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1 LIST OF ABBREVIATIONS

1 List of Abbreviations

aCSF | Arti cial Cerebrospinal Spinal Fluid
AP-V | (2R)-amino-5-phosphonovaleric acid
ASD Austism Spectrum Disorder

BGH Bovine Growth Hormone

CAE Childhood Absence Epilepsy

CMV Cytomegalovirus

DAPI | 4',6-Diamidin-2-phenylindol

DEE Developmental and Epileptic Encephalopathy
DEPC | Diethylpyrocarbonate

DIV DaysIn Vitro

DMEM | Dulbecco's Modi ed Eagle's Medium
DMSO | Dimethylsufoxide

DNA Desoxyribonucleic Acid

dNTP | Desoxyribonucleotide Triphosphate
DRC Dose Response Curve

DS Dravet Syndrome

FS Febrile Seizure

GABA | Gamma Aminobutyric Acid

GEFS+ | Generalized Epilepsy With Febrile Seizures Plus
GFP Green Fluorescent Protein

GGE Genetic Generalised Epilepsies

HBSS | Hanks Balanced Salt Solution
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JME
LB
mIPSC
NAFE
NB
NBQX
PBS
PCR
PDL
RNA
NTP
SAP
SEM
sIPSC
SD
SDM
SMEI
Tris
TTX
uv

WT

Juvenile Myoclonic Epilepsy

Lysogeny Broth

Miniature Inhibitory Postsynaptic Current
Non-Acquired Focal Epilepsy

Neurobasal
2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo[f]chinoxalin-2,3-dion
Phosphate Bu ered Saline

Polymerase Chain Reaction
Poly-D-Lysin-Hydrobromide

Ribonucleic Acid

Ribonucleic Nucleotide Triphosphate

Shrimp Alkaline Phosphatase

Standard Error of the Mean

Spontaneous Inhibitory Postsynaptic Current
Standard Deviation

Site Directed Mutagenesis

Severe Myoclonic Epilepsy in Infancy
Tris(hydroxymethyl)aminomethane
Tetrodotoxin

Ultraviolet

Wildtype



2 INTRODUCTION 9

2 Introduction

2.1 GABA R - an inhibitory receptor

-aminobutyric acid (GABA) receptors embody one group of the many receptors medi-

ating electrochemical processes within the brain, facilitating thought and action within
living beings. In itself, it is a heterogeneous composition of di erent kinds of receptor
subtypes that assemble to be the GABA receptor family (Sieghart & Sperk, 2002). When
zooming in, one can di erentiate between two large groups: GABAd GABA re-
ceptors. These receptors are predominantly expressed within the central nervous system
(CNS). Whereas they di er on a molecular level - the rst one is classi ed as ionotropic,
or ligand-activating ion channel. The latter, on the other hand, activates a metabotropic,
second-messenger intracellular pathway. However, they usually serve one common pur-
pose: they emit inhibitory postsynaptic currents (Méhler, 2006).The ionotropic @ABA
channel is opened by specic binding of the neurotransmitter GABA, making way for
Chloride ions to pass into the cell, hyperpolarising it and consequentially emitting an
inhibitory postsynaptic potential (M6hler, 2006).
GABA, is usually made up of ve di erent individually translated subunits that make up
the pentameric structure of the ion channel. The most prevalent combination is made up
of2 ,2 and1l subunits (sedigure 1. They align clockwise as a heteropentamer
consisting of - - - - subunits to form a functioning receptor (Sieghart & Sperk,
2002; Essrich et al., 1998). These subunits are di erentiated even further jrto ¢ ,

1- 3,and ;- 3. Other subunits that can be detected in place adre , , ;-

3, ,and (Sieghart & Sperk, 2002). Emphasizing the heterogeneity of the various
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subtypes, they are encoded by 19 di erent genes (Fritschy & Panzanelli, 2014). Within
the CNS, they're distributed in various constellations and localisations. Even if they seem
so di erent, on a molecular level, the translated subunits share certain similarities: each
one consists of four transmembrane domains. The C- and N-terminus of the protein
are located on the extracellular side. The neurotransmitter binds betweenaasa
subunit that have aligned next to each other. Inferring from the assemblage of the
respective subunits, two GABA binding sites exist in the heteropentameric structure.
The channel then permits Chloride ions (Clo pass (Unwin, 1993), typically leading

to hyperpolarisation of the cell.

