) domains in Figure 3.3.
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has been identified in another 13 hyperekplexia patients, all from
Turkish decent (Brune et al.,, 1996; Gilbert et al.,, 2004).
Homozygous premature stop codon alleles, Y197X and Y202X, were
also identified in five unrelated Pakistani and Jordanian patients
where the homozygous recessive inheritance in 4 patients

originated from consanguineous parents.

O Dominant mutation

R65L . .
0 Recessive mutation
RE5W AExons 1-7*
WwWesC R72H AExons 4-7*
M147v  E103K 185G |, o7
Albp L184fs21X*f )Y202X GlyR a1

K276E  Y279X
R271P ko762 Y279C

R218Q
R271L
R271Q
s270T
o s267N
S231R o o Qze6H
S231N
cD ®
W239C o o VZBOM
T2651
1244N o GpBaD*
o
R392H
p2s0T™ R316X

Figure 3.3 Schematic diagram o fpredicted GIlyR al subunit and relative locations
ofhyperekp/exia mutations. 2-D schematic representation of a single GIlyR al
polypeptide which consists ofa large N -term inal extra-cellular domain, follow ed by
four membrane spanning domains (M 1-M 4) and a short extracellular C terminus.
Hum an GLRAT1 m utations published to date are indicated. * denotes mutations
id en tified in this study. Thisfigure is a m odified version o fFigure la in Harvey et al

2008 with perm ission from the author.
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Normal C573 C573T (Homozygous) -R65W

GLRA1 L184fs21x ACT
70 180 170 180

GGACTAACTCTGCCCCAGTTT. GGAC TAACTGCCCCAGTTT/

Normal A 931-932CT (Homozygous) - L184fs21X

6LRA1 D1656
Tu

Normal A874 A874G (Homozygous) - D1656

GLRA1 Y197X
210 220 220

TGAGATAATGCACCA

M AAAAAAAAAAA/Y

Normal C971 C971A (Homozygous) -Y197X

Figure 3.4 Sequence analysis ofnovel recessive GLRA1 variants identified in this

study. Sequence chrom atogram s of the norm al alleles (le ft, red arrow) were
compared w ith the homozygous m utations (rig ht, red arrow ). The sequence
chrom atogram s are shown in the sense direction. L184fs21X and Y197X were also
identified as a part of heterozygous compound mutations, in cases 170 and 13,

respectively.
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GLRA1 Y202X

sin s so w o i
<o A c lio i t\€ir. v<?>wc - . c?a. sl <*c: ce i . . ¢ «i fj
Normal C986 C986A (Homozygous) - Y202X
R252C
+0 200 2xX0 200 210
TocAacc "cc fto TOtoacce

O YCCACC T<20 T-cra TC -rcicscicc

Normal C1134 C1134T (Homozygous)- R252C

GLRA1 G254D
220 230
220 5 STGTGGACCTAGGCA
Normal G845 G845A (Homozygous) -G254D

GLRA1 R392H

Normal G1555 G1555A( Homozygous) - R392H

Figure 3.5 Sequence analysis novel and recurrent recessive GLRA1 variants

norm al alleles (left, red

identified in this Study. Sequence chromatograms o f the

arrow) were compared with the homozygous m utations (right, red arrow). The
sequence chrom atogram s are shown in the sense direction. Y202X was also
(case 13).

id entified as a part ofa heterogygous compound m utation finding
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3.2.2 GLRA1 compound heterozygosity variants

Novel compound mutations were identified in four unrelated
patients with asymptomatic parental carriers (Table 3.1, Figure
3.6), effectively doubling the reporting of compound heterozygosity
in GLRA1 (Vergouwe et al., 1999; Rees et al., 2001; Tsai et al.,
2004); 1) In patient 7, a large deletion (Aexon 4-7) is co-inherited
with N-terminal missense mutation R65L. Aexon 4-7, a novel
deletion detected by MLPA, is the second largest GLRA1 deletion
identified in a HE case and is expected to produce a non-functional
allele. RG65L is a novel missense mutation, the effect of which is
described in Chapter 4 on functional platforms along with the
missense mutations of patients 10 and 18 (E103K and S231N); 2)
Novel mutations, L184fs21X and E103K, were identified in patient
10 where the heterozygous frameshift L184fs21X allele generates a
premature stop codon at amino acid position 205; 3) Compound
mutations, Y197X and Y202X, were detected in patient 13, and
both alleles are expected to produce truncated nonsense proteins
devoid of transmembrane domains; 4) A novel missense mutation,
S231N and recurrent nonsense mutation S296X were identified in
patient 18.

Assuming that Aexon 4-7 in patient 7, L184fs21X in Patient 10, and
S296X in patient 18 result in non-functional alleles, then
corresponding R65L, E103K and S231N respectfully are
hemizygous alleles by default and represent the only ol-subunits
available for in-vivo alp GlyR assembly (Figure 3.7). Previously,
three compound heterozygotes for GLRA1 mutations have been
reported in the literature: 1) R252H / R392H (Vergouwe et al.,
1999); 2) 1bp delC (601-605)/ M147V (Rees, et al., 2001); 3)
W9I6C / R344X (Tsai et al., 2004).
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Case 7 : R65L + A Exons 4-7

Normal G574 G574T (Hemizygous) -R65L

Case 10: L184fs21x + E103K

A 931-932CT - L184fs21x G687A - E103K

Case 13: Y197X+ Y202X

im m il
CI971A - Y197X C986A - Y202X
Case 18: S231N + Y296X
G1074A -S231N C1257A -S296X

Figure 3.6 Sequence analysis of compound GLRA1 variants identified in this
study. sequence chrom atograms o ffour cases ofcompound heterogygous m utations
(see red arrow s). R65L is the only available allele in Case 7 due to the deletion (A
Exons 4-7) ofthe second allele and is compared with wild-type allele. The sequence

chrom atogram s are all shown in the sense direction.
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Predicted GIyR al subunit Predicted GlyR

assembly
MI M2 M3 M4
al(WT)’p
R65L R65L R65L
Case 7 N-
Aexon4-7
al(R65L)°p’
E103K E103K E103K
Case 10 N"
L1884
= 208 al(E103K)*p’
e N v No functional GIyR
H. . Y202 al channels
S231
Case 18 N"
NT H D S296X

al(S231N)2p

Figure 3.7 Predicted in-vivo outcomes of compound mutations and resulting

pentameric assemb/y Components. Four index-cases were identified with compound
m utations in this study. In cases 7,170 and 18, the missense mutations R65L, E 103K
and S231N respectively, are expected to represent the only surface-expressed GIyR
al subunits available for in-vivo assembly. W hereas in case 13, both alleles are

expected to produce truncatedprotein, resulting in nofunctional GIyR al on the cell-

surface.
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3.2.3 GLRA1 dominant variants

Two novel dominant mutations, Y128C and T265I, and two
recurrent missense mutations, P250T and R271Q, were identified in
7 hyperekplexia patients (Table 3.1). R271Q was the first GLRA1
mutation associated with hyperekplexia and has been identified in
18 independent families / index cases with dominant hyperekplexia
(Harvey et al., 2008) with a further four independent cases
identified in this study. Extensive functional assessment of R271Q
and P250T have described their pathophysiological basis (Rajendra
et al., 1994; Laube et al., 1995; Lewis et al., 1998; Moorhouse et
al., 1999; Saul et al., 1999, Breitinger et al., 2001; Maksay et al.,
2002). The previously-identified G342S variant was identified in
two patients with an ambiguous functional consequence (Rees et
al., 2001) and consequently is being re-examined in this study
along with novel alleles Y128C and T2651. However, subsequent to
the functional assessment further expanded population studies
have revealed that G342S is a rare SNP present in controls
(frequency = 0.01). The functional data remains in this study as a
virtual negative control for pathogenicity although conceding that
G342S may still remain an allelic risk-factor which may exert an
effect in tandem with other mutations in GLRA1, as is the case in
other disorders (Kubota et al., 2001; Mitra et al., 2003).
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GLRA1 Y128C

Normal A764

GLRA1 P250T

Normal C1128

GLRA1 T265I

250

Normal C1174

270

Normal G1192

A764G -Y128C

C1128A -P250T

C1174T - T265I

260
TCTCT

G1192A - R271Q

Figure 3.8 Sequence analysis of dominant GLRA1 variants identified in this

Study. Sequence chromatograms o f the norm al alleles (left, red arrow) were

compared w ith the homozygous m utations (rig ht, red arrow). The sequence

chrom atogram s are shown in the sense direction.
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3.3 SLC6AS5 Analysis

Fifty-eight patients, excluded from GLRA1 mutations, were
screened for genetic variation in the coding regions and splice
regions of SLC6A. This was achieved by using denaturing high-
performance liquid chromatography (dHPLC) initially, and repeated
by direct sequencing, despite the experimental expense and low
ratio of assays to variant discovery. For SLC6A5 analysis, 16 exons
were screened through the 58 patients, and 12 SLC6A5 mutations
were discovered in 7 index cases (Table 3.2). Patients 31 and 32
were identified with recessive mutations, R439X and T425M,
respectively (Figure 3.10). R439X is a novel mutation identified
after the first report of SLC6A5 mutations (Rees et al., 2006). The
detailed clinical information for patients with SLC6A5 mutations is
included in appendix D (Rees et al., 2006).

The vast majority of SLC6A5 mutations identified in this study were
inherited as compound heterozygotes (Rees et al., 2006); 1) A
nonsense mutation Y377X and a missense plus frameshift mutation
(V432F+fs97X) were identified in patient 33. Both mutations are
expected to produce truncated nonsense proteins. The family
members with Y377X were asymptomatic, whereas V432F+fs97X
was associated with a partial HE (with nocturnal myoclonus and a
nervous disposition); 2) Compound mutations, Y491C and Q630X,
were identified in patient 34. Parents who were heterozygous
carriers of the compound mutations did not present with HE
symptoms; 3) A missense mutation W483R and a missense plus
frameshift mutation P108L+fs25X were identified in patient 35 with
unaffected parents. 4) Patient 36 was detected with two missense
mutations, L306V inherited from the mother and N509S from the
paternal side. In this study, only one case of a dominant mutation,
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0 Dominant mutation
0 Recessive mutation

Figure 3.10 Schematic diagram of predicted GlyT2 and relative locations of
hyperekplexia mutations. 2-D schematic representation of a single GIlyT2
polypeptide which consists a large N -term inal intra-cellular domain, followed by
tw elve membrane spanning dom ains (M 1-M 12) and a short intra-cellular C
term inus. SLC6AS5 mutations identified in this study are indicated. This figure is a

m odified version o fFigure Ib in Rees etal 2006 with perm issionfrom the author.

was identified (S510R in case 37), further supporting the notion
that recessive mutations are the most common cause of

hyperekplexia.

All SLC6A5 mutations, except the novel R439X, were functionally
characterized using a glycine-uptake assay, immuno-staining of
expression constructs and elecrophysiological validation through our
collaboration (Rees et al., 2006). A surface localisation assay
showed that all nonsense or frameshift mutations were not able to
express on the cell-surface possibly due to traffic defects, whereas
the majority of missense mutations, were able to reach the cell-
surface (Rees et al., 2006). However, the surface expressed

missense mutations displayed a significantly reduced level of
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glycine uptake (Figure 3.11). This data was kindly provided with
consent from Professor Robert Harvey (School of Pharmacy,
London) and Dr Stephan Supplison (INSERM, Paris) within the
multicentre collaboration. The data in Fig 3.11 was not generated

by the author of this thesis.

300 1

o oo

200 -
Q

b

g 100 -
Y
Y
8

Figure 3.11 Transport activity of WT and mutant GlyT2. 1o determine the kinetics
of3H -glycine uptake, cells were transfected with the pEG FP-hGIlyT2 construct and
incubations were carried out with varying concentrations o funlabelled glycine (1 -
17000 pM ). The glycine uptake was expressed as a percentage o f that in cells
transfected with an empty pE G FP vector. D ata are represented as means * SEM (n

= 6-20). This figure is a m odified version of Figure 3a in Rees et al 2006 with

permission from the author.

3.4 Summary

Hyperekplexia is a neuromotor disorder characterized by
exaggerated startle reflexes and muscle stiffness in response to
sudden, unexpected auditory or tactile stimuli. This rare, but
potentially fatal disorder is primarily a hereditary disorder and
typically caused by mutations in the genes encoding GlyR alphal

subunit (GLRA1) and the glycine transporter GlyT2 (SLC6AS).
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Systematic DNA sequencing analysis of GLRA1 in 88 new
hyperekplexia patients revealed 19 sequence variants within 30
index cases, of which 21 were inherited in a recessive mode or part
of compound heterozygosity. Consistent with previous studies, all
deletion and nonsense mutations were associated with recessive
onset of phenotype, whereas missense mutations could exert an
effect either as dominant or recessive traits depending on the
position of the mutation in the GlyR alphal subunit. The mutation
analysis of the glycine transporter-2 gene (SLC6A5) in
hyperekplexia also displays predominantly recessive inheritance
and compound heterozygosity. SLC6A5 variants were identified
using denaturing high-performance liquid chromatography (dHPLC)
and confirmed by sequencing. Screening of 58 GLRA1l negative
index cases revealed eleven SLC6A5 variants within 7 independent
families. Collectively, GLRA1 and SLC6A5 mutations analysis have
a positive outcome in 37 patients in total, reflecting a 42 % of
detecting rate, leaving 58 % phenotype positive / genotype

negative hyperekplexia without a molecular explanation.

This study indicates, that on a population basis, recessive
hyperekplexia is more common than expected and that the previous
label and reference towards a ‘dominant disorder’ was an
ascertainment bias on familial presentation and founder linkage
analysis cohorts. In contrast to other diseases caused by
dysfunction of ion channels or murine hyperekplexia models,
patients with recessive mutations/null hyperekplexia mutations in
GLRA1 were not particularly associated with severe cases of
hyperekplexia. The explanation for tolerance of null GLRA1 gene
function in humans is likely due to a compensatory mechanism by
other neuro-inhibitory mechanisms.

73



In chapter 4, an account is given on the functional analysis of a
proportion of novel GLRA1 mutations in a recombinant heteromeric
GlyR alp expression system representing the native form of adult
GlyRs (Langosch et al., 1988). The pathogenicity of SLC6A5
mutations were determined through collaboration and only the
gene-discovery work was undertaken by this author at Swansea
University. Chapter 4, therefore, will be restricted to the analysis
of the new GLRA1 mutations where further progress is made in

understanding the pathophysiology of hyperkeplexia.
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Chapter 4

Functional analysis of GLRA1 mutations

Taking forward the genetic findings described in Chapter 3, we
prepared expression constructs of 11 GLRAI mutants to initiate
studies into the functional context of the hyperekplexia mutations.
There is no further functional work described for SLC6A5 since
much of this was completed by other investigators as part of a
collaboration between Swansea, London and Paris (Rees et al.,
2006). Although discussed in Chapter 6, the genetics and
functional context of SLC6A5 (GlyT2) mutations remain in the
summarized account given in Chapter 3.

The functional properties of the novel recessive and dominant
GLRA1 mutations were further investigated using in-vitro
electrophysiology, fluorescence-based imaging, immunostaining
and biotinylation of cell-surface membranes, plus the latest
molecular modelling algorithms. This chapter will now describe the
outcome of these experiments and demonstrates a multi-faceted
explanation for GLRA1 pathogenicity.

4.1 Preparation of mutagenesis constructs

The human GLRA1l ol cDNA within the pRK5 vector was kindly
provided by Prof. Robert Harvey (The School of Pharmacy,
London, UK). Eleven GLRA1 mutations listed in Table 4.1 were
introduced into the WT al cDNA plasmid using the Quickchange

site-directed mutagenesis kit (Stratagene). The coding region of
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al subunit was otherwise confirmed intact by sequencing for all al
constructs used in this study. The pIRES2-EGFP plasmid vector
with the full-length human B-subunit cDNA and YFP-I152L within
the pcDNA3.1 vector was kindly provided by Prof. Joe Lynch
(Queensland Brain Institute, University of Queensland, Australia).
Both GIyR-B and YFP-I152L constructs were fully-validated in
previous studies (Kruger et al., 2005; Hawthorne et al., 2006;
Yang et al., 2007; Yang et al., 2008; Gilbert et al., 2009)

4.2 Electrophysiological analysis of al GlyR
hyperekplexia mutations

To determine the pathogenic effects of GLRA1 mutants, WT or
mutant human al GlyRs were transiently expressed in HEK293
cells either as homomeric al GlyRs or as heteromeric alf GlyRs
with WT B subunits (Table 4.1). Transfected HEK293 cells were
analysed using whole-cell patching electrophysiology and a high-
throughput YFP-based screening assay. Electrophysiology was
used to examine the effects of mutations at high-precision in single
cells, whereas the fluorescence assay was used to provide an
indication of the proportion of cells that expressed mutant GlyRs.

4.2.1 Recessive Variants

When expressed in HEK293 cells, the majority of recessive
mutations (R65W, R252C, G254D) failed to generate currents
either as homomeric or heteromeric GlyR receptors upon
application of upto 30mM of glycine (Figure 4.1). A novel recessive
mutation, D165G, induced detectable, but significantly (p<0.001)
reduced maximum currents compared to WT, regardless of whether
it was expressed as a homomer or heteromer (al(D165G)p:
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Imax=700.90+£250.05pA, n=11; VS WT alp: Imax=
16051.78+868.67pA, n=16). In addition, the glycine EC50 was
significantly increased in cells where a recording was possible
(Figure 4.2) indicating that glycine sensitivity in these mutants are
markedly decreased. The mutation R392H, identified as a
homozygous recessive mutation in this study, was previously-
identified as a compound heterozygote (R252H and R392H)
(Vergouwe et al., 1999). Consistent with the previous study,
expression of homomeric R392H mutant in HEK293 cells induced
no currents (n=20 for whole cell patching clamp, n>2000 for
automated screening). However, expression with GlyR B subunits
produced small but detectable currents (Figure 4.1) that exhibited
a significant increase in glycine EC50. (Figure 4.2).

Recessive mutations

ol
% NNalp
< 150007 TN
Q.
Nt
% 10000 N
£
=i
5000-
0- IS §

GlyR a1 mutations

Figure 4.1 Imax values of recessive mutations. Maximal GlyR currents were
obtained from HEK293 cells expressing wild-type (WT) or mutant GlyR ol
individually or with the GlyR-p subunit at saturating glycine concentration (up to
30mM). The majority of recessive mutants generated no/ significantly reduced
current (p<0.001 vs wild type). Note a significant increase of maximal currents were
observed in al R392H upon co-expression with f§ subunit. Error bars represent
SEM.
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Figure 4.2 Dose-response characteristics of recessive mutations. Currents were
obtained from HEK293 cells expressing WT or mutant GlyR al subunit either as
homomeric al subunits or heteromeric alf GlyRs at varying concentrations of
glycine (0.01-10 mM). The currents are shown as a percentage of the maximal
current for each cell. A) While the majority of recessive mutations failed to generate
glycine induced currents, two recessive mutations, D165G and R392H, produced
small but detectable currents. Both mutants create a large right shift of the EC50 for
glycine. R392H, however, was able to generate currents only upon expression with
B-subunit. B) Examples of glycine-induced currents produced by WT or mutant GIyR
al and f subunit.
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4.2.2 Compound Heterozygosity

Hemizygous missense mutations, R65L, E103K and S231N,
identified in individuals with co-inherited second-hit nonsense
mutations (compound heterozygosity in cases 7, 10 and 18 - table
3.1) were tested. R65L, co-inherited with A exon 4-7, generated
no current when expressed in HEK293 cells (Figure 4.3). The
positively-charged R65 residue is an important determinant for
interacting with a-amino groups of glycine (Grudzinska et al.,
2005).

Mutations E103K and S231N behaved differently from conventional
recessive missense mutants despite mimicking the in-vivo
consequences of recessive alleles (Figure 3.7) where al(E103K)
and a1(S231N) are the only functional copies of GlyR subunits at
the cell-surface. In contrast to recessive mutants expressing no or
small currents, both S231N and E103K, either as homomeric al
GlyR or heteromeric alB GlyR, generated fully-functional channels
with Imax currents compatible with WT at glycine concentration
30mM (Figure 4.3). However, glycine EC50 was significantly (p
<0.001) increased in both mutants (al(E103K)B =
757.52+147.72, a1(S231N)B=383.8.1+132.57; WT alpf= 23.24 %=
7.59) (Figure 4.4). Unsurprisingly, both S296X and L184fs21X
mutants failed to generate any functional channels (Figure 4.3).
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Figure 4.3 Imax values of compound mutations. Maximal GIyR currents were
obtained from HEK293 cells expressing wild-type (WT) or mutant GIyR ol
individually or with the GlyR-[3 subunit at saturating glycine concentration (up to
30mM). HEK293 cells that did not generate any glycine-induced current were
excluded from the analysis. Peak amplitudes of E103K, S231N glycine currents were
similar to that of WT for either heteromeric or homomeric expression. Error bars
represent SEM.
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Figure 4.4 Dose-response characteristics of compound mutations. Currents were
obtained from HEK293 cells expressing WT or mutant GlyR ol subunit either as
homomeric ol subunits or heteromeric olff GlyRs at varying concentrations of
glycine (0.01-10 mM). The currents are shown as a percentage of the maximal
current for each cell. A) Compound missense mutations, E103K and S231N, show
significant right shift of glycine EC50. B) Examples of glycine-induced currents
produced by WT or mutant GlyR al and f} subunit.
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4.2.3 Dominant Variants

Two novel dominant mutations, Y128C and T265I, showed a
significant (p<0.001) reduction of Imax compared to WT when
expressed as heteromers with the B subunit (al(Y128C)B =
2276.93+74.5, al(T265I)8 = 3583.38+1218.30; WT alpf =
14578.58+814.20) (Table 4.1, Figure 4.5). When expressed as
homomers, T2651 generated barely detectable glycine currents,
and in those cells where a measurement was possible Imax was
170 £ 58 pA (n= 3, p<0.0001 vs WT). The ny value for al(T265I)
were significantly reduced (Table 2), suggesting a reduction in
gating efficacy (Colquhoun, 1998).

However, when al(T265I) was co-expressed with WT glyR B
subunit, the heteromeric glycine-mediated current was easily
detectable and a 20-fold increase in Imax (=3583.38+1218.30pA)
was observed (which can be used to distinguish al(T265I) from
al(T265I)B), although it remained significantly less than values
observed in WT alp (p< 0.001, Figure 4.5). In both homomeric
and heteromeric states, T265I has a significantly increased glycine
EC50 (p<0.001, Figure 4.6). The recurrent mutation G342S,
identified in two dominant hyperekplexia index cases in this study
and in previous studies (Jungbluth et al., 2000; Rees et al., 2001),
induced Imax currents and glycine EC50 compatible to that of WT,
and no evidence of a trafficking defect was observed. Within the
limitations of these experiments, we have no evidence to suggest
that this GLRA1 sequence variant is pathogenic.
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Figure 4.5 Imax values of dominant mutations. = Maximal GIlyR currents were
obtained from HEK293 cells expressing wild-type (WT) or mutant GlyR ol
individually or with the GlyR B subunit at saturating glycine concentration (upto
30mM). The peak glycine currents were significantly reduced in Y128C and T2651
(p<0.001 vs wild type). Note a significant increase of maximal currents were
observed in al T265I upon co-expression with [-subuni (p<0.01). Peak amplitudes
of G3428 currents were similar to that of WT for either heteromeric or homomeric
expression. Error bars represent SEM.
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Figure 4.6 Dose-response characteristics of dominant mutations. A) Currents were
obtained from HEK293 cells expressing WT or mutant GIyR ol subunit either as
homomeric al subunits or heteromeric alfi GIlyRs at varying concentrations of
glycine (0.01-10 mM). The currents are shown as a percentage of the maximal
current for each cell. A) A dominant mutation T2651 shows a significant right shift
of glycine EC50 (p<0.01) . B) Examples of glycine-induced currents produced by
WT or mutant GlyR ol and [ subunit.
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TM2 domain mutation T265I: Interestingly, the glycine-
mediated current from HEK293 cells expressing the heteromeric
al(T265I)8 GlyR was inhibited by picrotoxin (PTX). PTX, a
botanical alkaloid, can inhibit the homomeric a1-3 GlyR subtypes,
whereas the heteromeric a1 GlyR subtypes are insensitive to PTX
(Pribilla et al., 1992). Thus, PTX is often used in assays to
discriminate the homomeric a-GlyR from the heteromeric ap GlyR.

For WT and other al GlyR mutants investigated in this study, PTX
(100uM) strongly inhibited currents in cells expressing homomeric
al GlyRs, but not heteromeric alf GlyRs. The exception to this
was the heteromeric al(T265I) GlyR mutant which displayed an
anomalously high-sensitivity to PTX. To investigate the gain of PTX
sensitivity in al(T265I)B GlyRs, a range of PTX concentrations
(1pM-100uM) were applied in the presence of the glycine EC50
concentration. As shown in Figure 4.7, the glycine-mediated
current was reduced by PTX in a concentration-dependent manner.
The averaged inhibitory dose-response curve is presented in Figure
4.8. Individual PTX dose-responses in the o172%%!g GlyR were fitted
with an averaged half-maximal inhibitory concentration (ICso) of
12.7 £ 0.82uM and an ny of 1.126 = 0.103. This ICsq is
significantly lower than the corresponding values of the
heteromeric a1l B GlyR, which have previously been determined at
219 £ 28 uM (Hawthorne et al., 2006). Consequently, these
results suggest that T265 in the TM2 domain represents an
important new determinant of PTX sensitivity.
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Figure 4.7 alT2651 mutation converted heteromeric alT2651 f GlyRs to PTX
sensitive. Inhibitory dose-response characteristics of PTX-induced currents. The
heteromeric alT2651 3 was not resistant to PTX and the PTX inhibition shows a
dose-dependent manner.The IC50 value of PTX antagonism was 1.49+0.15uM and
6.3 £ 0.7 for al(T2651)B and alWT glyRs, respectively. The currents induced by
alT2651 was not sufficient enough to generate IC50.
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Figure 4.8 TM2-domain dominant mutation T2651. Examples of PTX current
inhibition produced by al(T2651)f GlyRs when an increasing concentration of PTX
was applied in the presence of the EC50 concentration of glycine of the cell.
Representative traces of inhibition of PTX on al WT and al WIp in the presence of
corresponding glycine EC50 concentration.
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N-terminal mutation GlyR al Y128C : The majority of dominant
mutations in HE are located in the pore-forming M2 domain or M2
flanking regions of the GlyR al subunit. However, the novel
mutation Y128C is the second dominant HE mutation located in the
N-terminal extracellular domain (Figure 3.3). The only previously-
reported N-terminal dominant mutation, R218Q, revealed a
decrease in both total and cell-surface expression levels (Miraglia
Del Giudice et al., 2003). Consequently, it was intriguing to
discover that the Y128C mutant formed spontaneously-opening
channels when transiently expressed as homomeric al (Y128C)
GlyRs or heteromeric al (Y128C)B GlyRs (Figure 4.9 A). In the
absence of glycine, the competitive antagonist strychnine had no
significant effect on leak current in cells expressing a1(Y128C) or
al(Y128C)B GlyRs. In contrast, application of 100uM of PTX, an
allosteric inhibitor of GlyRs, significantly reduced inward current
(472 £71 pA, n=25; p<) in the absence of glycine, indicating the
closure of spontaneously open channels (Figure 4.9 B).

Both strychnine and PTX did not induce any detectable currents in
WT al or alp in the absence of glycine. To further verify the
leakage currents of Y128C, voltage ramp protocols as described in
the methods section, were performed 1) in the absence of
agonist/antagonist (control), 2) in the presence of 100uM of PTX
and 3) in the presence of 1ImM of glycine (see Figure 4.9 C). In
the absence of agonist/antagonist spontaneous opening of
01(Y128C) GIlyR was confirmed by unusually larger resting
conductances compared to WT; the slope conductance between
—80 and +80 mV for Y128C prior to the activation of receptor
(resting conductances) was significantly higher compared to WT
(Y128C = 2.95+0.48 nS, n=7; WT= 0.57£0.20 nS, n=3;
p<0.001). Application of PTX (100uM) reduced the resting
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conductance of Y128C by 35%, whilst resting conductances for WT
were similar in the presence or absence of 100uM PTX (Control =
0.57%£0.20 pS, PTX= 0.54£0.21). As expected from the smaller
glycine current produced by Y128C compared to WT (Figure 4.9),
application of 1mM glycine resulted in smaller slope conductance in
Y128C than in WT (Figure 4.9 C).

Following the electrophysiological evidence for tonic opening in
Y128C, tonic currents induced by cells transfected with alY128C
were further examined using a high-throughput quantitative
fluorescence system (Kruger et al., 2005; Gilbert et al., 2009). To
investigate how leak magnitude changed when co-expressed with
WT subunits, the al GIyR Y128C mutation construct was mixed
with different ratios of WT al and co-expressed with the I°
sensitive YFP(I152L); (Figure 4.9). HEK 293 cells transfected with
YFP(I152L) and GlyRs can be quenched by influx of I" through
anion channels such as GlyRs. Using an automated live-cell
imaging system, the glycine dose response characteristics were
determined by quantifying the fluorescence change following the
application of increasing concentrations of glycine (0.001-10mM).

Following the application of saturating glycine concentration
(1mM), over 90% of fluorescent cells transfected with al and YFP
(I152L) displayed fluorescence quench, indicating over 90% of co-
transfection efficiency of al and YFP (I152L). The EC50 of WT al
obtained from cells analysed with the YFP automated system was
similar to that of patch-clamped cells (19.3+3.4 for YFP imaging,
n>2000; 20.74+7.27 for patching electrophysiology, n= 6). As
shown in Figure 4.10, cells transfected with Y128C displayed a
maximum fluorescent change in the absence of glycine (n>2000).
Cells transfected with an equal amount of Y128C and WT generated
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Figure 4.9 adY128C GlyRs generated tonic currents when expressed in HEK 293
cells either as homomeric al subunits or heteromeric alf GlyRs. A) Examples of
glycine-induced currents produced by alY128C. B) A representative trace of an
upward current induced by PTX (100uM) in the absence of glycine. For WT, no
detectable current was induced by PTX or in the absence of agonist (Data not
shown). C) Current—voltage curves relationship of WT / Y128C receptors. I-V
curves were measured by whole-cell patch clamp recordings using voltage ramp
from —80 to +20 mV over 2-s interval. alY128C shows unusually large resting
conductances in the absence of glycine (Control) (*Statistically different from WT
GlyR al, P<0.001). PTX, GlyR channel blocker, induced outward current and the
slope conductance of Y128C was decreased in the presence of 100uM of PTX.
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Figure 4.10 Glycine responses of HEK 293 cells transfected with alY128C cDNA

or with combinations ofalY!28C c¢cDNA with alW T in a different ratio (YJ28C : :W T

= 1:1, 2:1, or 4:1). Over 2,000 <cells were analysed using a high-throughput
autom ated system. Y128C:W T at 4:1 and 1:1 resulted in maximum fluorescence
quench in the absence of glycine (control) sim ilar to that of Y128C, w hilst

Y128C . W T at 1:4 generated controlfluorescence level in the middle ofY 128C and

wT.

a dose response curve similar to that of cells expressing Y128C

indicating the dominant-negative effect of Y128C on WT.

4.3 Subcellular localisation with recessive
mutations

The following experiments were adopted to test whether certain
mutations with no evidence of detectable current activity were
actually reaching the cell surface or alternatively being retained in
the translational pathways of the cellular organelles / or become

trafficking mutants.
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4.3.1 YFP Fluorescence Assay

For each mutant, the number of cells expressing functional GlyRs
were determined using the above assay in which HEK293 cells were
co-transfected with mutant/WT ol and YFP. Fluorescent cells that
were quenched more than 20% of the initial fluorescence intensity
upon the application of a saturating concentration of glycine
(maximum of 30mM) were defined as expressing functional GlyRs.
Screening of over 1,500 HEK cells transfected with GlyR mutants
demonstrated that recessive mutations display a significant
reduction in the number of functional channels, further supporting
the absence of receptor currents caused by these mutations (
Figure 4.11 A).

Dominant mutations, Y128C and T265I and hemizygous missense
mutations, E103K and S231N, displayed an expression level
compatible to that of the wild-type GlyR channels (Figure 4.11 B,
C). To investigate the effects of co-expression of compound
mutations, we have screened over 2,000 HEK cells co-transfected
with compound mutations (5296X + S231R / E103K + L184fs21X).
Both S296X and L184fs21X mutants show loss of function,
however, they did not demonstrate any dominant-negative effects
on the expression of S231R or E103K respectively (Figure 4.11 B).
Previously, S296X was reported to exert dominant-negative effects
on the WT GlyR «al subunit by reducing CI" current density from
~170 pA/pF (WT) to ~100 pA/pF (S296X + WT) (Bellini et al.,
2007). However, when HEK293 cells were transfected with S296X
and WT GIyR ol and analysed on the YFP automated system
(n>2000), no significant change in EC50 or maximum current was
observed in comparison to WT. ‘
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Figure 4.11 The level of functional GlyRs. Wild-type human GIyR al subunit or
hyperekplexia al variants were expressed in HEK293 cells, either as homomeric ol
subunit or heteromeric alfi GlyRs, with YFP. The number of cells expressing
Sfunctional mutant channels were quantified (and compared to that of the wild-type
subunit) using a YFP-based high-throughput screening assay. Fluorescent cells that
showed >20% of fluorescent change (quench) following the application of a
saturating concentration of glycine were considered as expressing functional GIyRs.
The % fluorescent change (quench) was calculated using the following equation: (1
— (Fpinal/Fini)) *100), where F is the initial (or control) fluorescence value prior to
the application of glycine; Ffna is the fluorescence level after the application of
glycine. A) The percentage of fluorescent cells expressing functional Y128C and
T2651 channels were compatible to that of the wild-type GIlyR channels. B) The
levels of functional channels for compound missense mutations, E103K and S23IN,
were similar to that of WT. S296X and L184fs21X do not express functional
receptors. When S296X and L184fs21X were co-expressed with E103K and S23IN,
respectively, the level of functional channel of E103K and S231N were not affected.
C) The majority of mutants harbouring recessive mutations (e.g. RG65L, R65W,
R252C, G254D) have significantly lower levesl of functional GlyRs compared to WT
GlyRs.
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4.3.2 Biotinylation labelling assay

Hyperekplexia mutants with no/low level of functional receptors
were further investigated for the surface expression of channels.
Transfected HEK293 cells were labelled with sulfo-NHS-SS biotin
and electrophoresis of cell-surface proteins revealed that the
reduction in the number of functional channels observed in
recessive mutants is due to the decreased cell-surface expression
of channels (Figure 4.12). The whole-cell expression of recessive
mutations were compatible to that of WT, however, cell-surface
expression levels revealed a significant decrease (Figure 4.12).
Positive controls for WT profiles in mutations T265I and R392H
displayed the expected WT cell-surface expression (Figure 4.12).
The hemizygous mutation, R65L, identified in a compound
heterozygous case (Table 3.1, case 7), generated no current but

has similar levels of surface protein expression compared with WT.

In contrast, the recessive mutation R65W showed a significant
reduction (p<0.0001) in the level of surface protein expression but
similar level of whole cell expression. The possible explanation for
this residue-specific cell-surface difference is described in the
molecular modelling section of this study. For the dominant T265I
mutation there was no alteration in the cell-surface expression
indicating the decreased level of T265I functional channels is due
to non-functional surface-targeted channels rather than a reduction
in surface-expressed channels.
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Figure 4.12 Majority of recessive HE mutations resulted in reduced surface
expression on HEK293 cells. HEK293 cells transfected with WT or mutant al
GlyRs were labelled with sulfo-NHS-SS-biotin, and the cell-surface proteins were
analysed by Western blot with an antibody against the GlyR al subunit (Millipore).
A) Expression of recessive mutations resulted in similar levels of whole cell protein
expression (total) but reduced cell-surface protein expression (surface) compared
with WT receptors. B) The surface expression of the mutant al subunits was
quantified using imageJ software and expressed as a percentage of WI al. The
surface level for the recessive mutations, R65W, D165G, R252C, G254D were
significantly reduced when compared with WT (*p<0.0001). In contrast, the surface
expression of dominant mutation T2651 was not reduced compared to WI. 50ug of
protein lysates were loaded in the each lane.
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4.4 Immunohistochemistry

The reduction of cell-surface expression of GLRA7 mutations were
also confirmed by surface staining of HEK293 cells with an antibody

against the N-terminal of GlyR al subunit (Millipore) (Figure 4.13).

A. Fixed imaging
WT R65W E103K R252C G254D G342S

B. Live imaging

Figure 4.13 Representative confocal fluorescence images of HEK293 cells
transfected with wild-type and mutant expression constructs. The subceiluiar
localisation o fthe GIyR al subunit and hyperekplexia mutants were visualised with
anti-GIlyR al antibody (M illipore). Two differentprotocols were used to differentiate
between cytoplasmic (fixed) and cell-surface GIlyRs (live staining). WT GIyR al and
E103K and G342S GIlyR al are prim arily detected in the cell membrane, while
m ajority of recessive m utations show predominantly cytoplasmic staining with

m inim al cell-surface localization.

4.5 Molecular modelling.

Examination of the positions of the new mutations (Figure 4.14A)
reveals that they are located in three broad zones - the central
region of the extracellular domain, the mid-membrane region and
the cytoplasmic loops. The dominant mutations reported involve
uncharged residues being replaced by other uncharged residues,
while the compound mutations involve residues being replaced by a

charged or polar residue, and recessive mutations involve either
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the replacement of or replacement with a charged residue (i.e.
change of charge). There are no discernable patterns for the
location for each type of mutation, rather it is the changes in
secondary, tertiary and quaternary structure brought about by

individual mutations that determine their functional effects.

The structural modelling of GlyRal mutants is summarized in table
4.2 and has proved to be a useful approach in rationalising some of
the functional effects of the mutations observed in terms of

structural changes brought about by the mutations. Notably, a

short alpha helical

D165 Y128
D97 R65
E103
S$231
T265
G254
R252
R392

Figure 4.14 Structural modelling of GlyRal mutants. A) the positions o7 G IyRal

m utations are superimposed on the m odelling structure dem onstrating the topology

o fthe variants.
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structure is predicted to be introduced in the extracellular domain
of the Y128C mutant (Figure 4.14B) associated with tonic opening.
Several mutant structures displayed marked rearrangement of
transmembrane regions, including Y128C, D165G and T265I, which
are associate with low current. Conversely, E103K, S231N and
G342S mutants show only slight rearrangements of
transmembrane regions compared to wild-type, consistent with
wild-type current levels. Relaxation of the B-strand structure in the
vicinity of the glycine binding site in the extracellular domain was
predicted for E103K, S231N, T265I and R392H, and could be

aligned with observed increases in EC50.

The R65W, R252C, and G254D mutants displayed extension of
either the M2 or M3 helix into the interface with the extracellular
domain, and these mutants suffered a lack of expression (Figure
4.14 C). R65L is a second mutation identified on the glycine
binding residue R65 and is a part of compound mutations.
According to the structural modeling, the main differences between
R65L and R65W are in the B strand structure of the extracellular
domain, which is enhanced in R65W compared to R65L and wild
type i.e. with regards to the B strand structure of the extracellular
domain, R65L is much more like wild type, whereas R65W has
substantially more strand structure, and therefore with the
extended M2 domain helix possesses two significant structural
differences compared to wild type. In R65L, the extension of the
M2 domain helix is compensated for by the increased flexibility in
the extracellular domain, whereas R65W suffers from extension of
the M2 helix and less flexibility in the extracellular domain. These
structural features occur down the same side of the molecule
suggesting that the expression problems encountered by R65W
may be caused by an inability to form viable pentameric structures
with adjacent subunits, due to this decreased flexibility.
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i i Disulphide
Disulphide * Disulphide

Figure 4.14 B) Structural modelling of GlyRal, showing wild type structure,
introduction of short alpha helical structure in extracellular domain of YI128C
mutant (indicated by thick arrow) associated with tonic opening, marked
rearrangement of transmembrane regions in T265] mutant associated with low
current; and relaxation o fstructure in the vicinity o fthe glycine binding site (regular
long arrow), concomitant with observed increases in EC50.

102



R65W E103K~”
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Figure 4.14 C) R65W mutant displays extension of M2 helical region into the
interface with the extracellular domain (dashed thick arrows), associated with lack
ofexpression, whereas R65L mutant displays a less extensive rearrangement of TM
helixes. EI103K and S23IN mutants show only slight rearrangements of
transmembrane regions compared to wild-type, and relaxation of structure in the

vicinity> o f the glycine binding site (regular arrows), coincident with observed
increases in ECS50.

4.6 Summary

From the 18 novel and recurrent GLRA1 variants in Chapter 3, we
have progressed to investigate the functional effects of eleven novel
and two recurrent GLRA1 mutations. Mutation constructs were
prepared using site-directed mutagenesis techniques and the
expression level and functional properties of the hyperekplexia
mutants were analyzed using patch-clamp techniques and a high-
throughput screening system (Table 4.2). The majority of recessive

mutants were unable to generate any current due to traffic defects,
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where as dominant mutations generated surface expressed but
dysfunctional channels.

When expressed in HEK293 cells, either as homomeric al subunits
or heteromeric alf subunits of GlyRs, subcellular localisation
defects were the major mechanism underlying recessive mutations.
Interestingly two mutations identified on the glycine binding
residue, R65W and R65L, generated no glycine currents through
two different cellular mechanisms; in R65W, identified in a
recessive case of HE, the mutant channel was not able to reach the
cell surface resulting in no functional channels, whereas R65L, a
hemizygous mutation, was expressed on the surface, but the
channels were insensitive to glycine activation. GLRA1l mutants
without trafficking defects typically show alterations in the dose-
response curve for glycine suggestive of disrupted signal
transduction.

Whilst the majority of dominant mutations are located in the pore-
forming M2 domain or flanking regions of the GlyR al subunit, the
new dominant mutation Y128C is located in the N-terminal
extracellular domain. When transiently-expressed in HEK293 cells,
either as homomeric al GlyRs or heteromeric alp GlyRs, the Y128C
substitution resulted in  spontaneously-opening channels.
Although, tonic channel opening has been recognized as one of the
mechanisms underlying channelopathies, this is the first report of a
hyperekplexia mutation associated with leaky current.

We also demonstrate that T265 on the pore lining region is an
important residue on determinant of PTX sensitivity and one amino
acid change on the residue was sufficient enough to convert the
heteromeric alB GlyRs to PTX sensitive. PTX is widely-used in
recombinant expression studies of cys-loop channels, however, its
complex inhibitory mechanism is not yet clear. The analysis of PTX
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action on T265I could reveal the new features of pore structural

and pharmacological differences between al and B subunits.
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Chapter 5 Gephyrin heterogeneity in

human brain

In this chapter, we transfer to a wider perspective of human
hyperekplexia and glycinergic biology by examining the relationship
between glycine receptors and gephyrin in the human brain.
Gephyrin encodes a multifunctional cytoplasmic protein that is
important for both organizing of inhibitory glycine and GABAa
receptors at the postsynaptic membrane of neurons and for
molybdoenzyme activity in non-neuronal tissues (Fritschy et al.,
2008). Mutations in gephyrin are associated with a neurological
startle disorder, hyperekplexia, hereditary molybdenum cofactor
deficiency and is disrupted in specific leukaemia translocation
breakpoints (Reiss, 2000; Eguchi et al., 2001; Kuwada et al.,
2001; Rees et al., 2003).

A previous study demonstrated that human neuronal tissues
express over a dozen variants of gephyrin isoforms, generated
from alternatively spliced exons, whereas non-neuronal tissues
express a single gephyrin transcript (Rees et al., 2003).
Alternative splicing, which is generally developmentally regulated,
is now established as the major mechanism underlying the
functional diversity of proteins particularly in the nervous system
(Grabowski and Black, 2001), however, the biological significance
of the gephyrin heterogeneity in the human brain is not known.
Thus, the objective of the experimental approach in this chapter is:
1) to investigate gephyrin transcript heterogeneity among the adult
human brain, retina, spinal cord and fetal brain; 2) to examine,
using custom-made, cassette-specific gephyrin antibodies, the
distribution pattern of each gephyrin cassette in the medullar
brainstem region where GlyRs are highly-enriched.
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5.1 Molecular analysis of gephyrin transcripts

The genomic structure of gephyrin is detailed on Figure 1.3 and
clearly demonstrates the existence of a central linker region and
hotspot for differential splicing. Here, the existence of transcript
populations in four neurological tissue-sources are assessed and an
attempt to quantify their presence in the human brain with Real-

time PCR validation.

5.1.1 Transcript analysis of human gephyrin

To detect possible gephyrin splice-variants, C3 and C4 fragments
were amplified from human adult brain (HB), fetal brain (FB),
retina (R) and spinal cord (SC) RNA (Figure 5.1). This created a
ladder effect of several differentially-sized products and an obvious
heterogeneity in the patterns

observed between tissues. The

transcript ladders were excised

and sub-cloned into pGem 300bp

vectors and transformed into 400bp
ultracompetent cells. Subsequent
transcript analysis and R HB FB SC

sequencing analysis of over 1,500

Fogure 5.1. Heterogeneity of
C3-C4 assays in neurological

clones revealed that at least 22

gephyrin C3/C4 transcripts are tissues. (C3-C4 regions were
. . ) amplified from c¢DNAs of
differentially expressed in the Human adult brain (HB), fetal
above four areas (Figure 5.2). brain (FB), retina (R) and

] ) spinal cord (SC) cDNA..
Ten of 22 splice isoforms were

tissue-specific. Consistent with a previous study, in human brain

at least 11 distinct neuronal gephyrin isoforms were generated
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from the alternative splicing of 4 exons (Rees et al 2003), whereas
fetal brain has 13 isoforms generated from the alternative splicing
of 6 exons. Interestingly, exons 10 and 15 are subject to splicing
in the fetal brain and become constitutive in the adult human brain,
whereas they remain regulated in the adult spinal cord and retina.

Retina and spinal cord displayed 10 and 11 gephyrin isoforms,
respectively and isoforms detected in fetal brain, retina and spinal
cord have a single C3 or C4 cassette insertion. Whilst in the adult
brain, the majority of C3/C4 isoforms contain multiple C4 cassette
insertions, consequently resulting in a more diverse range of the
combinatorial arrangements. This experiment underlies the
concept of the importance of transcript heterogeneity in the human
brain, and the complexity of the interpretation of the biological
context in future studies.