Cl
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Figure 1.Schematic structure of a pentameric ionotropic GABAceptor formed of 2

,2 and 1l subunits.

2.2 Distribution and di erent roles of GABA A Within the brain

Ben-Ari introduced the theory that during early development, activation of GABA recep-

tors might lead to depolarisation, rather than the classical hyperpolarisation (Ben-Ari,
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2002). Itis also implied that the general activation of GABA receptors is vital for synapse
development. As both glutamatergic and GABAergic neurons are largely present during
development (Behuet et al., 2019), it is suggested that neuron migration is a ected by
this intricate system. Co-localisation of GABA with synaptophysin - a vesicular pro-
tein located typically in the presynapse (Wiedenmann et al., 1986) - was also observed.
This underlines the suggestion of the in uence GABA has on the formation of synapses.
Consequentially, neural networks within the developing brain are furthermore in uenced
by GABA activity (Hutcheon et al., 2004). Still, this interplay of molecules and their
receptors has not yet been studied well enough to derive a generalisation.

Moving on from prenatal development and the hypothesis that GABA can ful | an
excitatory purpose within the CNS, GABAeceptors are still understood to serve as
the main inhibitory receptor in the adult brain. One can di erentiate between tonic and
phasic inhibition. Phasic inhibition describes whether the channel has been opened by
binding of a transmitter - GABA - which has been previously released by presynaptic
vesicles. Contrasting that in the case of tonic inhibition, there is also the possibility of
extrasynaptic activation (Farrant & Nusser, 2005). It is less temporally and spatially
determined, as the receptors are located outside of the synaptic cleft. Both means of
inhibition are possible in the case of GABAConductance for Clions seems to di er

as well for the two states described above. Regarding phasic inhibition, there is a xed
time frame in which the receptor opens and facilitates the membrane permeability of Cl
ions, hyperpolarising quickly with a brief increase in concentration (Farrant & Nusser,
2005).

As we've established, the GABA receptor family is more complex than it appears at rst
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glance. The variety of GABAsubunits suggests a diverse range of functions, possibly
depending on di erent brain regions. It is known that the receptor groups appear ubiqui-
tously within the CNS. Yet, the various subtypes that align into pentamers di er greatly
depending on their respective localisation; Pirker and colleagues (Pirker et al., 2000)
have studied the localisation and constellation of the various subunits and concluded
that , and , appear to be a common combination. Furthermore, the most commonly

found subtype within the group is 1, closely followed by, and s.

2.3 3-containing GABA A receptors

This thesis will focus onz. 3 is encoded on th&ABRA3gene which is located on
chromosome Xg28 (National Center for Biotechnology Information, 2021). The trans-
lated protein consists of 492 amino acids, with the signal peptide being located at amino
acid 29 276. It is preceded by a long extracellular N-terminus at amino acids 1 -
28. The four helical transmembrane domains are expressed by the amino acids in 277
298, 304 325, 338 359, and 458 479th position. In between the topological
transmembrane domains 3 and 4, there is one large intracellular domain spanning amino
acids 360 457 (UniProt Consortium, 2021 igure 2depicts a schematic overview of
the respective amino acids that make up the protein as it appears in the cell membrane.
3 remains expressed before and after birth in mice (Laurie et al., 1992), which implies
a certain signi cance of the receptor subtype before and after birth. Still, one needs
to consider that conclusions about the purpose during development cannot be drawn

liberally. When studying functional brain regions using selective antibodies, one is able



2 INTRODUCTION 13

to observe ; within the cingulate, frontal, occipital cortex, brain stem as well as the
midbrain. (Fritschy & Mohler, 1995). Moreover, the reticular nucleus of the thalamus,
Amygdala, locus coeruleus, as well as the reticular formation especially express that sub-
unit. Within the islands of Calleja, the subunit aligns witHFritschy & Mohler, 1995).