5.1.2 Expression of gephyrin splice-variants in

mammalian brain tissue

Real-time PCR was conducted to quantify the mRNA levels of the
gephyrin cassettes in adult human brain, fetal brain, spinal cord,
retina and heart. First, the expression level of each cassette was
represented relative to that of full-length gephyrin containing N-
domain (GephN) in the adult human brain. As illustrated in Figure
5.3, C4 cassettes were mostly brain-specific, while in the retina
and spinal cord, transcripts containing the C3 cassette
predominate. Gephyrin molecules containing the E domain (GephE
-see Figure 5.3) were more highly expressed than GephN in all
tissue-types investigated except fetal brain. This could be
explained by the presence of gephyrin molecules containing only E-
domain but not N-domain as identified by Y2H experiments (Rees
et al., 2003). The occurrence of smaller gephyrin molecules of
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Figure 5.3 Gephyrin splice variant transcript analysis in mammalian
brain tissue. mRNA expression ofeach gephyrin cassette was determined in

human brain, fetal brain, spinal cord, retina and heart using Q-PCR and

cassette-specific primers. A) Data are presented as a ratio of expression

level of each cassette in different neuronal regions to that ofthefull length

gephryin in the human brain.

B) Data are presented as a ratio of

expression level ofeach cassette to that of C3 region in different neuronal

regions. In human adult brain, allfive splicing exons were identified in a

relatively balanced level, while in the retina and spinal cord, C3 was

predominantly present.
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various sizes (52- 60kDa) containing E- domain were also
identified in rat tissues (Hermann et al., 2001). C4B and
C4C containing transcripts were rare in the brain and hardly
detectable in retina and spinal cord. When the relative
expression level of each cassette was compared to that of
the C3 cassette in each tissue, it clearly showed that C4
cassettes were predominantly expressed in the adult and
fetal brain, whilst in the retina and spinal cord, C4A, C4B
and C4D cassettes had low expression levels but were
minimally detectable (Figure 5.3 B). This is consistent with
studies on rodent gephyrin isoforms which also reveal
variable tissue-specific expression levels of the C4 cassettes
(Meier et al., 2000; Smolinsky et al., 2008). Interestingly,
C4C cassette was detectable in the heart, albeit to a small
extent, but remains the only evidence of C4 cassette
involvement outside neurological tissue.

5.2 Immunohistochemical localization of
gephyrin isoforms in the human medulla
oblongata and spinal cord

The human medulla and spinal cord are highly-enriched with
glycine receptors and subject to the glycinergic inhibition of
the sensory circuits responsible for the ancient startle
response. To begin to understand the neuroanatomy of the
human startle response we created cassette-specific,
custom-made antibodies targeting the five C3 and C4
gephyrin cassettes (see Figure 5.4). The distribution of
gephyrin isoforms containing C3/C4 cassette were
investigated in the human brainstem and spinal cord.
Previous immunohistochemistry studies have illustrated that
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gephyrin has a similar staining pattern compared to GlyRs in the
medullar region and spinal cord with a high proportion of
gephyrin immunoreactivity co-localizing with glycine
immunoreactivity (Baer et al., 2003). Here we have compared
the distribution of gephyrin cassettes with that of GIlyR or
gephyrin E-domain (GephE) in human brain. Monoclonal
antibodies, mAb4a (Synaptic Systems; Germany) and
3B11(Synaptic Systems, Germany) were used to detect GlyRs
and the invariant GephE respectively. Each gephyrin cassette
displays distinct patterns of immunoreactivity and co-localizaton
with GephE domain and GIlyR in double-labeled experiments
(Table 5.1 and Figure 5.5 - 5.9).

5.2.1 Regional localization of gephyrin isoforms

Sections from the upper medulla oblongata and the cervical level
of the spinal cord were immunohistochemically labelled for
gephyrin cassettes (C3, C4A-C4D), GephE or GlyR using DAB
staining (Figure 5.5). Consistent with previous studies
(Waldvogel et al., 2003; Baer et al., 2003), GephE and GlyR
demonstrate moderate to high levels of immunoreactivity in the
hypoglossal nucleus (HN), the dorsal motor nucleus of the vagus
(DMNX) and the solitary nucleus (SN) in the upper medulla
oblongata (Figure 5.5 A-B). The gephyrin cassettes show
weaker immunoreactivity than GephE in the medullar region
(Figure 5.5 C-G) and this correlates with lower levels of C3/C4
mRNA compared to total gephyrin mRNA in the spinal cord
(Figure 5.3). Each cassette, however, displays distinct staining
patterns in the upper medulla oblongata and the cervical spinal
cord (Figure 5.5 and Table 5.1).
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Figure 5.5 Regional localization of gephyrin isoforms and GlyRs in human
medulla and spinal cord. Macroscopic images of serial coronal sections of
human upper medulla (A-G) and spinal cord (H-M) labelled for gephyrin
isoforms (C-D; J-M); GlyR (A, H), or gephyrin-E domain (B, 1) by DAB staining.
A) GIyR and B) gephyrin display intense level of immunoreactivity labelling in the
dorsal motor nucleus of the vagus (DMNX), the hypoglossal nucleus (HN), dorsal
and medial accessory olivary nuclei (AON), inferior olive (I0) and the spinal
trigeminal nucleus (STN). C) C3 shows overall weak labelling with moderate
patch staining in the HN and DMNX. D), C4A demonstrates intense levels of
immunoreactivity in the HN, SN, AON and moderate levels of labelling in the I0.
E) C4B and F) C4C shows relatively weak labelling. G) C4D displays moderate
levels of immunoreactivity in the HN, and DMNX. H) In the spinal cord, GlyRs
show intense staining in the dorsal (DH) and ventral horns (VH) whereas GephE
I) has very intense immunoreactivity in the lamina II of the DH with moderate to
high labelling throughout the spinal cord. J) C44 shows intense staining in both
DH and VH. K) C4B shows moderate to low-levels of labelling in the DH. L)
C4C displays relatively weak labelling in the DH and VH. M) C4D demonstrates
weak to moderate levels of labelling in the DH and VH. — ( Scale bar) = 0.5 cm
in E (applies to A-G); 2 mm in M (applies to H-M).
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Of the five gephyrin cassette specific antibodies, C4A showed the
highest immunoreactivity in the HN and SN (Figure 5.5A). The
staining pattern of C4A was the most similar to that of GlyR and
GephE, showing moderate levels of immunoreactivity in the
accessory olivary nucleus (AON) and the inferior olive (I0). C3,
C4B and C4D displayed overall weak but more diffused
immunoreactivity around the HN and DMNX (Figure 5.5 C, E, G).

Examples of GlyR and GephE staining in the spinal cord are
presented in the Figure 5.5 H-M. The labelling pattern of GlyR and
GephE observed here are in accordance with previously described
staining immunoreactivity patterns (Baer et al., 2003). Consistent
with the staining observed in the medullar area, the
immunoreactivity of C4A antibody (Figure 5.5]) demonstrates
staining patterns similar to GlyR’s with moderate to high-labelling
throughout the DH and VH. The C4D antibody (Figure 5.5 M) and
C4C antibody (Figure 5.5 L) show weak and moderate labelling
throughout the DH and VH respectively. In C4B (Fig. 5.5 K),
staining was preferentially localised to the lamina II of the DH.

5.2.2 Cellular localization of gephyrin isoforms

The distribution of gephyrin isoforms containing C3/C4 cassette
(C3/C4 variants) was further investigated by confocal
immunofluorescence labelling. Although gephyrin binds to GlyR-B
subunit through its E-domain (Kneussel et al., 1999; Rees et al.,
2003; Schrader et al., 2004), a recent study on rodent gephyrin
isoforms indicated that presence or absences of C4 cassette can
interfere with the polymerization of GephE and GlyR and gephyrin
interaction (Bedet et al., 2006). Here, we have investigated the
co-localization patterns of each of the gephyrin cassettes with GlyR
or GephE. Figures 5.6 and 5.8 represent the high-resolution
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images of medulla oblongata and spinal cord sections double-
labelled for each gephyrin-cassette with GephE or GIyR
respectively. As observed in previous studies (Baer et al., 2003;
Waldvogel et al., 2007), GlyR displayed high-level of punctate
immunoreactivity along the membranes of cell bodies and dendritic
processes of HN neurons (Figure 5.8 left panel) whereas GephE
exhibited punctate staining on the membranes in addition to the
cytoplasmic regions (Figure 5.6 left panel). Consistent with Q-PCR
data (Figure 5.3), the level of gephyrin cassette staining was less
than that of GephE immunoreactivity. All gephyrin cassettes
showed puncta immunostaining, the characterization of gephyrin
staining (Meier et al., 2000). In contrast to GephE which exhibited
immunoreactive punctate both on the neuronal membranes and the
cytoplasm (Figure 5.6 left panel), immunoreactivity of the gephyrin
cassette appeared to be preferentially localized to either neuronal
membranes or cytoplasm (Figure 5.6, middle panel). This
preferential localization of gephyrin isoforms was also observed in
rat spinal cord neurons expressing gephyrin isoforms containing C4
cassette due to its inability to form polymerisation and localise to
the cell membrane (Bedet et al., 2006). Interestingly, a significant
proportion of gephyrin variants were not associated or co-localised,
with GephE immunoreactivity providing partial indirect evidence
that some gephyrin species may be fragmented (Figure 5.6).
Further work is needed to prove this suspected outcome and
ongoing efforts are imminent. C3 showed predominantly a diffuse
staining pattern in the cytoplasmic region of HN neurons (Figure
5.6 B, 5.8 B). Rare C3 clusters observed both intracellularly and
on the membrane were scarcely co-localized with GephE
immunoreactivity (Figure 5.6 C) or GlyR immunoreactivity (Figure
5.8 C). In agreement with DAB staining, at the cellular level, C4A
reveals the most similar staining patterns when compared with
GlyR and GephE immunoreactivity.
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Figure 5.6 Gephyrin immunoreactivity at the cellular level. A-O, Confocal laser
scanning micrograph single scans from sections of the human hypoglossal nucleus
and spinal cord after double-labelling with gephyrin E-domain (GephE, 3B11, left
column) and gephyrin isoforms (middle column), with merged images (right column).
The labelling of each marker is shown separately and arrows point to colocalizing
gephyrin E-domain and gephyrin isoform immunoreactivity in each triplet of images.
Moderate to high levels of gephyrin E-domain- immunoreactivity (green, A, D, G, J,
M) are present outlining the membranes of cell bodies and neuronal processes.
Gephyrin isoform- immunoreactivity (red, B, E, H, K, N) is present in low levels with
varying degree of colocalization (yellow in merged images in right column). A-C)
C3 displays low levels of IR that is detected mainly in the cell body and often
colocalized with 3B11- immunoreactivity. D-F) C4A demonstrates moderate to high
levels of immunoreactivity with strong punctate immunoreactivity on the membranes
of cell bodies and processes often colocalizing with 3B11- immunoreactivity. G-I)
C4B and J-L) C4C show low levels of immunoreactivity that is detected mainly in the
cell body. M-0) C4D displays moderate levels of immunoreactivity on dendritic and
somatic membranes that often colocalizes with 3B11 immunoreactivity. Lf =
lipofucsin auto-fluorescence. Scale bars = 10um (C,F,1,0); 25um (L).
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Figure 5.7 Quantitative analysis of gephyrin immunoreactivity at the cellular level.
Semi-quantitative comparison of gephyrin cassette immunoreactivity in HN, Data
are presented as a ratio of expression level of each cassette standardised against C3.
The ratio of co-localisation with GlyR was represented in a patterned bar.

The majority of C4A immunoreactive puncta were localized on the
membranes of the soma and dendritic processes of neurons in the
HN, DH and VH and often co-localized with GephE or GlyR
immunoreactivity (Fig 5.6 E-F, 5.8 E-F). C4D has less
immunoreactivity than C4A, but presented a similar staining
pattern (Fig5.6 & 5.8 N-O). The higher level of immunoreactivity
of C4A and C4D compared to that of C3 correlates with the mRNA
level detected in the whole human brain. It is interesting to note
that the level of C4B and C4C immunoreactivity observed in the
neurons expressing GlyR (Figure 5.9) was much higher than the
level of mMRNA detected in the medulla region (Figure 5.3). This
may indicate that the low-levels of C4B/ C4C transcripts in whole
brain regions is a function of regulated expression of C4B/C4C
gephyrin in discrete populations of neurons in the medullar
brainstem region.
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Figure 5.8 Gephyrin- and GlyR-immunoreacitivity at the cellular level. Confocal
laser scanning micrograph single scans from sections of the human hypoglossal
nucleus and spinal cord after double-labelling with GlyR (mAb4a, left column) and
gephyrin isoforms (middle column), with merged images (right column). The
labelling of each marker is shown separately and arrows point to colocalizing GlyR-
and gephyrin isoform-immunoreactivity in each triplet of images. High levels of
GlyR- immunoreactivity (green, A, D, G, J, M) are present outlining the membranes
of cell bodies and neuronal processes. Gephyrin isoform- immunoreactivity (red, B,
E, H, K, N) is present in low levels with varying degree of colocalization (yellow in
merged images in right column). A-C) C3 displays low levels of immunoreactivity
that is detected mainly in the cell body and rarely colocalized with GlyR-
immunoreactivity. D-F) C4A4 demonstrates moderate to high levels of IR with strong
punctate immunoreactivity on the membranes of cell bodies and processes often
colocalizing with GlyR- immunoreactivity. G-I) C4B and J-L) C4C show low levels
of immunoreactivity that is detected mainly in the cell body with little
immunoreactivity along the neuronal membrane that often colocalizes with GlyR-
immunoreactivity. M-0) C4D displays moderate levels of immunoreactivity on
dendritic and somatic membranes that often colocalizes with GIlyR-

immunoreactivity. Lf = lipofucsin autofluorescence. Scale bars = 10 um (C, F, O);

50 um (I, L).

122



Glycine Receptor Cassette Merge

123



3 IR Geph Cassette
GlyR colocalization

Relative IR level

72222

n |§
C3 C C4B

4A

C4C C4D
Gephyrin cassette

Figure 5.9 Quantitative analysis of gephyrin- and GlyR-immunoreactivity at the
cellular level. Semi-quantitative comparison of gephyrin cassette IR in HN, Data
presented as a ratio of expression level of each cassette to that of C3. The ratio of
co-localisation with GlyR was represented as a pattered bar.

5.3 Summary

In this chapter, the distribution of gephyrin isoforms in the human
brain and spinal cord was analysed using molecular biological and
immunohistochemical techniques. Using RT-PCR and real time
analysis, gephyrin transcript heterogeneity was extensively
investigated in the adult human brain, retina, spinal cord and fetal
brain. RT-PCR transcript analysis and cloning of gephyrin isoforms
revealed that some splice isoforms are restricted to adult human
brain where a more diverse range of the combinatorial
arrangements of exons was observed in comparison to fetal brain,
retina and spinal cord. In addition, we have generated novel
gephyrin cassette-specific antibodies, that are described for the
first time and used to investigate the distribution of gephyrin
isoforms in the human brainstem and the cervical spinal cord and

their co-localization with GlyR’s in these regions.
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The heterogeneity of gephyrin cassettes identified in this study
indicates that the expression of each cassette is temporally and
spatially regulated with unique patterns of co-localization with
GlyRs. Functional studies on rodent gephyrin isoforms suggested
different gephyrin isoforms exhibit different binding specificity and
thereby affect protein-protein interactions. Further analysis of
gephyrin transcripts will lead to better understanding of the
mechanisms underlying the expression of specific splice variants
and their functional roles in the dynamics of inhibitory
neurotransmission.
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Chapter 6 Discussion

Chapters 3-4 of this thesis have described the genetic basis of
human hyperekplexia and we provide further proof of genetic
heterogeneity involving the glycinergic inhibitory system. The
pathogenicity of the gene mutations in GLRA1 (this study) and
SLC6A5 (collaboration) have been validated by a range of
functional platforms, revealing new mechanisms of receptor /
transporter pathology in hyperekplexia. Lastly, in chapter 5, the
investigation of gephyrin heterogeneity in the human brain has
revealed the plethora of transcript isoforms in the human brain and
differential profiles gained from other neurological tissue. The
molecular findings correlated well with the neuro-anatomical
investigation utilizing new antibodies targeting the exons of the
central linker region which are spliced in or out of the gephyrin
gene. Collectively, this has advanced our knowledge-base in the
themes around human hyperekplexia, inhibitory glycinergic biology
and the determinants of GlyR receptor clustering in neural cells.

6.1 Mutations in GLRA1 and SCL6A5 cause human
hyperekplexia

This study represents the largest genetic screening and molecular
characterization of GLRA1 and SLC6A5 in hyperekplexia. Our direct
sequencing screening program of 88 index-cases, collected over 15
years, identified 19 GLRA1 mutations within 30 index cases, and a
further 12 mutations in SLC6A5 found in 7 patients negative for
GLRA1 changes. Collectively this represents a 42% detection rate
in hyperekplexia leaving a further 58% of index cases without a
molecular diagnosis. By defining the genetic hierarchy of this
hyperekplexia cohort, we can now triage the cohort into further
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gene-discovery experiments for those who are phenotype +'ve /
genotype -'ve, as well as validate the pathogenicity of the gene-
positive cases.

From the 30 cases with GLRA1 mutations, 18 were inherited in a
recessive mode or part of compound heterozygosity (Table 3.1)
which is in conflict with the perception that dominant inheritance is
the most common form of hyperekplexia. Twelve novel GLRAI
mutations were identified, all of which were submitted to functional
analysis with exception of homozygous stop codon alleles (Y197X)
and large deletions (Aexon 4-7) where the outcomes are
unambiguous. This study increases the compendium of
hyperekplexia associated GLRA1 mutations by 46% and effectively
doubles the number of gene-positive index-cases known in the
literature (Harvey et al., 2008).

Consistent with previous studies, all nonsense and intragenic
deletion mutations were associated with recessive cases of
hyperekplexia, confirming that haploinsuffiency is not a feature in
this disorder. Hyperekplexia has traditionally been considered a
dominant disorder (Harvey et al., 2008) largely driven by the
identification of multiply-affected dominant families with a linked
bias of M2 pore domain mutations, and the relative high frequency
of R271Q/L alleles in Caucasians. Several studies in recent years,
in relative isolation, have been providing an increasing evidence-
base for the contribution of recessive alleles, led by the high
frequency of A exon 1-7 as a founder-effect in the Turkish
population (Gilbert et al., 2004; Becker et al., 2006; Siren et al.,
2006). This latest study confirms that on an index-case
population-basis the recessive inheritance of hyperekplexia is more
common than dominant although they are closely-matched in their
relative contribution. Combined with the data from SLC6A5, the
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second major gene of effect in hyperekplexia where compound
heterozygosity and homozygous mutant alleles predominate, then

hyperekplexia becomes a predominantly recessive disorder.

In addition to the insights of the molecular genetics of
hyperekplexia, the functional context of the pathogenic mechanism
of GLRA1 mutations is essential to establish pathophysiological
mechanisms underlying the abnormal startle response. The data in
this thesis and in the SLC6A5 collaboration (Rees et al., 2006)
greatly enhance the existence of 3 basic glycinergic channelopathy
mechanisms.

1. Cell-surface expressed receptors that do not function due to
dominant mutations that compromise glycine ligand-binding, alter

agonist sensitivity or cause chloride conductance defects.

2. Trafficking mutants where that GlyR pentameric assembly or
transition through the transcription/translation processes conspire
to cause a deficiency of cell-surface targeting and insertion.

3. Recessive null genotypes, where the creation of functional alp
pentamers is precluded leading to a deficit in glycinergic
neurotransmission where compensatory mechanisms likely exist to
prevent a lethal clinical outcome.

This study has also identified a new pathogenic mechanism relating
to glycine receptors and hyperekplexia. A novel dominant
mutation, Y128C, causes spontaneously opening GlyR channels and
is discussed below. In addition, we have also identified T265 in the
TM2 domain as an important residue for the antagonistic activity of
PTX, and 2 substitutions at position 65 of the polypeptide which
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have very opposite outcomes in functional analysis and molecular
modelling.

6.2 Leaky channels - new mechanism in hyperekplexia

A single dominant missense mutation, Y128C, in the N-terminal of
the a1l subunit resulted in tonic channel opening in the absence of
glycine agonist. This dominant mutation is the first hyperekplexia
mutation identified with spontaneously opening channels or leaky
channels as revealed by the biophysical characterisation. This
channelopathy mechanism has been recognized as a pathogenic
mechanism in other episodic disorders including congenital muscle
disease, cardiac arrhythmias and hypokalaemic periodic paralysis
(Marks et al., 2002; Paavola et al., 2007; Sokolov et al., 2007;
Treves et al., 2008). Constitutive spontaneously opening activity
has also been observed in native cys-loop receptors, including
GABA, receptors (Krishek et al., 1996; Birnir et al., 2000; Wagner
et al., 2005) and nAChRs (Ferrer-Montiel et al., 1991), in addition
to cys-loop receptors with point mutations in regions involved in
channel gating such as TM2 and flanking regions (TM2-TM3, TM3)
or agonist binding N-domain (Chang and Weiss, 1998; Chang and
Weiss, 1999; Corringer et al., 1999; Ueno et al., 1999; Torres and
Weiss, 2002; Bhattacharya et al., 2004; Miko et al., 2004; Newell
et al., 2004). Site-directed mutagenesis studies of GlyR al subunit
have identified three residues causing spontaneously opening GlyR
ol channels; N-terminal D97R and A288W in the TM3 domain
(Mihic et al., 1997; Beckstead et al., 2002). Structural modelling
indicates that Y128 is located in close proximity to D97. Both
Y128C and D97R result in similar conformational changes with the
formation of the same short alpha helix in the extracellular domain
directly overlying the TM regions (Figure 4.14 B) indicating the
tonic opening of the channel is mediated by the same mechanism
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for both N-terminal mutations. In contrast, A288W, which is
located on TM3 domain near the extracellular boundary, appears to
achieve tonic opening by an alternative mechanism, i.e. without
change in secondary structure. The large tryptophan residue
projects outward from the TM3 domain and possibly interferes with
the normal packing of the subunits in the pentameric form. It is
likely that in this regard the introduction of the short helix in Y128C
and D97R has the same effect.

Although the precise mechanisms underlying the channel activation
were unclear at present, a recent study revealed that agonist
binding on the GlyR ol initiates rearrangements of the inner -
sheet on the ligand binding domain (LBD) to trigger further
movements for removing channel gating (Pless and Lynch, 2009).
Y128 is a constituent of the loop E in the inner B-sheet which is
subject to conformational change upon ligand-binding and the
substitution of tyrosine to cysteine at residue 128 is expected to
interrupt the B-sheet structure of the channel transforming (or
converting) the channel to favour an open conformational state.
This is consistent with the predictions of our modelling studies
where the Y128C (and D97R) mutations affect extracellular domain
structure immediately adjacent to the membrane domain.

6.3 Dominant M2 mutations impair GlyR channel function

Typical HE dominant mutations are clustered around the pore-
forming TM2 and flanking domains with Y128C and R218Q being
exceptions from this trend (Miraglia Del Giudice et al., 2003).
R271Q and P250T are recurrent mutations in our cohort which
have extensive previous characterization in the literature
(Langosch et al., 1994; Laube et al., 1995; Shiang et al., 1995;
Elmslie et al., 1996; Saul et al., 1999; Breitinger et al., 2001; Kung
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et al., 2001; Breitinger and Becker, 2002) and Y128C is already
discussed above.

Analysis of a novel dominant mutation, T265I, located in the TM2
domain, revealed a significant decrease of glycine-induced maximal
current and increased EC50 mimicking the typical features of
dominant GLRA1 mutations, specifically the reduced glycine
sensitivity of membrane expressed receptors (Rajendra et al.,
1994; Laube et al., 1995; Saul et al., 1999; Breitinger et al., 2001;
Breitinger et al., 2004).

Interestingly, the deleterious effect of the homomeric al1(T265I)
subunits were partially rescued by co-transfection of GlyR f-
subunits (Figure 4.5). As a al homomeric channel, T265I had no
detectable current, but upon expression with p-subunit, an 18-fold
increase of maximal current was observed. This partial rescue of
the heteromeric channel by B-subunit co-transfection was also
observed in a recessive mutation R392H in the M3-M4 domain
(Figure 4.1). Previously, GlyR channels with defects in glycine
binding sites (R65A and E157D) were also rescued by B subunit co-
transfection (Grudzinska et al., 2005). Agonist binding and signal
transduction occurs by interaction of residues between adjacent
domains, thus, it seems the incorporation of WT B-subunits into the
mutant al GlyRs with defects in agonist binding sites or signal
transduction domains have the potential to alter the biophysical
properties of the alf GlyRs. The pharmacological properties of
GlyRs can also be altered by the incorporation of B-subunits into a
subunits (Supplisson and Chesnoy-Marchais, 2000; Yang et al.,
2007; Lynch, 2009).

PTX is widely used to discriminate homomeric o GIlyR from
heteromeric o GlyR, due to its ability to selectively inhibit
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homomeric GlyRs (Lynch, 2004). Interestingly, the al T265I
mutation restored high PTX sensitivity to heteromeric al(T265I)B
GlyR (Figures 4.7 and 4.8), although the mechanism by which this
was achieved is not understood at present. Site-directed
mutagenesis studies have demonstrated that the structure of the
M2 domain is an important constraint for the antagonistic activity
of PTX on al homomers; mutations on al pore lining residues,
G254, T258, S267, R271, can reduce the antagonistic effect of PTX
(Lynch et al., 1995; Shan et al., 2001; Dibas et al., 2002),
particularly, threonine at the residue 258 on al subunit is regarded
as an essential residue for PTX sensitivity (Shan et al., 2001; Yang
et al., 2007). When residue F282 of B subunit polypeptide, which
corresponds to T258 on ol subunit, was substituted to the
threonine, the heteromeric olB(F282T) was converted to
picrotoxin-sensitive (Shan et al., 2002).

Structural analysis of cys-loop channels predicted that, T265 forms
a part of pore lining residues, along with G254, T258 and S267,
and plays an important role for maintaining a minimum pore
diameter by forming a hydrophobic bond with Q266 in adjacent
TM2 domain (Akabas et al., 1994; Miyazawa et al., 2003) This
study demonstrates that T265 is a novel determinant of PTX
sensitivity. Analysis of its mechanism of action could reveal new
features of pore structural differences and pharmacological
differences between al and B subunits.

6.4 Recessive mutations cause trafficking defects

Two novel mutations in the pore and the flanking region (R252C in
M1-M2 region and G254D in TM2) were associated with recessive
cases of hyperekplexia. Carriers of heterogygous R252C or G254D
mutations are phenotypically asymptomatic. This indicates some
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missense mutations on the pore lining regions may not exert
dominant-negative effects and can be tolerated in the
heterozygous state. Convergent functional studies of these
recessive missense mutations displayed a significant reduction of
membrane expression, presumably a defect in channel trafficking,
thereby inducing a small or no current by glycine (Table 4.1).

Recessive mutations identified in the N-terminal region, R65W and
D165G, also displayed a significant decrease of membrane
expression level as displayed in the biotinylation data and the lack
of glycine currents.

Hyperekplexia differs from other ion channel disorders in that
human patients with recessive/null hyperekplexia mutations do not
present with a phenotype as severe as hyperekplexia animal cases
or recessive cases in other genetic disorders, indicating some sort
of compensatory mechanisms. However, they tend to have a more
complicated phenotype including Ilearning difficulties and
developmental disorders (Appendix C). Although phenotypic
variability is a common feature even among the carriers of a same
mutation in complex genetic disorders, generally, recessive or
compound mutations in channelopathies are typically associated
with more severe phenotype than patients with dominant
mutations, as exemplified by mutations in CLC2 or KCNQ1 genes
causing myotonia congenita or cardiac arrhythmia respectively
(Westenskow et al., 2004; Planelis-Cases and Jentsch, 2009).

Defects in the glycinergic system generate HE-like symptoms in a
variety of animal models (Buckwalter et al., 1994; Kingsmore et
al., 1994; Ryan et al., 1994; Kling et al., 1997; Becker et al.,
2000; Becker et al., 2002). Studies indicate that these animal
models have impaired glycinergic function linked to hyperekplexia
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and experience compensation by enhancement of GLRA subunits or
GABAergic neurotransmission (Findlay et al., 2003; Molon et al.,
2006). In murine hyperekplexia models, homozygous mutations
are generally associated with severe phenotypic outcomes e.g. the
murine model of hyperekplexia (oscillator, spd®) has homozygous
deletion of 7bp which leads to the compete loss of GlyR al subunit
and fatal phenotypic consequences (Buckwalter et al., 1994). The
spd® mice with a heterozygous deletion have a loss of about 50%
of al subunits, but about 30% reduction in total GlyR levels and
are associated with relatively mild phenotype (Kling et al., 1997).
This compensatory mechanism was not observed in mutations
associated with dominant hyperekplexia animal models (Becker et
al., 2002; Findlay et al., 2003). A transgenic mouse expressing
the dominant human mutation (R271Q) showed that the mutation
diminished both GIyR and GABA-A receptor mediated inhibitory
transmission (Becker et al., 2002). This indicates that the
expression of a mutant GLRA1 gene with a dominant mutation may
affect the entire postsynaptic inhibitory system.

6.5 Compound missense mutations behave differently

Two hemizygous missense mutations, E103K and S231N, identified
as heterozygous compound mutations in this study, do not cause
hyperekplexia in the heterozygous status as revealed by
asymptomatic parental carriers of the mutations. In contrast to
the recessive missense mutations in this study, E103K and S231N
expressed fully functional channels with no evidence of trafficking
defects. However, both mutations displayed a significant increase
of glycine EC50, although they were able to generate maximum
currents compatible to WT at saturating glycine concentrations.
The pathogenic basis for these mutations are likely to lie in the
alteration of glycine binding affinity or gating efficacy (Findlay et
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al., 2003), as previously observed with dominant mutations.
Hemizygous mutation E103 is located adjacent to the glycine
binding residues, A101 and N102 (Lynch, 2004), therefore it is
reasonable to speculate that changing a negatively-charged
glutamate to a positively-charged lysine in E103K will interfere with
the binding of glycine.

In a previously-published recessive hyperekplexia case, a
substitution of serine 231 for a charged hydrophilic arginine
(5231R) was reported and expression studies of S231R indicated a
reduced cell-surface expression level (Humeny et al., 2002). In
contrast, S231N seems to alter affinity for glycine binding revealing
a substitution-specific effect in GlyR pathology which is also
observed with R65L and R65W in this study. The hemizygous R65L
mutation does not mimic the EC50 effects of E103K and S231N,
and fails to generate currents when expressed in HEK293 cells.
However, surface-labelling experiments indicated that the R65L
mutants are fully-expressed on the membrane surface, in contrast
to R65W which does not reach the cell surface as supported by
molecular modelling of the effect on the subunit. Whether or not
the R65 mutations have a trafficking outcome, it may all be
secondary to the role of residue R65 as a definitive part of glycine
binding and the change of polarity in R65L and R65W is expected
to alter the stability of glycine binding.

6.6 Gephyrin: a chameleon gene

Gephyrin is a pleiotropic gene which sustains a neuronal clustering
function and a non-neuronal metabolic function in the biosynthesis
of molybdenum co-factor (Feng et al., 1998; Stallmeyer et al.,
1999; Smolinsky et al., 2008). This is reflected in the range of
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disorders that gephyrin mutations can cause including
hyperekplexia (neuronal context) and molybdenum deficiency
syndrome (non neuronal context). There is also an unknown
contribution to leukemogenesis through translocations which
disrupt the gephyrin gene (Eguchi et al., 2001; Kuwada et al.,
2001). Gephyrin is also implicated as a microarray compensator
gene observed in Chorea-acanthocytosis (ChAc), a hereditary
neurodegenerative disorder caused by loss of function mutations in
the chorein gene (VPS13A) (Kurano et al., 2006) and in various
neurodegenerative conditions (Thompson-Vest et al., 2003; Kurano
et al., 2006; Lorenzo et al.,, 2006; Agarwal et al., 2008;
Nithianantharajah et al., 2008; Ryzhikov and Bahr, 2008).
Reduced expression of gephyrin was identified in Alzheimer's
disease and amyotrophic lateral sclerosis (ALS) (Lorenzo et al.,
2006; Agarwal et al., 2008).

To sustain such a varied biological role, whilst encoded by a single
highly-conserved gene, the solution lies in the generation of
function-specific transcripts and certainly that is the evidence for
gephyrin. Gephyrin, typically creates one isoform for the metabolic
function in cells, however, generates multiple isoforms in the adult
human brain and neurological tissue by alternative splicing of five
linker-region cassettes (C3, C4A-D) (Rees et al 2003). This
transcript heterogeneity then confers a neuronal context to the
function where binding of the E-domain of gephyrin to the B
subunit of GlyRs constitutes a major role for gephyrin in glycinergic
neurons and some undefined influence in GABAergic neurons
(Meyer et al., 1995; Calamai et al., 2009). Tissue-specific
gephyrin variants have also been observed in rodents and
functional assays indicated that different gephyrin isoforms are
involved in a range of different protein-protein interactions (Meier
et al., 2000; Bedet et al., 2006; Smolinsky et al., 2008).
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To gain insight into the role of human splicing cassette, the
expression and distribution patterns of gephyrin variants containing
C3/C4 cassettes (C3/C4 variants) were analysed in the human
brain regions. Using cassette-specific primers and antibodies, this
study has demonstrated that 1) from 1,500 clones, at least 21
gephyrin mRNA transcripts were differentially expressed in the
human fetal brain, adult brain, spinal cord and retina (Figure 5.2);
2) gephyrin cassettes were highly brain-specific with C4A and C4D
being the most abundantly expressed cassettes and 4B and C4C,
though rare, showing highly-localized expression, whilst the C3
variants are predominant in the spinal cord, retina and non-
neuronal tissue (Figure 5.3); 3) C3/C4 variants display a distinct
distribution pattern in the human brainstem and spinal cord
(Figures 5.4 -5.8); 4) C3/C4 aggregates show preferential
localization either on the surface membrane or in the cytoplasm
with a different level of co-localisation with GephE or GlyR; 5) the
diversity of gephyrin transcripts is spatially and temporally
regulated and the complexity of gephyrin isoforms is even higher
than previously estimated (Rees et al., 2003; Fritschy et al., 2008).

Recent recombinant expression studies of rodent gephyrin
indicated fhat the relative expression of different gephyrin isoforms
can regulate the dynamics of GlyRs on the cell membrane (Bedet et
al., 2006). Based on the structural analysis of the purified E- and
G-domain gephyrin, the full-length gephyrin exists as a more
stable trimer status (300kDa) generated by the G-domain
aggregation whereas the E-domain alone forms dimers which can
interact with GlyRs but are unable to form stable postsynaptic
clusters (Sola et al., 2004; Saiyed et al., 2007). Gephyrin variants
that failed to form trimerization were not capable of stabilizing GlyR
at the cell-surface, thereby disturbing the synaptic stability of
receptors (Bedet et al., 2006). The presence/absence of the linker
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cassette can interrupt the oligomerization of rodent gephyrin
protein and consequently decrease the number of cell-surface
GlyRs through the rapid internalization of cell surface receptors
(Bedet et al., 2006). Immunohistochemical analysis of human
gephryin cassette in this study showed that the variants containing
each cassette display distinct immuno-staining pattern with the
preferential localization either on the neuronal membranes or in the
cytoplasm indicating different C3/C4 variants may exert different
oligomerization status and may play distinct roles in the clustering
at postsynaptic sites.

Consistent with previous study, the expression level of C3
transcripts displayed a significant difference between neuronal and
non-neuronal tissues (Rees et al., 2003). It is present in virtually
all gephyrin isoforms identified in heart, whereas its presence is
down-regulated in human adult and fetal brain at the mRNA level
(Figure 5.3). In neuronal cells, C3 variants were reported to be
repressed by nova, a neuronal regulator of pre-mRNA splicing, and
the presence of C3 variants in neurones may reflect the
requirement for background non-neuronal moco-synthesis, rather
than enabling clustering at the postsynaptic sites (Paarmann et al.,
2006). As expected, immunoreactive gephyrin clusters containing
C3 (C3 variant) are predominantly present intracellularly in the
neurons of the HN or DH and virtually no colocalization with GlyR
(Figures 5.5 - 5.9). Cytoplasmic clusters of C3 variant were also
observed in recombinant gephyrin variant expressed in rat spinal
cord neurons (Paarmann et al., 2006). A recent study showed that
in the rat brain, cortical neuronal cells display a very low activity of
Moco synthesis, whereas glial cells are responsible for the synthesis
of Moco in the brain. Consequently, C3 isoforms were most
commonly found in rat glial cells and not in the cortical neurons

(Smolinsky et al., 2008). This may explain the lower immuno-
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labelling of C3 in the medulla oblongata and the cervical spinal cord
neurons compared to the high expression of C3 mRNA transcripts
in the spinal cord as observed in this study. This is also supported
by the expression levels observed in human brain where C3-
cassette gephyrin is subservient to the C4 cassette gephyrin which
is then reversed in spinal cord and retina (Figure 5.3).

C4A was the most abundant C4 gephyrin cassette both at the
MRNA and protein level in the brain. This is consistent with a
previous study where C4’ (rat gephyrin cassette equivalent to
human C4A) was readily detected in the brain tissue but not in the
non-neuronal tissues (Meier et al., 2000). C4A variants have a
staining pattern compatible to that of GIlyR in the medulla
oblongata and the cervical spinal cord regions and a significant
proportion of C4A is co-localized with GephE and GlyRs on the cell
membrane indicating the majority of C4A variants are involved in
postsynaptic clustering of GIlyRs (Figures 5.5 - 5.9). The
interaction of C4A variants with GIyR was also demonstrated in
rodent gephyrin isoforms (Meier et al., 2000). In contrast to low
expression levels of C4A mRNA transcripts in the spinal cord,
immunoflurescence studies showed that C4A is highly-expressed
and shows more intense labelling than that of GephE, particularly,
in the VH neurons in the spinal cord, indicating the selective
localization of C4A variants. C4D is the second most abundant
cassette in the brain and is very similar to C4A as evidenced by the
convergent data on the mRNA expression pattern, membrane
punctate immuno-staining and protein levels. This implicates
cassettes C4A and C4D as important developmentally-conserved
determinants in the human brain and confers properties onto the

gephyrin molecule which triggers / facilitates glycinergic specificity.
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C4B is currently a human-specific cassette and was the least
abundant cassette at the mRNA level. However, at the protein
level, it showed higher level of expression in the glycinergic
neurons in the medullar oblongata region. Interestingly, C4B is
hardly co-localized with GephE, however the majority of the C4B
variants were colocalized with GlyRs on glycinergic neurons. This
cell-specific differential expression of gephyrin molecules has been
well-documented in rodent tissues (Craig et al., 1996; Simburger
et al., 2000). Differential expression of gephyrin in distinct sizes
and shapes were even reported in single spinal cord neurons
(Gonzalez-Forero et al., 2005).

C4C, is another rare cassette in the human brain, but also showed
higher expression level in the discrete populations of glycinergic
neurons in the medullar brainstem region. A recent study indicated
that the synaptic clustering of GlyR is regulated by gephyrin-
gephyrin interaction as well as gephyrin—-GlyR interactions
(Ehrensperger et al., 2007). Functional analysis of rodent gephyrin
isoforms showed that gephyrin variant containing C4 (equivalent of
human C4C) can inhibit the polymerization of gephyrin as well as
interfere with the glycine and gephyrin interaction by producing a
dominant-negative effect (Bedet et al., 2006).

The clear understanding of the functional roles of these cassettes is
further complicated by the combinatory transcripts which exist,
with multiple cassettes making biological characterization a very
difficult task. Based on functional analysis of gephyrin isoforms in
rodent (Meier et al., 2000; Smith et al., 2000; Bedet et al., 2006;
Paarmann et al., 2006), it is possible that through the regulated
expression of different gephyrin C3/ C4 isoforms in different brain
regions, gephyrin may interact with distinct proteins and thereby
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accommodate the diverse range of functional complications in the

human brain.

Gephyrin is involved in clustering of both GABA and glycine
receptors (Kirsch and Betz, 1993; Kirsch and Betz, 1995; Craig et
al., 1996, Sassoe-Pognetto and Wassle, 1997, Essrich et al., 1998;
Giustetto et al., 1998). Both GABARs and GlyRs show subunit
specific, distinct regional and a cell-specific expression in the brain
with subunit restricted physiological and pharmacological properties
(Enz and Bormann, 1995; Sassoe-Pognetto et al., 1995; Lynch and
Chen, 2008; Chen et al., 2009). In addition to binding to GABAAR
and GlyRs, gephyrin is also interacting with numerous neurological
molecules including Mena/VASP, neuroligin, dynein light chain 1/2,
RAFT1, collybistin, GABAR associated protein (GABARAP_, Pinl or
the actin-binding protein profilin and tubulin (Sabatini et al., 1999;
Kins et al., 2000; Fuhrmann et al., 2002; Giesemann et al., 2003;
Bausen et al., 2006), illustrating the diverse role of gephyrin
molecules in the CNS.

A recent immunohistochemical study showed that in the human
substantia nigra region, some neurons are GABA / glycine specific
whereas some have both receptors expressed but without co-
locolazing (Waldvogel et al., 2007). Based on the unique
distribution pattern demonstrated by different gephyrin cassette, it
is tempting to speculate that the differential cellular expression of
GABARs and GlyRs observed in these neurons are regulated by the
differential expression of gephyrin isoforms. Indeed, a
recombinant expression study indicated that the GABAergic
postsynaptic sites are not pre-determined for exclusive expression
of GABARs, but presence or absence of specific gephyrin cassettes
were able to regulate the expression of GlyRs in the GABAergic
sites (Meier and Grantyn, 2004). Immunohistochemical analysis
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has also revealed that gephyrin is co-localized with the slicing
variants of glutamate receptor interacting protein 1 (GRIP1),
GRIP1c4-7 or GRIPla/b, at the vast majority of post-synaptic
GABAergic synapses (Yu et al., 2008).

6.7 Study Summary

In this study, we present the largest multi-centre screening
programme in hyperekplexia which has revealed novel and
recurrent mutations at a rate where functional analysis is beginning
to reveal pathophysiological and clinical trends and conclusions. In
screening 88 index-cases with unequivocal hyperekplexia, this
study confirms that GLRA1 and SLC6A5 are genes of major effect
in hyperekplexia and have direct clinical translation in 42% of
patients. Nevertheless 58% remain gene-negative and more effort
is needed to identify the genetic basis of these cases. For the first
time, the study confirms that recessive hyperekplexia is more
common that dominant hyperekplexia, albeit due to several
anthropological and mutation frequency factors.

The functional analysis of the novel GLRAI1 mutations reveals a
number of mechanisms in hyperekplexia. This includes
compromised ligand-binding, chloride conductance, cell-surface
trafficking, agonist sensitivity and functional null scenarios. In
addition, new mechanisms of action have been identified, including
the first clinical example of tonic opening of GlyR’s (Y128C), an
important determinant of pictrotoxin binding (T265I), and the first
human mutations in the R65 glycine binding site with mutation-
specific abilities to reach the cell surface. Several lines of
convergent evidence, including biophysical characterisation, cell-
surface expression and molecular modelling, all provide a

pathophysiological basis in a mutation-specific manner; with the
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exception of the G342S variant where no indication of pathology
was found, and is now a confirmed population-based non-
synonymous SNP variant.

The structural integrity of the GIlyR pentamer is one issue in
hyperekplexia, but so is the effective targeting and clustering of
receptors at the postsynaptic membrane. Gephyrin is an essential
determinant in GIlyR clustering by providing a sub-cellular
scaffolding lattice to support the dynamic process of GlyR cycling
and anchoring. This study confirms that gephyrin makes at least
21 transcript editions in human brain, retina and spinal cord and
that this is generated by combinatory splicing of the C3/C4 central
linker exons. We demonstrate that C4 exons are highly expressed
in human adult and fetal brain, especially so for C4A and C4D, and
that this trend is repeated by immunoreactivity experiments on
postmortem human brain. Immunocytochemical studies also found
a high-degree of co-localization between C4A / C4D and GIlyRs in
the human brainstem region. The next challenge is to unravel the
functional context of this heterogeneity and how it affects and

specifies glycinergic neurotransmission.

Finally, it must not go unnoticed that this study was only made
possible by collaborative, multicentre efforts and the role of
consenting patients. Collectively, we are in pursuit of effective
diagnostics and drug-control of hyperekplexia - a distressing, life-
long condition that can diminish well-being at best and at worst can
have fatal consequences; all the result of the dysfunction of an
evolutionary-conserved, ancient glycinergic startle response.
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Conclusions

This study describes the ongoing genetic screening program
which has identified a new gene in 7 human hyperekplexia
cases with 12 pathological mutations in the glycine
transporter-2 gene (SLC6A5; GlyT2). Functional analysis
validated pathogenicity as part of a multicentre collaboration.

The same study discovered 19 novel & recurrent mutations in
GLRA1 associated with 30 cases of hyperekplexia. Contrary
to popular belief, the study indicates that compound
heterozygosity and recessive mutations are the most common

inheritance pattern in sporadic hyperekpelxia.

All nonsense and intragenic deletion GLRA1 mutations were
associated with recessive cases of hyperekeplxia, confirming
that haploinsuffiency is not a feature in this disorder. 1In
some parts of the world the -cultural acceptance of
consanguinity is a risk-factor for recessive hyperekplexia.

Functional analysis of GLRAI1 mutations demonstrates that
defects in trafficking appear to be the major mechanism

underlying recessive mutations.

Other hyperekplexia mutants, without trafficking defects,
typically show a total absence of channel current or exhibit
EC50 alterations in the dose-response curve for glycine,
suggestive of disrupted signal transduction.

Biophysical characterisation and molecular modelling of GlyR-
Y129C has confirmed that it is uniquely a leaky channel where
the glycine receptor is locked into a position favouring the

open channel conformation.
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The T2651 mutation confers pictrotoxin sensitivity on
ai(T2651)B heteropentamers which is contrary to the insensitive
aif wild-type counterpart.

Convergent use of experimental data and molecular modelling
reveals the reason behind the cell-surface expression of the
glycine binding mutant, R65L; contrary to R65W which
displays markedly reduced cell-surface expression.

The complexity of gephyrin isoforms in humans is even higher
than previously estimated; with at least 21 gephyrin mRNA
transcripts that are differentially-expressed in the human fetal

brain, adult brain, spinal cord and retina.

The C3 variants are predominant in the spinal cord, retina and
non neuronal tissue, whereas the four C4 cassettes were
highly brain-specific with C4A and C4D being the most
abundantly expressed cassettes.

By using established antibodies and creating new gephyrin
antibodies with epitopes in the C3/C4 region, this study
revealed that variant cassettes display a distinct distribution
pattern in the human brain stem and spinal cord with different
levels of co-localisation with GlyRs.

The poor representation of cassettes C4B and C4C in
generalised real-time PCR, is contradicted by highly-localized
immunoreactivity expression of both cassettes; indicating that
the diversity of gephyrin transcripts is spatially and
temporally regulated in brain cell-types and neural networks.
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Limitations of study

1) Due to the time and financial constraints, only GLRA1 gene -ve
samples were screened for SLC6A5. However, we cannot exclude
the possibility of hyperekplexia cases with digenic mutations in
both GLRA1 and SLC6A5 genes.

2) Following the ethical guidelines obtained for this study, all
patients were anonymised and the detailed phenotypic information
of patients were not available for the current study. Further
studies are required to establish phenotype-genotype co-
relationships in hyperekplexia.

3) The functional impact for the GLRA1 G342S mutation remains
ambiguous; therefore, a causal relationship in patients is not
proved conclusively despite being identified in three patients with
typical hyperekplexia symptoms.

4) Population studies were not performed for recurrent mutations
where credible previous studies have assessed frequencies in
normal control populations. In addition, major racial/ethnic groups
appear to have different allele frequencies (Botstein and Risch
2003), and our control cohort were typically Caucasian.

5) The pathological outcomes in this study of GLRA1 and SLC6A5
mutations were confirmed on a non-neuronal cell line, HEK293.
However, other studies have implicated that different experimental
outcomes can be observed between HEK293 cells and neuronal cell
lines (Kung et al., 2001).
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6) Functional analysis of GLRA1 and SLC6A5 were performed with
constructs based on cDNA of each gene. Therefore, mutations that
may cause splicing effects were not considered in the experimental
setting and they require new constructs with exonic and the

flanking intronic regions containing splicing machinery.

7) Due to the availability of RNA samples, quantitative study of
gephyrin isoforms at the mRNA level was performed in the whole
brain region whereas the level of gephyrin protein level were
investigated in GIlyR-rich brain stem regions. To clarify the
conflicting results observed in the quantity of gephyrin at the
mRNA and protein level in this study, quantitative analysis of
gephyrin isoforms on brainstem region RNA is required.

8) The N-terminal specific antibody for gephyrin was not tested in
this study. It would be an immediate experiment to test if GephN
immunoreactivity shows a pattern relative to the C3/C4 cassettes
and GlyRs.
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Future Directions

This study has revealed some novel discoveries and attempted to
define the causes of hyperekplexia and approach the biological
context of receptor dynamics and clustering. However, detailed
investigation can lead to more questions than answers and with
58% of the hyperekplexia cases without a molecular explanation, a
future challenge is immediately obvious.

The gene-negative samples need further screening in genes that
are determinants of the glycinergic proteome. The same level of
sequencing detail is required in the genes with rare association
with hyperekplexia such as GLRB, GLRA2, GLRA3 and gephyrin.
There is also some justification for screening the GABAergic
candidates, particularly since GAD-65 auto-antibodies can cause
stiff-person syndrome, although GABAergic mutations are
occasionally associated with idiopathic epilepsy rather than
paroxysmal startle disorders. Historically, gene discovery from the
animal models of hyperekplexia and startle phenotypes have
guided human screening efforts. It seems prudent to remain
vigilant of new models as they emerge in the literature and react

by screening the gene-negative cohorts.

More promise of success will emerge with 3™ generation
sequencing and microarray platforms. Molecular genetics is
changing from large cohort-based studies to smaller well-defined
cohorts matched with the technical feasibility of genome-wide
sequencing and transcriptome sequencing. A well-defined
hyperekplexia cohort which has all major candidate genes excluded
as the pathogenic basis will be well-suited for this high-end

technology and this thesis recommends embracing these new
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opportunities. Expression microarrays will be more of a challenge
since the neuronal context and tissue-type specificity in
hyperekplexia means that normal pathology samples such as blood
cells or fibroblast lines are unlikely to be informative.

“Let's keep looking where the street lamp standeth” is a
paraphrase often used to pay closer attention to what is already
known and this applies to GLRA1 and SLC6A5. How? - the effect
of intragenic SNP’s and changes close to splice-sites that may have
a yet undiscovered influence over gene control. The same applies
to promoter and enhancer sites for both genes. All these factors
need investigating even if it merely contributes to exclusion from
the cause of the disorder. Moreover, since auto-antibodies often
mimic hyperekplexia symptoms, it is feasible to suggest that
glycinergic auto-antibodies may be one of several non-genetic
causes of sporadic and late-onset cases.

One of the big challenges to arise from the study is the validation
strategy required to assess the functional significance of gephyrin
transcript heterogeneity. With 22 transcripts created from multiple
combinations of central cluster exons may all have subtle cellular
or tissue-type consequences and this is where microarray may be
useful as a way forward to analyse effects. Also the preparation of
full-length tagged constructs of gephyrin transcripts for
transfection experiments in contextual cellular models will be a

start to the process of assigning transcripts to specific function.
Although detection sensitivity may be an issue with transcripts, but

analysis of the gephyrin C3/C4 cassette antibodies on brain-lysate

Western blots is also a future research line to follow.
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It is also apparent that other parts of the brain are enriched with
glycinergic pathways and the analysis of co-localization patterns
would also be a project to fully exploit the unique antibody
resource created by this study. Once the constitutional
characterisation is complete, there are also other disorders where
we could investigate altered patterns of staining and where the
disorder is common enough to be represented in brain banks.

Lastly, with a well-defined group of hyperekplexia cases with 2
different genes of effect, then phenotype / genotype correlation
studies are warranted. For example, the association of recessive
hyperekplexia with learning difficulties is an emerging theme, or
the response dynamics to clonazepam treatment in GLRA1 positive
versus SLC6AS positive cases is an intriguing possibility.
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Appendix

A. Diagnostics criteria for human

hyperekplexia

Required criteria

- Startle: Exaggerated startle reflex to unexpected (particularly
auditory) stimuli. The startle response can be prolonged and be
present before birth. Consciousness is unaltered during startle

episodes. Nose-tap-test is positive (does not habituate).

- Stiffness: Generalized stiffness immediately after birth,
normalising during the first years of life. The stiffness can be
predominantly truncal or lower limb, increases with handling and
disappears during sleep. Short period of generalised stiffness
following the startle response during which voluntary movements

are impossible. This can result in falls in adults.

- Exclusion of mimics: Normal MR imaging, no dysmorphism or
congenital deficits noted. Normal EEG during startle episode.
Autonomic features of paroxysmal extreme pain disorder absent.

- Supportive criteria

- Inguinal, umbilical, or epigastric herniae.
- Congenital dislocation of the hip.
- Hypoxic attacks in infancy.
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B. Clinical phenocopies of human hyperekplexia

Phenocopy

Comparisons with human startle

Acquired Hyperekplexia
Sub-acute anti-glycine
receptor antibody
mediated condition that
responds to
immunosuppresion and
plasma exchange
(Hutchinson et al., 2008).

Paroxysmal extreme
pain disorder
Autosomal dominant
condition recently shown
to be a sodium
channelopathy involving
SCN9A (previously known
as familial rectal pain
syndrome) (Fertleman et
al., 2007).

Jumping Frenchmen of
Maine / Latah syndrome
Culturally bound
neuropsychiatric
syndromes thought to be
an anxiety / somatisation
disorder (Meinck, 2006).

Startle Epilepsy

Startle epilepsy is a reflex
epileptic seizure
precipitated by a sudden
stimulus; most patients
are young and have
infantile cerebral
hemiplegia (Meinck,
2006).

Stiff Person Syndrome
Progressive axial stiffness

Similarities Truncal rigidity, muscle
spasms and stimulus induced startle .
Differences Features not present from
early life. Immunosuppression clearly
efficacious. Apnoea attacks not
described.

Similarities Onset in neonatal period or
infancy, persists throughout life.
Dramatic syncopes with bradycardia and
sometimes asystole. Tonic attacks are
triggered by factors such as defecation,
cold wind, eating, and emotion.
Differences Autonomic manifestations
predominate initially, with skin flushing
in all and harlequin colour change. Later
attacks of excruciating deep burning pain
often in the rectal, ocular, or jaw.

Similarities Excessive response to
startle.

Differences Echopraxia (involuntary
repetition of another’s words or actions)
and echolalia (repetitive vocalisations).

Similarities Surprising stimuli induce
motor reactions — consciousness can be
preserved in seizures.

Differences Neuro-imaging will almost
certainly be abnormal.

Similarities Stimulus induced
hypertonia, startles and falls.
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and intermittent spasms
mainly evoked by
unexpected stimuli;
associated with anti-GAD
antibodies in CSF (Meinck,
2006).

Tourette’'s syndrome
Motor and vocal tics,
associated with an
exaggerated startle reflex,
behaviour change and
stereotypy (Bakker et al.,
2006).

Crisponi syndrome

An autosomal recessive
syndrome initially
described in 12 different
families in southern
Sardinia; caused by
mutations in the CRLF1
gene (Crisponi, 1996;
Crisponi et al., 2007).

Symptomatic Startle
and Myoclonus
Neuropsychiatric - anxiety
states including
generalised anxiety
disorder, post traumatic
stress disorder.

Cerebral - Children with
cerebral palsy,
post-traumatic or hypoxic
encephalopathy,

para neoplastic
syndromes.

Brainstem - particularly
pontine pathology eg
multiple system atrophy
(Bakker et al., 2006).

Hypertonia can preferentially affect
lower-limbs.

Differences Stiffness / hypertonia is
much more prolonged than the
paroxysmal attacks seen in
hyperekplexia.

Similarities Startle response,
symptoms precipitate by stressors.
Differences Vocalisations and obsessive
/ compulsive behaviours. Motor tics can
be complex and appear semi-purposeful.

Similarities Evident at birth. Marked
muscular contraction of the facial
muscles in response to tactile stimuli or
during crying, contractions slowly
disappear as infant calms. Generalised
seizures (albeit rare) and mild
psychomotor delay in some. Low GABA
levels in CSF have been described
Differences Abundant salivation
simulating a tetanic spasm. Neck
muscle hypertonia. Facial anomalies
(large face, chubby cheeks, broad nose
with anteverted nostrils and long
philtrum). Bilateral camptodactyly.
Hyperthermia.

Similarities Symptoms will be
exaggerated by stressors. Stimulus
sensitive (e.g. touch) can be seen
following hypoxic brain injury. Children
with cerebral palsy may have a positive
nose-tap test.

Differences Acquired cause often clear,
for example late adult onset of multi
system atrophy. Hypertonia not a
feature of anxiety syndromes.
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D. Clinical information for patients with SLC6A5

mutations

Case 32 (The Netherlands; homozygote for T425M)

This 9-year-old boy was seen at the out-patient clinic at the age of
2 years. He was the first born of consanguineous parents. The
pregnancy was unremarkable. During delivery there was presence
of meconium-stained amniotic fluid, but his Apgar scores were 7
and 9 at 1 and 5 minutes. During the first days of life episodes of
intermittent generalised stiffness were noted. At the first day of
life a generalised tonic clonic seizure was observed lasting 1'%
minutes was observed. Treatment with phenobarbital was
therefore started. An EEG during a seizure showed bilateral
synchronous epileptic activity. During the hospital stay attacks of
stiffness with jerks and cyanosis with a duration of 1-3 minutes
were observed. Between these attacks myoclonus was noted.
Over the years the child suffered from episodes of stiffness and
startling. During these episodes, he frequently turned blue and
lost consciousness for short periods. These attacks were
interpreted as breath-holding spells. On neurological examination
this patient showed excessive startle responses with a bilateral
pyramidal syndrome. He had persistent delays in cognitive and
motor development. While the parents were unaffected, a
daughter of a nephew of mother was reported as having startle
attacks.

33 (Canada; compound heterozygote for Y377X and
V432F+fs97)

The proband was the product of an unremarkable pregnancy to a
G3T2L2 woman of Northern European origin and her unrelated

Italian/Yugoslavian partner. Foetal movements were described as
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unusually jerky throughout the pregnancy. The proband was born
at 40 weeks gestation. She had Apgars of 8 and 9 at 1 and 5
minutes. At 90 minutes of age she suffered a generalized tonic-
clonic seizure of 50 minutes duration and was successfully treated
with phenobarbital. An EEG demonstrated 'non-specific excessive
partial sharp waves over the right hemisphere’, but no clear
evidence of epilepsy. A brain CT scan and MRI were normal.
Between seizures 'twitching' was often noted, reflexes were brisk
and her startle response was exaggerated. The diagnosis of
hyperekplexia was made and she was treated with clonazepam
from 10 days of age with marked improvement. During her first
year she had episodes of spontaneous stiffening lasting as long as
10 minutes and associated with cyanosis. These could be
minimized by picking her up and sometimes aborted by flexing her
legs against her body in a specific fashion. The head retraction
reflex (HHR) was strongly positive. Over the years the episodes of
stiffening diminished.  Tripping would precipitate whole body
stiffening that prevented her from bracing her fall. At the age of 4
years, she was still requiring 0.08 to 0.09 mg clonazepam
administered every 6 hours. Family history revealed that mother,
with the V432F+fs97-causing mutation, reported significant sleep
myoclonus characterized by stiff jerks of her entire body on a
nightly basis, but had no episodes of infantile stiffening or seizures
as well as a normal startle response.

34 (USA; compound heterozygote for Y491C and Q630X)

During pregnancy, the mother of the proband was hospitalized on a
number of occasions for hyperemesis in the first trimester. At 27
weeks of gestation, she was exposed to pepper spray which caused
an allergic reaction and hypoxia. She received both oxygen and
steroid therapy which manifested in a case of gestational diabetes.
She later developed pre-eclampsia and was put on bed rest. She
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was induced at 38 weeks of gestation. The proband, a boy, was
delivered with a tight nuchal cord around his neck. He was noted
to be experiencing some respiratory grunting but was resolved
when treated with a saline bolus. Within 12 hours of birth, the
proband was diagnosed as having a massive neonatal stroke which
was not confirmed by CT testing. He suffered 47 respiratory
arrests in an eight-week period. These episodes were resolved
with positive pressure ventilation but caused bradycardia.
Treatment with caffeine, phenobarbital and clonazepam did not
resolve the apnoea. He also presented with hypertonia and
exaggerated startle response to tactile stimuli, resulting in the
diagnosis of hyperekplexia. He was tested for the common startle
mutations in GLRA1 but none were found. By nine months of age,
the startle response resolved spontaneously and his tone became
hypotonic. The proband also was diagnosed with a heart murmur,
a large hiatal hernia and GER. By five years of age, his symptoms
had resolved. His parents are unaffected.

35 (Australia; compound heterozygote for P108L+fs25 and
W482R)

The eldest brother was born after a pregnancy complicated by pre-
eclampsia. He had some neonatal episodes consisting of
hypertonia and convulsive features considered to be seizures and
treated as such. After settling over time the young infant was
described as very tense and prone to trembling and episodes of
stiffening. In childhood he was prone to episodes of generalised
stiffness resulting in fallsthat were provoked by startle. At 5 years
of age he was otherwise healthy with retention of the stereotypical
nose-tap stereotypes response. The younger brother was also born
by Caesarean section after a pregnancy complicated with pre-
eclampsia. At 6 hours of life, he began having hypertonic episodes
with respiratory obstruction that were treated as seizures. At 13
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weeks, he was a very tense, stiff baby who became very rigid when
bathed, and some episodes were associated with cyanosis. The
generalised hypertonia and prominent nose-tap response were
markedly improved with small doses of clonazepam. Treatment

was discontinued during infancy without further symptoms.

36 (The Netherlands; compound heterozygote for L306V and
N509S)

This 5-year-old girl was born after an uncomplicated pregnancy by
vacuum extraction. Despite the presence of meconium-stained
amniotic fluid, she had Apgars of 9 and 10 at 1 and 5 minutes.
Seven hours post-partum she had her first period of cyanosis.
These episodes of cyanosis occurred several times a day during the
following days. She was initially treated with luminal lidocaine and
clonazepam. During the first days of life periods of intermittent
hypertonia and excessive startle responses to unexpected stimuli
became evident. After the startle reflexes the stiffness increased
and was accompanied by apnoea. Clonazepam was effective for
the stiffness and the excessive startle. On neurological
examination a head retraction reflex could be elicited. Motor
milestones were slightly delayed but caught up. The startle attacks
and the stiffness reduced in frequency during the first years of life.
The family history for startling and stiffness was negative. MRI and

EEG were unremarkable.

37 (UK; heterozygote for S510R)

This first-born male, previously reported as Patient 1 (Stephenson,
1992) developed severe convulsions at age 40 hours, up to six per
day, most often precipitated by bathing. After immersion in warm
water he would have rapid quivering of his limbs, an interrupted
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cry with fast grunting, and then silence with intense stiffening in a
semi-flexed posture, leading to deep cyanosis, profound syncope
with isoelectric EEG and junctional bradycardia, non-epileptic
spasms with forcible urination, and a grey moribund appearance.
Surface EMG during episodes showed repetitive giant compound
muscle potentials (Pascotto & Coppola 1992) in the “clonic” phase
that became more closely spaced in the “tonic” phase. Between
these triggered attacks of gross hypertonia, he behaved
appropriately, with normal muscle tone. Nose-tapping in the first
months of life elicited excessive startle with no habituation.
Clonazepam was only given for 48 hours during which time life-
threatening syncopes continued: daily baths were then
discontinued. After a finding of low CSF GABA (14nmol/l) we had
the impression that vigabatrin (0.5g daily from age 7 months) led
to marked improvement, insofar as he was then able to have a
bath happily for the first time (Stephenson, 1992), but in
retrospect this may have been spontaneous improvement, as at
age 14 months, when he was on no medication, daily baths did not
provoke stiffenings. The abnormal nose-tap response gradually
waned and was minimal age 10 years. Aged 13 he no longer has
as any excessive startle, and plays prop forward in school rugby.
His mother and father have no history of abnormal tone or startles
as a baby and do not startle to nose-tap or sudden noise. In
summary, this boy had severe life-threatening neonatal
hyperekplexia but between attacks was not a stiff baby. There was
spontaneous remission in infancy with minimal residual tendency to
startle.
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E Ethical approval for Hyperekplexia study

Canolfan Gwasanaethau Busnes
Business Services Centre
South West Wales REC
Swansea
36 Orchard Street
SWANSEA
SA1 5AQ

Telephone: 01792 607416
Facsimile: 01792 607533
07 June 2007

Professor Mark. | Rees

Professor of Molecular Neuroscience
University of Wales Swansea

4th Floor, Institute of Life Science
School of Medicine

Swansea University

SA28PP

Dear Professor Rees
Full title of study: Genetic basis of neuromotor disorder, hyperekplexia, and
associated startle syndromes.

REC reference number: 07/WMWO02/24

Thank you for your letter of 18 May 2007, responding to the Committee's request for further
information on the above research [and submitting revised documentation].

The further information was considered at the meeting of the Sub-Committee of the REC
held on 07 June 2007. A list of the members who were present at the meeting is attached

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the
above research on the basis described in the application form, protocol and supporting
documentation [as revised).

Conditions of approval

The favourable opinion is given provided that you comply with the conditions set out in the
attached document. You are advised to study the conditions carefully.

Approved documents

The final list of documents reviewed and approved by the Committee is as follows;

Canolfan Gwasanaethau Busnes GIG Cymru. NHS Wales Business Services Centre.
Canolfan Henffordd. 36 Stryd y Berilan. The Oldway Centre, 36 Orchard Street,
Abertawe. SA1 5A0 Swansea. SA1 5AQ

Ffon; 01792 458066 Telephone: 01792 458066

WHTN- 1780 WHTN; 1780

Ffacs 01792 607533 Fex. 01792 607533

TNT QW5/QW3 32 TNT OW5/QW3 32

ftJ?ICStCORRESPONDENCE®OO*en frfrnn-2 part of Powys Teaching Local Health Board
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Document Version Dale
Apphication & letler with further 1 20 March 2007
information/clarification dated 18 May 2007
Investigator CV 1 02 February 2007
Protocol 1 07 February 2007
Covering Letter 1 13 March 2007
Summary/Synopsis 1 04 February 2007
Compensation Arrangements Letter of Indemnity - UM |01 August 2006
Assoc
Participant Information Sheet 2 17 May 2007
Participant Assent Form: Child 2 17 May 2007
Participant Consent Form: Adult 1 04 February 2007
Response 1o Request for Funher Iniormation 18 May 2007
Letter from MRC to Mr A Patel 1 16 May 2007

R&D approval

All researchers and research collaborators who will be participating in the research at NHS
sites shouid apply for R&D approval from the relevant care organisation, if they have not yet
done so. R&D approval is required, whether or not the study is exempt from SSA. You
should advise researchers and local collaborators accordingly.

Guidance on applying for R&D approval is available from
http://www.rdforum.nhs.uk/rdform.htm.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Commiltees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

Feedback on the application process

Now that you have completed the application pracess you are invited lo give your view of
the service you received from the National Research Ethics Service. If you wish to make
your views known please use the feedback form available on the NRES website at:
https://www.nresform.org.uk/AppForm/Modules/Feedback/EthicalReview.aspx

Wae value your views and comments and will use them to inform the operational
process and further improve our service.

07T/ WMWO02/24 Please quote this number on all
correspondence

With the Committee’s best wishes for the success of this project

Yours sincerely

—,
”

P N LG
L g DU ujm
Mr Roy L.HE)}ans

’R’) Chairman

Please note prior to this ethical approval obtained on 07 June 2007,
the extended ethical approval from Auckland council was used for
hyperekplexia study.
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F. Patient Information Sheet.

You and/or your child have been invited to take part in a research study
looking at the:

Molecular Genetics of Startle Syndromes

Before you decide you need to understand why the research is being done
and what it would involve. Please take time to read the following information
carefully.

Part 1 tells you the purpose of the study and what will happen if you take
part. Part 2 gives you more detailed information about the conduct of the
study.

Ask if there is anything that is not clear or if you would like more information.
Take time to decide whether or not you wish to take part.

Part 1
What is the purpose of the study?

The purpose of this study is to identify gene changes that cause startle
syndromes.

Why have | been chosen?

You have been invited to take part in this study because your Doctor thinks
that you and/or your child may have a startle syndrome. Having a startle
syndrome means having an excessive startle. You may startle easily at a
sudden sound or unexpected touch or bump and may fall and be injured. If
you have any questions about startle syndromes then please ask your doctor
for advice.

Do | have to take part?

Whether or not to take part is your decision. In you decide to
participate you will be given this information sheet to keep and
asked to sign a consent form to show that you have agreed to
take part. If you decide to take part you are still free to
withdraw at any time without giving a reason. A decision not to
take part will not affect the standard of clinical care you or your
family receives.

What will happen to me if | decide to take part?
1. If you decide and consent to take part in this research a blood sample will

be collected from you and/or your child. About one teaspoonful of blood
is the amount that will be collected.
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2. The blood sample will be taken for DNA isolation. DNA is the genetic
material inside your cells which controls how each cell develops and
behaves. A gene is a distinct stretch of that DNA which has a specific job
in your body. Sometimes a change or alteration in the DNA of one of
those genes can lead to a disease or syndrome like startle syndrome.
We will look at your DNA closely to see if we can find a gene change or
alteration that causes startle syndrome.

3. If a gene change is found in the sample which is causing the startle
syndrome then the research team will write to your doctor with the results.

4. Your Doctor will then contact you to explain what the results are and
arrange appropriate support.

What are the possible benefits of taking part?

We hope we will identity the gene change causing the startle syndrome in

you and/or your child. This is helpful because it confirms the diagnosis of

startle syndrome, and gives your doctor assurance that they are treating your

symptoms properly.

Identifying gene changes which cause startle syndromes also helps scientists

and doctors to better understand these rare syndromes. This may help

people with startle syndrome in the future.

What are the possible disadvantages and risks of taking part?

There are no anticipated risks in taking part.

Will my taking part in this study be kept confidential?

Yes. We will follow ethical and legal practice and all information about you

will be handled in confidence. More details are included in Part 2 of this

information sheet.

Who has reviewed this study?

This study has been reviewed by the South West Wales Research Ethics
Committee.

This completes Part 1
If the information in Part 1 has interested you and you are considering

participation, please read the additional information in Part 2 before making a
decision.
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Part 2
Will my taking part in the study be kept confidential?

Yes. When samples are sent to the research team they will be labelled with -
the name and date of birth of the donor. This is important so that samples do
not get mixed up.

Immediately after the sample is received it will be given a unique research
reference number. Throughout the research process the samples are
identified with the research code only. This means that the sample is
anonymous to laboratory staff and in any communications.

When results become available the sample is re-linked to the name, date of
birth and referring Doctors name. This is so that your Doctor can be
informed of the results. This re-linking of information will be done by an
individual within the research team who is aware of their duty of
confidentiality.

What will happen to my sample?

The blood sample(s) will be sent to the research team who will look to see if
they can find a gene change which is causing the startle syndrome. They will
start by looking carefully at the genes where changes have already been
found in other people with startle syndromes. This may take up to 6 months
to complete.

If the research team discover a gene change in these genes they will write to
your Doctor with the results. Your Doctor will then contact you to explain
what the results mean for you and arrange appropriate support.

The researchers may not find a gene change causing the startle syndrome in
the genes already known to cause startle syndrome. In this case they will
continue to investigate the sample in new genes that are not yet linked with
startle syndrome. This may take a long time; however, your Doctor will be
informed immediately if anything is found.

What will happen if | don’t want to carry on with the study?

You are free to withdraw your sample from the study at any time. All you
need to do is tell your Doctor that you have changed your mind about the
research. If you do decide to withdraw from the study, the samples will be
destroyed immediately.

What will happen to the results of the study?

Your doctor will be told if there are any results from the blood sample(s).
Your Doctor will then explain these results to you and your family.
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Research findings will also be presented for medical journal publication and
medical conference presentations. In all cases identity remains
anonymous and findings cannot be linked back to you or your family.

What do | do now?

Take your time to decide whether or not you would like to take part in the
research.

Please feel free to contact us for additional information, or clarification of this
information document.

Miss Carrie Hammond, the Research Genetic Counsellor will be happy to
hear from you, her contact details are as follows:

Phone Number: L Y

E-mail: c.l.hammond@swansea.ac.uk

Address: School of Medicine
University of Wales Swansea
Singleton Park
SA2 8PP

Once you have made a decision then please let your Doctor know.

Thank you for taking the time to read this information
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G. ASSENT FORM-Child

Title of Project: Molecular Genetics of Startle Syndrome

Name of Researcher: Professor Mark Rees

Please initial box

1. | confirm that | have read and understand the information sheet for the above study.
| have had the opportunity to consider the information, ask questions and have had
these answered satisfactorily.

2. lunderstand that participation is voluntary and that we are free to withdraw at any
time, without giving any reasén, without medical care or legal rights being affected.

3. 1 agree for my child to give a blood sample for the startle syndrome research.

4. |understand how the sample will be collected and | have had an opportunity to
discuss any concerns that | may have about the procedure.

5. lagree for my child to take part in the above study.

Name of Child

Name of Parent/Guardian Date Signature

Name of Doctor taking consent Date Signature
Name of Researcher Date  Signature
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H. CONSENT FORM -Adult

Title of Project: Molecular Genetics of Startle Syndrome

Name of Researcher: Professor Mark Rees

Please initial box

1. I confirm that | have read and understand the information sheet for the above study.
I have had the opportunity to consider the information, ask questions and have had
these answered satisfactorily.

2. lunderstand that my participation is voluntary and that | am free to withdraw at any
time, without giving any reason, without my medical care or legal rights being affected.

3. lagree to give a blood sample for the startle syndrome research

4. | understand how the sample will be collected and | have had an opportunity to
discuss any concerns that | may have about the procedure.

5. 1agree to take part in the above study.

Name of Participant Date Signature
Name of Doctor taking consent Date Signature
Name of Researcher Date  Signature

168




Bibliography

Agarwal, S., Tannenberg, R.K. and Dodd, P.R. (2008) 'Reduced
expression of the inhibitory synapse scaffolding protein gephyrin in
Alzheimer's disease’, J Alzheimers Dis, 14 (3), 313-21.

Akabas, M.H., Kaufmann, C., Archdeacon, P. and Karlin, A. (1994)
‘Identification of acetylcholine receptor channel-lining residues in
the entire M2 segment of the alpha subunit', Neuron, 13 (4), 919-
27. '

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.]J. (1990)
'Basic local alignment search tool', J Mol Biol, 215 (3), 403-10.

Andrew, M. and Owen, M.]. (1997) 'Hyperekplexia: abnormal startle
response due to glycine receptor mutations', British Journal of
Psychiatry, 170 106-8.

Baer, K., Waldvogel, H.]., During, M.J., Snell, R.G., Faull, R.L. and Rees,
M.I. (2003) 'Association of gephyrin and glycine receptors in the
human brainstem and spinal cord: an immunohistochemical
analysis', Neuroscience, 122 (3), 773-84.

Bakker M J, J G van Dijk, A M van den Maagdenberg and M A Tijssen
(2006). Startle syndromes. Lancet Neurol 5(6): 513

Bausen, M., Fuhrmann, J.C., Betz, H. and O'Sullivan G, A. (2006) 'The
state of the actin cytoskeleton determines its association with
gephyrin: role of ena/VASP family members', Mo/ Cell Neurosci, 31
(2), 376-86.

Becker, K., Breitinger, H.G., Humeny, A., Meinck, H.M., Dietz, B., Aksu,
F. and Becker, C.M. (2008) 'The novel hyperekplexia allele
GLRA1(S267N) affects the ethanol site of the glycine receptor’, Eur
J Hum Genet, 16 (2), 223-8.

Becker, K., Hohoff, C., Schmitt, B., Christen, H.]., Neubauer, B.A.,
Sandrieser, T. and Becker, C.M. (2006) 'Identification of the
microdeletion breakpoint in a GLRA1null allele of Turkish
hyperekplexia patients', Hum Mutat, 27 (10), 1061-2.

Becker, L., Hartenstein, B., Schenkel, J., Kuhse, J., Betz, H. and Weiher,
H. (2000) 'Transient neuromotor phenotype in transgenic spastic
mice expressing low levels of glycine receptor beta-subunit: an
animal model of startle disease', European Journal of
Neuroscience., 12 (1), 27-32.

Becker, L., von Wegerer, J., Schenkel, J., Zeilhofer, H.U., Swandulla, D.
and Weiher, H. (2002) 'Disease-specific human glycine receptor
alphal subunit causes hyperekplexia phenotype and impaired
glycine- and GABA(A)-receptor transmission in transgenic mice',
Journal of Neuroscience., 22 (7), 2505-12.

Beckstead, M.]., Phelan, R., Trudell, J.R., Bianchini, M.J. and Mihic, S.J.
(2002) 'Anesthetic and ethanol effects on spontaneously opening
glycine receptor channels', J Neurochem, 82 (6), 1343-51.

Bedet, C., Bruusgaard, 1.C., Vergo, S., Groth-Pedersen, L., Eimer, S.,
Triller, A. and Vannier, C. (2006) 'Regulation of gephyrin
assembly and glycine receptor synaptic stability', J Biol Chem, 281
(40), 30046-56.

Bellini, G., Miceli, F., Mangano, S., Miraglia del Giudice, E., Coppola, G.,
Barbagallo, A., Taglialatela, M. and Pascotto, A. (2007)

169



'Hyperekplexia caused by dominant-negative suppression of glyral
function', Neurology, 68 (22), 1947-9.

Ben-Dov, C., Hartmann, B., Lundgren, J. and Valcarcel, J. (2008)
'Genome-wide analysis of alternative pre-mRNA splicing', J Biol
Chem, 283 (3), 1229-33.

Betz, H. (1998) 'Gephyrin, a major player in GABAergic postsynaptic
membrane assembly?[comment]’, Nature Neuroscience., 1 (7),
541-3.

Betz, H., Kuhse, J., Schmieden, V., Laube, B., Kirsch, J. and Harvey, R.].
(1999) 'Structure and functions of inhibitory and excitatory glycine
receptors', Annals of the New York Academy of Sciences, 868 667-
76.

Bhattacharya, A., Dang, H., Zhu, Q.M., Schnegelsberg, B., Rozengurt, N.,
Cain, G., Prantil, R., Vorp, D.A., Guy, N., Julius, D., Ford, A.P.,
Lester, H.A. and Cockayne, D.A. (2004) 'Uropathic observations
in mice expressing a constitutively active point mutation in the 5-
HT3A receptor subunit', J Neurosci, 24 (24), 5537-48.

Birnir, B., Everitt, A.B., Lim, M.S. and Gage, P.W. (2000)
'Spontaneously opening GABA(A) channels in CAl pyramidal
neurones of rat hippocampus', J Membr Biol, 174 (1), 21-9.

Breitinger, H.-G., Lanig, H., Vohwinkel, C., Grewer, C., Breitinger, U.,
Clark, T. and Becker, C.-M. (2004) 'Molecular Dynamics
Simulation Links Conformation of a Pore-Flanking Region to
Hyperekplexia-Related Dysfunction of the Inhibitory Glycine
Receptor', Chemistry & Biology, 11 (10), 1339-1350.

Breitinger, H.G. and Becker, C.M. (2002) 'The inhibitory glycine
receptor-simple views of a complicated channel', Chembiochem., 3
(11), 1042-52.

Breitinger, H.G. and Becker, C.M. (2002) 'Statistical coassembly of
glycine receptor alphal wildtype and the hyperekplexia mutant
alphal(P250T) in HEK 293 cells: impaired channel function is not
dominant in the recombinant system', Neuroscience Letters., 331
(1), 21-4.

Breitinger, H.G., Villmann, C., Becker, K. and Becker, C.M. (2001)
'Opposing effects of molecular volume and charge at the
hyperekplexia site alpha 1(P250) govern glycine receptor
activation and desensitization', Journal of Biological Chemistry.,
276 (32), 29657-63.

Brotchie, J.M. (2003) 'CB1 cannabinoid receptor signalling in Parkinson's
disease', Current Opinion in Pharmacology., 3 (1), 54-61.

Brown, P., Thompson, P.D., Rothwell, J.C., Day, B.L. and Marsden, C.D.
(1991) 'A case of postanoxic encephalopathy with cortical action
and brainstem reticular reflex myoclonus', Movement Disorders., 6
(2), 139-44.

Brune, W., Weber, R.G., Saul, B., von Knebel Doeberitz, M., Grond-
Ginsbach, C., Kellerman, K., Meinck, H.M. and Becker, C.M.
(1996) 'A GLRA1 null mutation in recessive hyperekplexia
challenges the functional role of glycine receptors', American
Journal of Human Genetics, 58 (5), 989-97.

Buckwalter, M.S., Cook, S.A., Davisson, M.T., White, W.F. and Camper,
S.A. (1994) 'A frameshift mutation in the mouse alpha 1 glycine

170



receptor gene (Glral) results in progressive neurological symptoms
and juvenile death', Human Molecular Genetics, 3 (11), 2025-30.

Calamai, M., Specht, C.G., Heller, 1., Alcor, D., Machado, P., Vannier, C.
and Triller, A. (2009) 'Gephyrin oligomerization controls GlyR
mobility and synaptic clustering', J Neurosci, 29 (24), 7639-48.

Castaldo, P., Stefanoni, P., Miceli, F., Coppola, G., Del Giudice, E.M.,
Bellini, G., Pascotto, A., Trudell, J.R., Harrison, N.L., Annunziato, L.
and Taglialatela, M. (2004) 'A novel hyperekplexia-causing
mutation in the pre-transmembrane segment 1 of the human
glycine receptor alphal subunit reduces membrane expression and
impairs gating by agonists', J Biol Chem, 279 (24), 25598-604.

Celesia, G.G. (2001) 'Disorders of membrane channels or
channelopathies', Clinical Neurophysiology, 112 (1), 2-18.

Chang, Y. and Weiss, D.S. (1998) 'Substitutions of the highly conserved
M2 leucine create spontaneously opening rhol gamma-
aminobutyric acid receptors', Mo/ Pharmacol, 53 (3), 511-23.

Chang, Y. and Weiss, D.S. (1999) 'Allosteric activation mechanism of
the alphalbeta2gamma2 gamma-aminobutyric acid type A
receptor revealed by mutation of the conserved M2 leucine',
Biophys 1, 77 (5), 2542-51.

Chen, X., Cromer, B.A. and Lynch, J.W. (2009) 'Molecular determinants
of beta-carboline inhibition of the glycine receptor', J Neurochem,
110 (5), 1685-94.

Colquhoun, D. (1998) 'Binding, gating, affinity and efficacy: the
interpretation of structure-activity relationships for agonists and of
the effects of mutating receptors', Br J Pharmacol, 125 (5), 924-
47.

Corringer, P.J., Bertrand, S., Galzi, J.L., Devillers-Thiery, A., Changeux,
J.P. and Bertrand, D. (1999) 'Mutational analysis of the charge
selectivity filter of the alpha7 nicotinic acetylcholine receptor’,
Neuron, 22 (4), 831-43.

Coto, E., Armenta, D., Espinosa, R., Argente, J., Castro, M.G. and
Alvarez, V. (2005) 'Recessive hyperekplexia due to a new
mutation (R100H) in the GLRA1 gene', Mov Disord, 20 (12), 1626-
9.

Craig, A.M., Banker, G., Chang, W., McGrath, M.E. and Serpinskaya, A.S.
(1996) 'Clustering of gephyrin at GABAergic but not glutamatergic
synapses in cultured rat hippocampal neurons', Journal of
Neuroscience., 16 (10), 3166-77.

Crisponi G (1996). Autosomal recessive disorder with muscle contractions
resembling neonatal tetanus, characteristic face, camptodactyly,
hyperthermia, and sudden death: a new syndrome? Am J Med
Genet 62(4), 365-371.

Crisponi L, G Crisponi, A Meloni, M R Toliat, G Nurnberg, G Usala, M Uda,
M Masala, W Hohne, C Becker, M Marongiu, F Chiappe, R Kleta, A
Rauch, B Wolinik, F Strasser, T Reese, C Jakobs, G Kurlemann, A
Cao, P Nurnberg and F Rutsch (2007). Crisponi syndrome is caused
by mutations in the CRLF1 gene and is allelic to cold-induced
sweating syndrome type 1. Am J Hum Genet 80(5), 971-981.

Cyr, M., Calon, F., Morissette, M. and Di Paolo, T. (2002) 'Estrogenic
modulation of brain activity: implications for schizophrenia and

171



Parkinson's disease’, Journal of Psychiatry & Neuroscience., 27 (1),
12-27.

David-Watine, B. (2001) 'The human gephyrin (GPHN) gene: structure,
chromosome localization and expression in non-neuronal cells’,
Gene., 271 (2), 239-45.

del Giudice, E.M., Coppola, G., Bellini, G., Cirillo, G., Scuccimarra, G. and
Pascotto, A. (2001) 'A mutation (V260M) in the middle of the M2
pore-lining domain of the glycine receptor causes hereditary
hyperekplexia', European Journal of Human Genetics., 9 (11), 873-
6.

Diana Sobetzko, T.S.C.-M.B. (2001) 'Genetic variation of the human
glycine receptor subunit genes GLRA3 and GLRB and susceptibility
to idiopathic generalized epilepsies', American Journal of Medical
Genetics, 105 (6), 534-538.

Dibas, M.1., Gonzales, E.B., Das, P., Bell-Horner, C.L. and Dillon, G.H.
(2002) 'Identification of a Novel Residue within the Second
Transmembrane Domain That Confers Use-facilitated Block by
Picrotoxin in Glycine alpha 1 Receptors', J. Biol. Chem., 277 (11),
9112-9117.

Doria Lamba, L., Giribaldi, G., De Negri, E., Follo, R., De Grandis, E.,
Pintaudi, M. and Veneselli, E. (2007) 'A case of major form
familial hyperekplexia: prenatal diagnosis and effective treatment
with clonazepam’', J Child Neurol, 22 (6), 769-72.

Eguchi, M., Eguchi-Ishimae, M., Seto, M., Morishita, K., Suzuki, K., Ueda,
R., Ueda, K., Kamada, N. and Greaves, M. (2001) 'GPHN, a novel
partner gene fused to MLL in a leukemia with t(11;14)(gq23;924)’,
Genes, Chromosomes & Cancer., 32 (3), 212-21.

Ehrensperger, M.V., Hanus, C., Vannier, C., Triller, A. and Dahan, M.
(2007) 'Multiple association states between glycine receptors and
gephyrin identified by SPT analysis', Biophys J, 92 (10), 3706-18.

Elmslie, F.V., Hutchings, S.M., Spencer, V., Curtis, A., Covanis, T.,
Gardiner, R.M. and Rees, M. (1996) 'Analysis of GLRA1 in
hereditary and sporadic hyperekplexia: a novel mutation in a
family cosegregating for hyperekplexia and spastic paraparesis’,
Journal of Medical Genetics, 33 (5), 435-6.

Enz, R. and Bormann, J. (1995) 'Expression of glycine receptor subunits
and gephyrin in single bipolar cells of the rat retina', Visual/
Neuroscience., 12 (3), 501-7.

Essrich, C., Lorez, M., Benson, J.A., Fritschy, J.M. and Luscher, B.
(1998) 'Postsynaptic clustering of major GABAA receptor subtypes
requires the gamma 2 subunit and gephyrin.[comment]’, Nature
Neuroscience., 1 (7), 563-71.

Eswar, N., John, B., Mirkovic, N., Fiser, A., Ilyin, V.A., Pieper, U., Stuart,
A.C., Marti-Renom, M.A., Madhusudhan, M.S., Yerkovich, B. and
Sali, A. (2003) '"Tools for comparative protein structure modeling
and analysis', Nucleic Acids Res, 31 (13), 3375-80.

Feng, G., Tintrup, H., Kirsch, 1., Nichol, M.C., Kuhse, J., Betz, H. and
Sanes, J.R. (1998) 'Dual requirement for gephyrin in glycine
receptor clustering and molybdoenzyme activity.[comment]’,
Science., 282 (5392), 1321-4.

Ferrer-Montiel, A.V., Montal, M.S., Diaz-Munoz, M. and Montal, M.
(1991) 'Agonist-independent activation of acetylcholine receptor

172



channels by protein kinase A phosphorylation', Proc Nat/ Acad Sci U
S A, 88 (22), 10213-7.

Fertleman C R, C D Ferrie, J Aicardi, N A Bednarek, O Eeg-Olofsson, F V
Elmslie, D A Griesemer, F Goutieres, M Kirkpatrick, I N Malmros, M
Pollitzer, M Rossiter, E Roulet-Perez, R Schubert, V V Smith, H
Testard, V Wong and J B Stephenson (2007). Paroxysmal extreme
pain disorder (previously familial rectal pain syndrome). Neurology
69(6), 586-595.

Findlay, G.S., Phelan, R., Roberts, M.T., Homanics, G.E., Bergeson, S.E.,
Lopreato, G.F., Mihic, S.J., Blednov, Y.A. and Harris, R.A. (2003)
'Glycine receptor knock-in mice and hyperekplexia-like
phenotypes: comparisons with the null mutant', J Neurosci, 23
(22), 8051-9.

Forsyth, R.J., Gika, A.D., Ginjaar, I. and Tijssen, M.A. (2007) 'A novel
GLRA1 mutation in a recessive hyperekplexia pedigree', Mov
Disord,

Fritschy, J.M., Harvey, R.J. and Schwarz, G. (2008) 'Gephyrin: where do
we stand, where do we go?' Trends Neurosci, 31 (5), 257-64.

Fuhrmann, J.C., Kins, S., Rostaing, P., El Far, O., Kirsch, J., Sheng, M.,
Triller, A., Betz, H. and Kneussel, M. (2002) 'Gephyrin interacts
with Dynein light chains 1 and 2, components of motor protein
complexes', Journal of Neuroscience., 22 (13), 5393-402.

Gabernet, L., Pauly-Evers, M., Schwerdel, C., Lentz, M., Bluethmann, H.,
Vogt, K., Alberati, D., Mohler, H. and Boison, D. (2005)
'Enhancement of the NMDA receptor function by reduction of
glycine transporter-1 expression', Neurosci Lett, 373 (1), 79-84.

Gaitatzis, A., Kartsounis, L.D., Gacinovic, S., Costa, D.C., Harvey, K.,
Harvey, R.]J. and de Silva, R.N. (2004) 'Frontal lobe dysfunction in
sporadic hyperekplexia--case study and literature review', J
Neurol, 251 (1), 91-8.

Gambardella, A., Valentino, P., Annesi, G., Oliveri, R.L., Bono, F., Mazzei,
R.L., Conforti, F.L., Aguglia, U., Zappia, M., Pardatscher, K. and
Quattrone, A. (1999) 'Hyperekplexia in a patient with a brainstem
vascular anomaly', Acta Neurologica Scandinavica., 99 (4), 255-9.

Gastaut, H. and Villeneuve, A. (1967) 'The startle disease or
hyperekplexia. Pathological surprise reaction', Journal of the
Neurological Sciences., 5 (3), 523-42.

Giacoia, G.P. and Ryan, S.G. (1994) 'Hyperekplexia associated with
apnea and sudden infant death syndrome', Archives of Pediatrics &
Adolescent Medicine., 148 (5), 540-3.

Giesemann, T., Schwarz, G., Nawrotzki, R., Berhorster, K., Rothkegel, M.,
Schluter, K., Schrader, N., Schindelin, H., Mendel, R.R., Kirsch, J.
and Jockusch, B.M. (2003) 'Complex formation between the
postsynaptic scaffolding protein gephyrin, profilin, and Mena: a
possible link to the microfilament system', J Neurosci, 23 (23),
8330-9.

Gilbert, D., Esmaeili, A. and Lynch, J.W. (2009) 'Optimizing the
expression of recombinant alphabetagamma GABAA receptors in
HEK293 cells for high-throughput screening', J Biomol Screen, 14
(1), 86-91.

Gilbert, D.F., Wilson, 1.C., Nink, V., Lynch, J.W. and Osborne, G.W.
(2009) 'Multiplexed labeling of viable cells for high-throughput

173



analysis of glycine receptor function using flow cytometry’,
Cytometry A, 75 (5), 440-9.

Gilbert, S.L., Ozdag, F., Ulas, U.H., Dobyns, W.B. and Lahn, B.T. (2004)
'Hereditary hyperekplexia caused by novel mutations of GLRA1 in
Turkish families', Mo/ Diagn, 8 (3), 151-5.

Giustetto, M., Kirsch, J., Fritschy, J.M., Cantino, D. and Sassoe-Pognetto,
M. (1998) 'Localization of the clustering protein gephyrin at
GABAergic synapses in the main olfactory bulb of the rat', Journal
of Comparative Neurology., 395 (2), 231-44.

Gomeza, J., Ohno, K., Hulsmann, S., Armsen, W., Eulenburg, V., Richter,
D.W., Laube, B. and Betz, H. (2003) 'Deletion of the mouse
glycine transporter 2 results in a hyperekplexia phenotype and
postnatal lethality', Neuron, 40 (4), 797-806.

Gonzalez-Forero, D., Pastor, A.M., Geiman, E.J., Benitez-Temino, B. and
Alvarez, F.]J. (2005) 'Regulation of gephyrin cluster size and
inhibitory synaptic currents on Renshaw cells by motor axon
excitatory inputs', J Neurosci, 25 (2), 417-29.

Grabowski, P.J. and Black, D.L. (2001) 'Alternative RNA splicing in the
nervous system', Prog Neurobiol, 65 (3), 289-308.

Greferath, U., Brandstatter, J.H., Wassle, H., Kirsch, J., Kuhse, J. and
Grunert, U. (1994) 'Differential expression of glycine receptor
subunits in the retina of the rat: a study using
immunohistochemistry and in situ hybridization', Visua/
Neuroscience., 11 (4), 721-9.

Gregory, M.L., Guzauskas, G.F., Edgar, T.S., Clarkson, K.B., Srivastava,
A.K. and Holden, K.R. (2008) 'A novel GLRA1 mutation associated
with an atypical hyperekplexia phenotype', J Child Neurol, 23 (12),
1433-8.

Grossberg, G.T. (2002) 'The ABC of Alzheimer's disease: behavioral
symptoms and their treatment', International Psychogeriatrics., 14
(Suppl 1), 27-49.

Grudzinska, J., Schemm, R., Haeger, S., Nicke, A., Schmalzing, G., Betz,
H. and Laube, B. (2005) 'The beta subunit determines the ligand
binding properties of synaptic glycine receptors', Neuron, 45 (5),
727-39.

Grunberg, R., Nilges, M. and Leckner, J. (2007) 'Biskit--a software
platform for structural bioinformatics', Bioinformatics, 23 (6), 769-
70.

Harvey K, I C Duguid, M J Alldred, S E Beatty, H Ward, N H Keep, S E
Lingenfelter, B R Pearce, J Lundgren, M J Owen, T G Smart, B
Luscher, M I Rees and R J Harvey (2004). The GDP-GTP exchange
factor collybistin: an essential determinant of neuronal gephyrin
clustering. J Neurosci 24(25), 5816-5826.

Harvey, R.J., Carta, E., Pearce, B.R., Chung, S.K., Supplisson, S., Rees,
M.I. and Harvey, K. (2008) 'A critical role for glycine transporters
in hyperexcitability disorders', Front Mol Neurosci, 1 1.

Harvey, R.J., Topf, M., Harvey, K. and Rees, M.I. (2008) 'The genetics
of hyperekplexia: more than startle!' Trends Genet, 24 (9), 439-
47.

Hawthorne, R., Cromer, B.A., Ng, H.L., Parker, M.\W. and Lynch, J.W.
(2006) 'Molecular determinants of ginkgolide binding in the glycine
receptor pore', J Neurochem, 98 (2), 395-407.

174



Hermann A, M Kneussel and H Betz (2001). Identification of multiple
gephyrin variants in different organs of the adult rat. Biochemical
& Biophysical Research Communications. 282(1), 67-70.

Humeny, A., Bonk, T., Becker, K., Jafari-Boroujerdi, M., Stephani, U.,
Reuter, K. and Becker, C.M. (2002) 'A novel recessive
hyperekplexia allele GLRA1 (S231R): genotyping by MALDI-TOF
mass spectrometry and functional characterisation as a
determinant of cellular glycine receptor trafficking', European
Journal of Human Genetics, 10 (3), 188-96.

Hutchinson M, P Waters, J McHugh, G Gorman, S O'Riordan, S Connolly,
H Hager, P Yu, C M Becker and A Vincent (2008). Progressive
encephalomyelitis, rigidity, and myoclonus: a novel glycine
receptor antibody. Neurology 71(16), 1291-1292.

Johnson, J.M., Castle, J., Garrett-Engele, P., Kan, Z., Loerch, P.M.,
Armour, C.D., Santos, R., Schadt, E.E., Stoughton, R. and
Shoemaker, D.D. (2003) 'Genome-wide survey of human
alternative pre-mRNA splicing with exon junction microarrays',
Science, 302 (5653), 2141-4.

Jungbluth, H., Rees, M.I., Manzur, A.Y., Mercuri, E., Sewry, C.A., Gobbi,
P. and Muntoni, F. (2000) 'An unusual case of hyperekplexia',
European Journal of Paediatric Neurology., 4 (2), 77-80.

Kabsch, W. and Sander, C. (1983) 'Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features', Biopolymers, 22 (12), 2577-637.

Kang, H.C., Jeong You, S., Jae Chey, M., Sam Baik, J., Kim, J.W. and Ki,
C.S. (2008) 'Identification of a de novo Lys304GIn mutation in the
glycine receptor alpha-1 subunit gene in a Korean infant with
hyperekplexia', Mov Disord, 23 (4), 610-3.

Kang, J.Q. and Macdonald, R.L. (2004) 'The GABAA receptor gammazZ2
subunit R43Q mutation linked to childhood absence epilepsy and
febrile seizures causes retention of alphalbeta2zgammaz2S
receptors in the endoplasmic reticulum', J Neurosci, 24 (40), 8672-
7.

Kellett, M.W., Humphrey, P.R., Tedman, B.M. and Steiger, M.J. (1998)
'Hyperekplexia and trismus due to brainstem encephalopathy’,
Journal of Neurology, Neurosurgery & Psychiatry., 65 (1), 122-5.

Ketter, T.A. and Wang, P.W. (2003) 'The emerging differential roles of
GABAergic and antiglutamatergic agents in bipolar disorders’',
Journal of Clinical Psychiatry., 64 (Suppl 3), 15-20.

Kingsmore, S.F., Giros, B., Suh, D., Bieniarz, M., Caron, M.G. and
Seldin, M.F. (1994) 'Glycine receptor beta-subunit gene mutation
in spastic mouse associated with LINE-1 element insertion’, Nature
Genetics., 7 (2), 136-41.

Kins, S., Betz, H. and Kirsch, J. (2000) 'Collybistin, a newly identified
brain-specific GEF, induces submembrane clustering of
gephyrin.[comment]’, Nature Neuroscience., 3 (1), 22-9.

Kirsch, J. and Betz, H. (1993) 'Widespread expression of gephyrin, a
putative glycine receptor-tubulin linker protein, in rat brain', Brain
Research., 621 (2), 301-10.

Kirsch, J. and Betz, H. (1995) 'The postsynaptic localization of the
glycine receptor-associated protein gephyrin is regulated by the
cytoskeleton', Journal of Neuroscience., 15 (6), 4148-56.

175



Kirstein, L. and Silfverskiold, B.P. (1958) 'A family with emotionally
precipitated drop seizures', Acta Psychiatr Neurol Scand, 33 (4),
471-6.

Kling, C., Koch, M., Saul, B. and Becker, C.M. (1997) 'The frameshift
mutation oscillator (Glral(spd-ot)) produces a complete loss of
glycine receptor alphal-polypeptide in mouse central nervous
system’', Neuroscience, 78 (2), 411-7.

Kneussel, M. and Betz, H. (2000) 'Receptors, gephyrin and gephyrin-
associated proteins: novel insights into the assembly of inhibitory
postsynaptic membrane specializations', Journal of Physiology.,
525 (Pt 1), 1-9.

Kneussel, M., Brandstatter, J.H., Laube, B., Stahl, S., Muller, U. and
Betz, H. (1999) 'Loss of postsynaptic GABA(A) receptor clustering
in gephyrin-deficient mice', Journal of Neuroscience., 19 (21),
9289-97.

Kneussel, M., Hermann, A., Kirsch, J. and Betz, H. (1999) 'Hydrophobic
interactions mediate binding of the glycine receptor beta-subunit to
gephyrin', Journal of Neurochemistry., 72 (3), 1323-6.

Krishek, B.J., Moss, S.J. and Smart, T.G. (1996) 'Homomeric beta 1
gamma-aminobutyric acid A receptor-ion channels: evaluation of
pharmacological and physiological properties’, Mo/ Pharmacol, 49
(3), 494-504.

Kruger, W., Gilbert, D., Hawthorne, R., Hryciw, D.H., Frings, S.,
Poronnik, P. and Lynch, J.W. (2005) 'A yellow fluorescent protein-
based assay for high-throughput screening of glycine and GABAA
receptor chloride channels', Neurosci Lett, 380 (3), 340-5.

Kubota, T., Horie, M., Takano, M., Yoshida, H., Takenaka, K., Watanabe,
E., Tsuchiya, T., Otani, H. and Sasayama, S. (2001) 'Evidence for
a single nucleotide polymorphism in the KCNQ1 potassium channel
that underlies susceptibility to life-threatening arrhythmias', J
Cardiovasc Electrophysiol, 12 (11), 1223-9.

Kung, A.Y., Rick, C., O'Shea, S., Harrison, N.L. and McGehee, D.S.
(2001) 'Expression of glycine receptors in rat sensory neurons vs.
HEK293 cells yields different functional properties’, Neuroscience
Letters., 309 (3), 202-6.

Kurano, Y., Nakamura, M., Ichiba, M., Matsuda, M., Mizuno, E., Kato, M.,
Izumo, S. and Sano, A. (2006) 'Chorein deficiency leads to
upregulation of gephyrin and GABA(A) receptor', Biochem Biophys
Res Commun, 351 (2), 438-42.

Kuwada, N., Kimura, F., Matsumura, T., Yamashita, T., Nakamura, Y.,
Wakimoto, N., Ikeda, T., Sato, K. and Motoyoshi, K. (2001)
't(11;14)(g23;924) generates an MLL-human gephyrin fusion gene
along with a de facto truncated MLL in acute monoblastic
leukemia', Cancer Research., 61 (6), 2665-9.

Kwok, 1.B., Raskin, S., Morgan, G., Antoniuk, S.A., Bruk, I. and
Schofield, P.R. (2001) 'Mutations in the glycine receptor alphal
subunit (GLRA1) gene in hereditary hyperekplexia pedigrees:
evidence for non-penetrance of mutation Y279C', Journal of
Medical Genetics, 38 (6), E17.

Lander, E.S., Linton, L.M,, Birren, B., Nusbaum, C., Zody, M.C., Baldwin,
J., Devon, K., Dewar, K., Doyle, M., FitzHugh, W., Funke, R., Gage,
D., Harris, K., Heaford, A., Howland, J., Kann, L., Lehoczky, J.,

176



LeVine, R., McEwan, P., McKernan, K., Meldrim, J., Mesirov, J.P.,
Miranda, C., Morris, W., Naylor, J., Raymond, C., Rosetti, M.,
Santos, R., Sheridan, A., Sougnez, C., Stange-Thomann, N.,
Stojanovic, N., Subramanian, A., Wyman, D., Rogers, J., Sulston,
J., Ainscough, R., Beck, S., Bentley, D., Burton, J., Clee, C.,
Carter, N., Coulson, A., Deadman, R., Deloukas, P., Dunham, A.,
Dunham, I., Durbin, R., French, L., Grafham, D., Gregory, S.,
Hubbard, T., Humphray, S., Hunt, A., Jones, M., Lloyd, C.,
McMurray, A., Matthews, L., Mercer, S., Milne, S., Mullikin, J.C.,
Mungall, A., Plumb, R., Ross, M., Shownkeen, R., Sims, S.,
Waterston, R.H., Wilson, R.K., Hillier, L.W., McPherson, 1.D.,
Marra, M.A., Mardis, E.R., Fulton, L.A., Chinwalla, A.T., Pepin,
K.H., Gish, W.R., Chissoe, S.L., Wendl, M.C., Delehaunty, K.D.,
Miner, T.L., Delehaunty, A., Kramer, J.B., Cook, L.L., Fulton, R.S.,
Johnson, D.L., Minx, P.]., Clifton, S.W., Hawkins, T., Branscomb,
E., Predki, P., Richardson, P., Wenning, S., Slezak, T., Doggett, N.,
Cheng, J.F., Olsen, A., Lucas, S., Elkin, C., Uberbacher, E., Frazier,
M., Gibbs, R.A., Muzny, D.M., Scherer, S.E., Bouck, J.B.,
Sodergren, E.J., Worley, K.C., Rives, C.M., Gorrell, J.H., Metzker,
M.L., Naylor, S.L., Kucherlapati, R.S., Nelson, D.L., Weinstock,
G.M., Sakaki, Y., Fujiyama, A., Hattori, M., Yada, T., Toyoda, A.,
Itoh, T., Kawagoe, C., Watanabe, H., Totoki, Y., Taylor, T.,
Weissenbach, 1., Heilig, R., Saurin, W., Artiguenave, F., Brottier,
P., Bruls, T., Pelletier, E., Robert, C., Wincker, P., Smith, D.R.,
Doucette-Stamm, L., Rubenfield, M., Weinstock, K., Lee, H.M.,
Dubois, J., Rosenthal, A., Platzer, M., Nyakatura, G., Taudien, S.,
Rump, A., Yang, H., Yu, J., Wang, J., Huang, G., Gu, J., Hood, L.,
Rowen, L., Madan, A., Qin, S., Davis, R.W., Federspiel, N.A.,
Abola, A.P., Proctor, M.J., Myers, R.M., Schmutz, J., Dickson, M.,
Grimwood, J., Cox, D.R., Olson, M.V., Kaul, R., Raymond, C.,
Shimizu, N., Kawasaki, K., Minoshima, S., Evans, G.A.,
Athanasiou, M., Schultz, R., Roe, B.A., Chen, F., Pan, H., Ramser,
J., Lehrach, H., Reinhardt, R., McCombie, W.R., de la Bastide, M.,
Dedhia, N., Blocker, H., Hornischer, K., Nordsiek, G., Agarwala, R.,
Aravind, L., Bailey, J.A., Bateman, A., Batzoglou, S., Birney, E.,
Bork, P., Brown, D.G., Burge, C.B., Cerutti, L., Chen, H.C., Church,
D., Clamp, M., Copley, R.R., Doerks, T., Eddy, S.R., Eichler, E.E.,
Furey, T.S., Galagan, 1., Gilbert, J.G., Harmon, C., Hayashizaki, Y.,
Haussler, D., Hermjakob, H., Hokamp, K., Jang, W., Johnson, L.S.,
Jones, T.A., Kasif, S., Kaspryzk, A., Kennedy, S., Kent, W.]., Kitts,
P., Koonin, E.V., Korf, 1., Kulp, D., Lancet, D., Lowe, T.M,,
McLysaght, A., Mikkelsen, T., Moran, J.V., Mulder, N., Pollara, V.].,
Ponting, C.P., Schuler, G., Schultz, J., Slater, G., Smit, A.F.,
Stupka, E., Szustakowski, J., Thierry-Mieg, D., Thierry-Mieg, J.,
Wagner, L., Wallis, J., Wheeler, R., Williams, A., Wolf, Y.I., Wolfe,
K.H., Yang, S.P., Yeh, R.F., Collins, F., Guyer, M.S., Peterson, J.,
Felsenfeld, A., Wetterstrand, K.A., Patrinos, A., Morgan, M.]., de
Jong, P., Catanese, 1.]., Osoegawa, K., Shizuya, H., Choi, S. and
Chen, Y.J. (2001) 'Initial sequencing and analysis of the human
genome', Nature, 409 (6822), 860-921.

Langosch, D., Laube, B., Rundstrom, N., Schmieden, V., Bormann, J.
and Betz, H. (1994) 'Decreased agonist affinity and chloride

177



conductance of mutant glycine receptors associated with human
hereditary hyperekplexia', EMBO Journal., 13 (18), 4223-8.

Lapunzina, P., Sanchez, J.M., Cabrera, M., Moreno, A., Delicado, A., de
Torres, M.L., Mori, A.M., Quero, J. and Lopez Pajares, I. (2003)
'Hyperekplexia (startle disease): a novel mutation (S270T) in the
M2 domain of the GLRA1 gene and a molecular review of the
disorder', Mol Diagn, 7 (2), 125-8.

Laube, B., Langosch, D., Betz, H. and Schmieden, V. (1995)
'Hyperekplexia mutations of the glycine receptor unmask the
inhibitory subsite for beta-amino-acids', Neuroreport., 6 (6), 897-
900.

Lewis, T.M., Sivilotti, L.G., Colquhoun, D., Gardiner, R.M., Schoepfer, R.
and Rees, M. (1998) 'Properties of human glycine receptors
containing the hyperekplexia mutation alphal(K276E), expressed
in Xenopus oocytes', Journal of Physiology., 507 (Pt 1), 25-40.

Lorenzo, L.E., Barbe, A., Portalier, P., Fritschy, J.M. and Bras, H. (2006)
'Differential expression of GABAA and glycine receptors in ALS-
resistant vs. ALS-vulnerable motoneurons: possible implications
for selective vulnerability of motoneurons', Eur J Neurosci, 23 (12),
3161-70.

Lynch, J.W. (2004) 'Molecular structure and function of the glycine
receptor chloride channel', Physiol Rev, 84 (4), 1051-95.

Lynch, J.W. (2009) 'Native glycine receptor subtypes and their
physiological roles', Neuropharmacology, 56 (1), 303-9.

Lynch, J.W. and Chen, X. (2008) 'Subunit-specific potentiation of
recombinant glycine receptors by NV-31, a bilobalide-derived
compound', Neurosci Lett, 435 (2), 147-51.

Lynch, J.W., Rajendra, S., Barry, P.H. and Schofield, P.R. (1995)
'Mutations affecting the glycine receptor agonist transduction
mechanism convert the competitive antagonist, picrotoxin, into an
allosteric potentiator', Journal of Biological Chemistry., 270 (23),
13799-806.

Lynch, J.W., Rajendra, S., Pierce, K.D., Handford, C.A., Barry, P.H. and
Schofield, P.R. (1997) 'Identification of intracellular and
extracellular domains mediating signal transduction in the
inhibitory glycine receptor chloride channel', EMBO Journal., 16
(1), 110-20.

Macaya, A., Brunso, L., Fernandez-Castillo, N., Arranz, J.A., Ginjaar,
H.B., Cuenca-Leon, E., Corominas, R., Roig, M. and Cormand, B.
(2005) 'Molybdenum cofactor deficiency presenting as neonatal
hyperekplexia: a clinical, biochemical and genetic study’,
Neuropediatrics, 36 (6), 389-94.

Maksay, G., Biro, T. and Laube, B. (2002) 'Hyperekplexia mutation of
glycine receptors: decreased gating efficacy with altered binding
thermodynamics', Biochemical Pharmacology., 64 (2), 285-8.

Marks, A.R., Priori, S., Memmi, M., Kontula, K. and Laitinen, P.J. (2002)
'Involvement of the cardiac ryanodine receptor/calcium release
channel in catecholaminergic polymorphic ventricular tachycardia',
J Cell Physiol, 190 (1), 1-6.

Matsumoto, J., Fuhr, P., Nigro, M. and Hallett, M. (1992) 'Physiological
abnormalities in hereditary hyperekplexia', Annals of Neurology.,
32 (1), 41-50.

178



Maxwell, D.]J., Todd, A.]J. and Kerr, R. (1995) 'Colocalization of glycine
and GABA in synapses on spinomedullary neurons', Brain
Research., 690 (1), 127-32.

Meier, J., De Chaldee, M., Triller, A. and Vannier, C. (2000) 'Functional
heterogeneity of gephyrins', Molecular & Cellular Neurosciences.,
16 (5), 566-77.

Meier, J. and Grantyn, R. (2004) 'A gephyrin-related mechanism
restraining glycine receptor anchoring at GABAergic synapses', J
Neurosci, 24 (6), 1398-405.

Meier, J., Meunier-Durmort, C., Forest, C., Triller, A. and Vannier, C.
(2000) 'Formation of glycine receptor clusters and their
accumulation at synapses', Journal of Cell Science., 113 (Pt 15),
2783-95.

Meinck, H.M. (2006) 'Startle and its disorders', Neurophysiologie
Clinique/Clinical Neurophysiology, 36 (5-6), 357-364.

Melamud, E. and Moult, J. (2009) 'Structural implication of splicing
stochastics', Nucleic Acids Res, 37 (14), 4862-72.

Meyer, G., Kirsch, J., Betz, H. and Langosch, D. (1995) 'Identification of
a gephyrin binding motif on the glycine receptor beta subunit’,
Neuron., 15 (3), 563-72.

Mihic, S.J., Ye, Q., Wick, M.]., Koltchine, V.V., Krasowski, M.D., Finn,
S.E., Mascia, M.P., Valenzuela, C.F., Hanson, K.K., Greenblatt,
E.P., Harris, R.A. and Harrison, N.L. (1997) 'Sites of alcohol and
volatile anaesthetic action on GABA(A) and glycine receptors’,
Nature, 389 (6649), 385-9.

Miko, A., Werby, E., Sun, H., Healey, J. and Zhang, L. (2004) 'A TM2
residue in the betal subunit determines spontaneous opening of
homomeric and heteromeric gamma-aminobutyric acid-gated ion
channels', J Biol Chem, 279 (22), 22833-40.

Milani, N., Dalpra, L., del Prete, A., Zanini, R. and Larizza, L. (1996) 'A
novel mutation (GIn266-->His) in the alpha 1 subunit of the
inhibitory glycine-receptor gene (GLRA1) in hereditary
hyperekplexia', American Journal of Human Genetics, 58 (2), 420-
2.

Milani, N., Mulhardt, C., Weber, R.G., Lichter, P., Kioschis, P., Poustka, A.
and Becker, C.M. (1998) 'The human glycine receptor beta subunit
gene (GLRB): structure, refined chromosomal localization, and
population polymorphism', Genomics, 50 (3), 341-5.

Miraglia Del Giudice, E., Coppola, G., Bellini, G., Ledaal, P., Hertz, J.M.
and Pascotto, A. (2003) 'A novel mutation (R218Q) at the
boundary between the N-terminal and the first transmembrane
domain of the glycine receptor in a case of sporadic hyperekplexia’,
Journal of Medical Genetics, 40 (5), e71.

Mitra, R.D., Butty, V.L., Shendure, J., Williams, B.R., Housman, D.E. and
Church, G.M. (2003) 'Digital genotyping and haplotyping with
polymerase colonies', Proc Natl Acad Sci U S A, 100 (10), 5926-31.

Miyazawa, A., Fujiyoshi, Y. and Unwin, N. (2003) 'Structure and gating
mechanism of the acetylcholine receptor pore’, Nature, 423
(6943), 949-55.

Modrek, B., Resch, A., Grasso, C. and Lee, C. (2001) 'Genome-wide
detection of alternative splicing in expressed sequences of human
genes', Nucleic Acids Res, 29 (13), 2850-9.

179



Moghaddam, B. (2002) 'Stress activation of glutamate
neurotransmission in the prefrontal cortex: implications for
dopamine-associated psychiatric disorders’, Biological Psychiatry.,
51 (10), 775-87.

Molon, A., Di Giovanni, S., Hathout, Y., Natale, J. and Hoffman, E.P.
(2006) 'Functional recovery of glycine receptors in spastic murine
model of startle disease', Neurobiol Dis, 21 (2), 291-304.

Moorhouse, A.]., Jacques, P., Barry, P.H. and Schofield, P.R. (1999)
'The startle disease mutation Q266H, in the second
transmembrane domain of the human glycine receptor, impairs
channel gating', Molecular Pharmacology., 55 (2), 386-95.

Mulhardt C, M Fischer, P Gass, D Simon-Chazottes, J L Guenet, J Kuhse,
H Betz and C M Becker (1994). The spastic mouse: aberrant
splicing of glycine receptor beta subunit mRNA caused by intronic
insertion of L1 element. Neuron 13(4), 1003-1015.

Newell, J.G., McDevitt, R.A. and Czajkowski, C. (2004) 'Mutation of
glutamate 155 of the GABAA receptor beta2 subunit produces a
spontaneously open channel: a trigger for channel activation', J
Neurosci, 24 (50), 11226-35.

Nigro, M.A. and Lim, H.C. (1992) 'Hyperekplexia and sudden neonatal
death', Pediatric Neurology., 8 (3), 221-5.

Nithianantharajah, J., Barkus, C., Murphy, M. and Hannan, A.J. (2008)
'Gene-environment interactions modulating cognitive function and
molecular correlates of synaptic plasticity in Huntington's disease
transgenic mice', Neurobiol Dis, 29 (3), 490-504.

Notredame, C., Higgins, D.G. and Heringa, J. (2000) 'T-Coffee: A novel
method for fast and accurate multiple sequence alignment', J Mo/
Biol, 302 (1), 205-17.

Paarmann, 1., Schmitt, B., Meyer, B., Karas, M. and Betz, H. (2006)
'Mass spectrometric analysis of glycine receptor-associated
gephyrin splice variants', J Biol Chem, 281 (46), 34918-25.

Paavola, J., Viitasalo, M., Laitinen-Forsblom, P.J., Pasternack, M., Swan,
H., Tikkanen, I., Toivonen, L., Kontula, K. and Laine, M. (2007)
'Mutant ryanodine receptors in catecholaminergic polymorphic
ventricular tachycardia generate delayed afterdepolarizations due
to increased propensity to Ca2+ waves', Eur Heart J, 28 (9), 1135-
42.

Perez-Leon, J., Frech, M.]., Schroder, J.E., Fischer, F., Kneussel, M.,
Wassle, H. and Backus, K.H. (2003) 'Spontaneous synaptic
activity in an organotypic culture of the mouse retina’,
Investigative Ophthalmology & Visual Science., 44 (3), 1376-87.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt,
D.M., Meng, E.C. and Ferrin, T.E. (2004) 'UCSF Chimera--a
visualization system for exploratory research and analysis', J
Comput Chem, 25 (13), 1605-12.

Pfeiffer, F., Simler, R., Grenningloh, G. and Betz, H. (1984) 'Monoclonal
antibodies and peptide mapping reveal structural similarities
between the subunits of the glycine receptor of rat spinal cord.’
Proc Natl Acad Sci USA, 81 7224-7227.

Pierce K D, C A Handford, R Morris, B Vafa, J A Dennis, P J Healy and P R
Schofield (2001). A nonsense mutation in the alphal subunit of the

180



inhibitory glycine receptor associated with bovine myoclonus. Mo/
Cell Neurosci 17(2), 354-363.

Planells-Cases, R. and Jentsch, T.J. (2009) 'Chloride channelopathies',
Biochim Biophys Acta, 1792 (3), 173-89.

Pless, S.A. and Lynch, J.W. (2009) 'Ligand-specific conformational
changes in the alphal glycine receptor ligand-binding domain', J
Biol Chem, 284 (23), 15847-56.

Poon, W.T., Au, K.M., Chan, Y.W., Chan, K.Y., Chow, C.B., Tong, S.F.
and Lam, C.W. (2006) 'Novel missense mutation (Y279S) in the
GLRA1 gene causing hyperekplexia', Clin Chim Acta, 364 (1-2),
361-2.

Praveen, V., Patole, S.K. and Whitehall, J.S. (2001) 'Hyperekplexia in
neonates', Postgraduate Medical Journal., 77 (911), 570-2.

Pribilla, I., Takagi, T., Langosch, D., Bormann, J. and Betz, H. (1992)
'The atypical M2 segment of the beta subunit confers picrotoxinin
resistance to inhibitory glycine receptor channels', Embo J, 11
(12), 4305-11.

Rajendra, S., Lynch, J.W., Pierce, K.D., French, C.R., Barry, P.H. and
Schofield, P.R. (1994) 'Startle disease mutations reduce the
agonist sensitivity of the human inhibitory glycine receptor’,
Journal of Biological Chemistry., 269 (29), 18739-42.

Ramanathan, S., Woodroffe, A., Flodman, P., Mays, L., Hanouni, M.,
Modahl, C., Steinberg-Epstein, R., Bocian, M., Spence, M.A. and
Smith, M. (2004) 'A case of autism with an interstitial deletion on
4q leading to hemizygosity for genes encoding for glutamine and
glycine neurotransmitter receptor sub-units (AMPA 2, GLRA3,
GLRB) and neuropeptide receptors NPY1R, NPY5R', BMC Medical
Genetics, 5 (1), 10.

Rea, R., Tijssen, M.A., Herd, C., Frants, R.R. and Kullmann, D.M. (2002)
'Functional characterization of compound heterozygosity for
GlyRalphal mutations in the startle disease hyperekplexia’',
European Journal of Neuroscience., 16 (2), 186-96.

Rees, M.I., Andrew, M., Jawad, S. and Owen, M.]J. (1994) 'Evidence for
recessive as well as dominant forms of startle disease
(hyperekplexia) caused by mutations in the alpha 1 subunit of the
inhibitory glycine receptor', Human Molecular Genetics, 3 (12),
2175-9.

Rees, M.I., Harvey, K., Pearce, B.R., Chung, S.K., Duguid, 1.C., Thomas,
P., Beatty, S., Graham, G.E., Armstrong, L., Shiang, R., Abbott,
K.J., Zuberi, S.M., Stephenson, J.B., Owen, M.]., Tijssen, M.A., van
den Maagdenberg, A.M., Smart, T.G., Supplisson, S. and Harvey,
R.J. (2006) 'Mutations in the gene encoding GlyT2 (SLC6AS5)
define a presynaptic component of human startle disease', Nat
Genet, 38 (7), 801-6.

Rees, M.I., Harvey, K., Ward, H., White, J.H., Evans, L., Duguid, 1.C,,
Hsu, C.C., Coleman, S.L., Miller, J., Baer, K., Waldvogel, H.].,
Gibbon, F., Smart, T.G., Owen, M.J., Harvey, R.]J. and Snell, R.G.
(2003) 'Isoform heterogeneity of the human gephyrin gene
(GPHN), binding domains to the glycine receptor, and mutation
analysis in hyperekplexia', Journal of Biological Chemistry, 278
(27), 24688-96.

181



Rees, M.I., Lewis, T.M., Kwok, J.B., Mortier, G.R., Govaert, P., Snell,
R.G., Schofield, P.R. and Owen, M.J. (2002) 'Hyperekplexia
associated with compound heterozygote mutations in the beta-
subunit of the human inhibitory glycine receptor (GLRB)', Human
Molecular Genetics, 11 (7), 853-60.

Rees, M.I., Lewis, T.M., Vafa, B., Ferrie, C., Corry, P., Muntoni, F.,
Jungbluth, H., Stephenson, 1.B., Kerr, M., Snell, R.G., Schofield,
P.R. and Owen, M.]. (2001) 'Compound heterozygosity and
nonsense mutations in the alpha(1)-subunit of the inhibitory
glycine receptor in hyperekplexia', Human Genetics, 109 (3), 267-
70.

Reiss, J. (2000) 'Genetics of molybdenum cofactor deficiency', Human
Genetics, 106 (2), 157-63.

Reiss, J., Gross-Hardt, S., Christensen, E., Schmidt, P., Mendel, R.R. and
Schwarz, G. (2001) 'A mutation in the gene for the
neurotransmitter receptor-clustering protein gephyrin causes a
novel form of molybdenum cofactor deficiency', American Journal
of Human Genetics, 68 (1), 208-13.

Ruprecht, K., Warmuth-Metz, M., Waespe, W. and Gold, R. (2002)
'Symptomatic hyperekplexia in a patient with multiple sclerosis’,
Neurology., 58 (3), 503-4.

Ryan, S.G., Buckwalter, M.S., Lynch, J.W., Handford, C.A., Segura, L.,
Shiang, R., Wasmuth, 1.J., Camper, S.A., Schofield, P. and
O'Connell, P. (1994) 'A missense mutation in the gene encoding
the alpha 1 subunit of the inhibitory glycine receptor in the
spasmodic mouse', Nature Genetics, 7 (2), 131-5.

Ryzhikov, S. and Bahr, B.A. (2008) 'Gephyrin alterations due to protein
accumulation stress are reduced by the lysosomal modulator Z-
Phe-Ala-diazomethylketone', J Mo/ Neurosci, 34 (2), 131-9.

Sabatini, D.M., Barrow, R.K., Blackshaw, S., Burnett, P.E., Lai, M.M,,
Field, M.E., Bahr, B.A., Kirsch, J., Betz, H. and Snyder, S.H.
(1999) 'Interaction of RAFT1 with gephyrin required for rapamycin-
sensitive signaling', Science., 284 (5417), 1161-4.

Saiyed, T., Paarmann, 1., Schmitt, B., Haeger, S., Sola, M., Schmalzing,
G., Weissenhorn, W. and Betz, H. (2007) 'Molecular basis of
gephyrin clustering at inhibitory synapses: role of G- and E-domain
interactions’', J Biol Chem, 282 (8), 5625-32.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual. New York: Cold Spring Harbor Laboratory
Press.

Sassoe-Pognetto, M., Kirsch, J., Grunert, U., Greferath, U., Fritschy, J.M.,
Mohler, H., Betz, H. and Wassle, H. (1995) 'Colocalization of
gephyrin and GABAA-receptor subunits in the rat retina’, Journal of
Comparative Neurology., 357 (1), 1-14.

Sassoe-Pognetto, M. and Wassle, H. (1997) 'Synaptogenesis in the rat
retina: subcellular localization of glycine receptors, GABA(A)
receptors, and the anchoring protein gephyrin', Journal of
Comparative Neurology., 381 (2), 158-74.

Saul, B., Kuner, T., Sobetzko, D., Brune, W., Hanefeld, F., Meinck, H.M.
and Becker, C.M. (1999) 'Novel GLRA1 missense mutation
(P250T) in dominant hyperekplexia defines an intracellular

182



determinant of glycine receptor channel gating', Journal of
Neuroscience, 19 (3), 869-77.

Scarcella, A. and Coppola, G. (1997) 'Neonatal sporadic hyperekplexia:
a rare and often unrecognized entity', Brain & Development., 19
(3), 226-8.

Schrader, N., Kim, E.Y., Winking, J., Paulukat, J., Schindelin, H. and
Schwarz, G. (2004) 'Biochemical characterization of the high
affinity binding between the glycine receptor and gephyrin', J Bio/
Chem, 279 (18), 18733-41.

Segovia, J. (2002) 'Gene therapy for Parkinson's disease: current status
and future potential', American Journal of PharmacoGenomics., 2
(2), 135-46.

Seri, M., Bolino, A., Galietta, L.J., Lerone, M., Silengo, M. and Romeo, G.
(1997) 'Startle disease in an Italian family by mutation (K276E):
The alpha-subunit of the inhibiting glycine receptor', Human
Mutation, 9 (2), 185-7.

Shan, Q., Haddrill, J.L. and Lynch, J.W. (2001) 'A single beta subunit M2
domain residue controls the picrotoxin sensitivity of alphabeta
heteromeric glycine receptor chloride channels', J Neurochem, 76
(4), 1109-20.

Shan, Q., Haddrill, J.L. and Lynch, J.W. (2002) 'Comparative surface
accessibility of a pore-lining threonine residue (T6') in the glycine
and GABA(A) receptors', J Biol Chem, 277 (47), 44845-53.

Shiang, R., Ryan, S.G., Zhu, Y.Z., Fielder, T.J., Allen, R.)., Fryer, A.,
Yamashita, S., O'Connell, P. and Wasmuth, J.J. (1995)
'Mutational analysis of familial and sporadic hyperekplexia', Annals
of Neurology, 38 (1), 85-91.

Shiang, R., Ryan, S.G., Zhu, Y.Z., Hahn, A.F., O'Connell, P. and
Wasmuth, J.J. (1993) 'Mutations in the alpha 1 subunit of the
inhibitory glycine receptor cause the dominant neurologic disorder,
hyperekplexia', Nature Genetics, 5 (4), 351-8.

Simburger, E., Plaschke, M., Kirsch, J. and Nitsch, R. (2000)
'Distribution of the receptor-anchoring protein gephyrin in the rat
dentate gyrus and changes following entorhinal cortex lesion’,
Cerebral Cortex., 10 (4), 422-32.

Siren, A., Legros, B., Chahine, L., Misson, J.P. and Pandolfo, M. (2006)
'Hyperekplexia in Kurdish families: a possible GLRA1 founder
mutation', Neurology, 67 (1), 137-9.

Smith, G.T., Lu, Y. and Zakon, H.H. (2000) 'Parvocells: a novel
interneuron type in the pacemaker nucleus of a weakly electric
fish', Journal of Comparative Neurology., 423 (3), 427-39.

Smolinsky, B., Eichler, S.A., Buchmeier, S., Meier, J.C. and Schwarz, G.
(2008) 'Splice-specific functions of gephyrin in molybdenum
cofactor biosynthesis', J Biol Chem, 283 (25), 17370-9.

Sobetzko D, T Sander and C M Becker (2001). Genetic variation of the
human glycine receptor subunit genes GLRA3 and GLRB and
susceptibility to idiopathic generalized epilepsies. Am J Med Genet
105(6), 534-538.

Sokolov, S., Scheuer, T. and Catterall, W.A. (2007) 'Gating pore current
in an inherited ion channelopathy’, Nature, 446 (7131), 76-8.

Sola, M., Bavro, V.N., Timmins, J., Franz, T., Ricard-Blum, S., Schoehn,
G., Ruigrok, R.W., Paarmann, I., Saiyed, T., O'Sullivan, G.A.,

183



Schmitt, B., Betz, H. and Weissenhorn, W. (2004) 'Structural
basis of dynamic glycine receptor clustering by gephyrin', Embo J,
23 (13), 2510-9.

Spedding, M., Neau, I. and Harsing, L. (2003) 'Brain plasticity and
pathology in psychiatric disease: sites of action for potential
therapy', Current Opinion in Pharmacology., 3 (1), 33-40.

Stallmeyer, B., Schwarz, G., Schulze, 1., Nerlich, A., Reiss, J., Kirsch, J.
and Mendel, R.R. (1999) 'The neurotransmitter receptor-anchoring
protein gephyrin reconstitutes molybdenum cofactor biosynthesis
in bacteria, plants, and mammalian cells', Proceedings of the
National Academy of Sciences of the United States of America., 96
(4), 1333-8.

Stewart, W.A., Wood, E.P., Gordon, K.E. and Camfield, P.R. (2002)
'Successful treatment of severe infantile hyperekplexia with low-
dose clobazam', Journal of Child Neurology., 17 (2), 154-6.

Supplisson, S. and Chesnoy-Marchais, D. (2000) 'Glycine receptor beta
subunits play a critical role in potentiation of glycine responses by
ICS-205,930', Mol Pharmacol, 58 (4), 763-70.

Supplisson, S. and Roux, M.J. (2002) 'Why glycine transporters have
different stoichiometries', FEBS Letters, 529 (1), 93-101.

Tester, D.J., Cronk, L.B., Carr, J.L., Schulz, V., Salisbury, B.A., Judson,
R.S. and Ackerman, M.J. (2006) 'Allelic dropout in long QT
syndrome genetic testing: a possible mechanism underlying false-
negative results', Heart Rhythm, 3 (7), 815-21.

Thompson-Vest, N.M., Waldvogel, H.]., Rees, M.I. and Faull, R.L.
(2003) 'GABA(A) receptor subunit and gephyrin protein changes
differ in the globus pallidus in Huntington's diseased brain', Brain
Res, 994 (2), 265-70.

Torres, V.I. and Weiss, D.S. (2002) 'Identification of a tyrosine in the
agonist binding site of the homomeric rhol gamma-aminobutyric
acid (GABA) receptor that, when mutated, produces spontaneous
opening', J Biol Chem, 277 (46), 43741-8.

Traka, M., Seburn, K.L. and Popko, B. (2006) 'Nmf11 is a novel ENU-
induced mutation in the mouse glycine receptor alpha 1 subunit’,
Mamm Genome, 17 (9), 950-5.

Treves, S., Jungbluth, H., Muntoni, F. and Zorzato, F. (2008)
'Congenital muscle disorders with cores: the ryanodine receptor
calcium channel paradigm', Curr Opin Pharmacol, 8 (3), 319-26.

Triller, A., Cluzeaud, F. and Korn, H. (1987) 'gamma-Aminobutyric acid-
containing terminals can be apposed to glycine receptors at central
synapses', J Cell Biol, 104 (4), 947-56.

Tsai, C.H., Chang, F.C., Su, Y.C., Tsai, F.J., Lu, M.K., Lee, C.C., Kuo,
C.C., Yang, Y.W. and Lu, C.S. (2004) 'Two novel mutations of the
glycine receptor gene in a Taiwanese hyperekplexia family’,
Neurology, 63 (5), 893-6.

Ueno, S., Wick, M.]., Ye, Q., Harrison, N.L. and Harris, R.A. (1999)
'Subunit mutations affect ethanol actions on GABA(A) receptors
expressed in Xenopus oocytes', Br J Pharmacol, 127 (2), 377-82.

Vergouwe, M.N., Tijssen, M.A., Peters, A.C., Wielaard, R. and Frants,
R.R. (1999) 'Hyperekplexia phenotype due to compound
heterozygosity for GLRA1 gene mutations', Annals of Neurology, 46
(4), 634-8.

184



Wagner, D.A., Goldschen-Ohm, M.P., Hales, T.G. and Jones, M.V.
(2005) 'Kinetics and spontaneous open probability conferred by the
epsilon subunit of the GABAA receptor', J Neurosci, 25 (45),
10462-8.

Waldvogel, H.]., Baer, K., Allen, K.L., Rees, M.I. and Faull, R.L. (2007)
'Glycine receptors in the striatum, globus pallidus, and substantia
nigra of the human brain: an immunohistochemical study', J Comp
Neurol, 502 (6), 1012-29.

Waldvogel, H.]., Baer, K., Snell, R.G., During, M.J., Faull, R.L. and Rees,
M.I. (2003) 'Distribution of gephyrin in the human brain: an
immunohistochemical analysis', Neuroscience., 116 (1), 145-56.

Waldvogel, H.]., Billinton, A., White, J.H., Emson, P.C. and Faull, R.L.
(2004) 'Comparative cellular distribution of GABAA and GABAB
receptors in the human basal ganglia: immunohistochemical
colocalization of the alpha 1 subunit of the GABAA receptor, and
the GABABR1 and GABABR2 receptor subunits', Journal of
Comparative Neurology, 470 (4), 339-56.

Waldvogel, H.]., Curtis, M.A., Baer, K., Rees, M.I. and Faull, R.L. (2006)
'Immunohistochemical staining of post-mortem adult human brain
sections', Nat Protoc, 1 (6), 2719-32.

Waldvogel, H.]J., Kubota, Y., Fritschy, J.M., Mohler, H. and Faull, R.L.M.
(1999) 'Regional and cellular localisation of GABA(A) receptor
subunits in the human basal ganglia: An autoradiographic and
immunohistochemical study', Journal of Comparative Neurology.,
415 (3), 313-340.

Westenskow, P., Splawski, I., Timothy, K.W., Keating, M.T. and
Sanguinetti, M.C. (2004) 'Compound mutations: a common cause
of severe long-QT syndrome', Circulation, 109 (15), 1834-41.

Wheeler, D.L., Barrett, T., Benson, D.A., Bryant, S.H., Canese, K.,
Chetvernin, V., Church, D.M., DiCuccio, M., Edgar, R., Federhen,
S., Geer, L.Y., Kapustin, Y., Khovayko, O., Landsman, D., Lipman,
D.J., Madden, T.L., Maglott, D.R., Ostell, 1., Miller, V., Pruitt, K.D.,
Schuler, G.D., Sequeira, E., Sherry, S.T., Sirotkin, K., Souvorov,
A., Starchenko, G., Tatusov, R.L., Tatusova, T.A., Wagner, L. and
Yaschenko, E. (2007) 'Database resources of the National Center
for Biotechnology Information', Nucleic Acids Res, 35 (Database
issue), D5-12.

White W F and A H Heller (1982). Glycine receptor alteration in the
mutant mouse spastic. Nature 298(5875), 655-657.

Xiao, W. and Oefner, P.J. (2001) 'Denaturing high-performance liquid
chromatography: A review.' Human Mutation, 17 439-474.

Xu, Q., Modrek, B. and Lee, C. (2002) 'Genome-wide detection of
tissue-specific alternative splicing in the human transcriptome’,
Nucleic Acids Res, 30 (17), 3754-66.

Yang, Z., Aubrey, K.R., Alroy, 1., Harvey, R.]., Vandenberg, R.]J. and
Lynch, J.W. (2008) 'Subunit-specific modulation of glycine
receptors by cannabinoids and N-arachidonyl-glycine', Biochem
Pharmacol, 76 (8), 1014-23.

Yang, Z., Cromer, B.A., Harvey, R.]., Parker, M.\W. and Lynch, J.W.
(2007) 'A proposed structural basis for picrotoxinin and picrotin
binding in the glycine receptor pore', J Neurochem, 103 (2), 580-9.

185



Yu, W., Charych, E.I., Serwanski, D.R., Li, R.W., Ali, R., Bahr, B.A. and
De Blas, A.L. (2008) 'Gephyrin interacts with the glutamate
receptor interacting protein 1 isoforms at GABAergic synapses', J
Neurochem,

Zhou, L., Chillag, K.L. and Nigro, M.A. (2002) 'Hyperekplexia: a
treatable neurogenetic disease', Brain & Development, 24 669-
674.

186