These localisations all project into the dopaminergic system, which may have interesting
implications for the function of 3. Especially considering it is the onlysubunit to be
expressed within the substantia nigra (Rodriguez-Pallares et al., 2001), it may serve a
curious function within the dopaminergic system of the brain. Contrasting these afore-
mentioned areas, wherg is predominant, it is not one of the cardinal proteins within

the brain region that contains a vast amount of GABAhe hippocampus (Hutcheon

et al., 2004).

V-

277 - 298 304 - 325 338-359 458 - 479

N_

Figure 2. The 3 subunit as it is integrated into the cell membrane. The amino acids

making up the transmembrane domains are labeled.



2 INTRODUCTION 14

Not only does 3 seem to appear quite often within the brain (in 109%%f GABA
receptors as a broad estimate (Sieghart & Sperk, 2002)). The subunit also serves a
pharmacological purpose. It has a benzodiazepine binding site - when aligned with a
subunit (Christian et al., 2013). Like this, it is able to be modulated on a biochemical
level, being activated in an allosteric way and therefore letting more anions (mainly Cl
pass through the channel.; especially portrays a high a nity for classical benzodi-
azepine agonists and umazenil, an antagonist. Zolpidem, on the other hand, appears to
show less of a strong binding capacity for the subunit (M6hler, 2006). Being expressed
in such high numbers within the brain and having the advantage of having very spe-
ci ¢ binding sites, it could be used in an advantageous manner when altering receptor
properties. For example, certain pathologies a ecting the function of a speci ¢ subtype
could be targeted pharmacologically. Perhaps adverse e ects of medications could be
minimised as much as possible.

In the case of 3 in combination with ,, it seems as though the formed pentamer is
mostly described as a postsynaptic receptor, indicating a role of a phasic inhibitory chan-
nel; this phasic activation is associated with generating oscillating activities within neural
networks (Farrant & Nusser, 2005). Because this mechanism is relevant for neurological
pathologies, such as epileptic and developmental phenotypes (Niturad et al., 2017), it
IS necessary to investigate the electrophysiological properties (and accompanying that
the temporal activation of the channel) og. Consequently, coexpression of the addi-
tional subunits is imperative to simulate its function in heterologous expression systems
in vitro (e.g. Xenopus laevieocytes or HEK cells). Studies have found that two

subunits most commonly align with tw@ and one , subunits to form a functioning
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ion channel (Fritschy et al., 1992). Alternatively, neuronal cultures or model organisms
such as knock-out mice might o er a more advanced approximation to the physiological
and pathological conditions. In these cases, additional subunits are already endogenously

expressed.

2.4 Association of GABA A receptors with genetic epilepsies
and related phenotypes
2.4.1 A brief overview of epilepsy

Epilepsy describes a neurological condition which a ects about 50 million people in
the world to date (World Health Organization, 2021). To be diagnosed formally, at
least two seizures in an unprovoked manner are to occur with a minimal gap of a day
apart from each other (Fisher et al., 2014). Another criterion is that the likelihood of
another seizure occurring within 10 years must lie abov&o.60rhis probability can

be approximated by brain lesions in an MRI image, or epilepsy-typical potentials in an
electroencephalography (EEG) recording. Alternatively, a corresponding syndrome is
required to have been diagnosed in the past. Only then does the condition qualify as
epilepsy. A seizure, in turn, is caused by abnormal or synchronous activity within the
brain, leading to transient symptoms with a clear onset and ending (Fisher et al., 2014).
It can be detected by changes in behavior or by a distinct presentation when conducting
a recording of EEGs. Depending on the part of the brain a ected, various types of
senses can present themselves as being altered during the seizure. These include motor

function, smell, or vision, among others (Fisher et al., 2014). A corresponding pattern
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can also be detected within the EEG in the a ected brain areas, underlining the physical
localisation or origin of the seizure.

A variety of clinical presentations within patients is possible. Hence, depending on the
type of onset of the seizure, the symptoms are further classi ed into focal (restricted to
a circumscribed area, usually originating in the hippocampus), generalised, or epilepsies
with an unknown origin in the broadest sense (Fisher et al., 2017). Still, even generalised
epilepsies usually originate from one part of the brain, moving on to dominate the EEG
recordings. The subtypes are further broken down into motor vs. non-motor seizures
with or without loss of awareness. As complex as motor or non-motor reactions can be,
they are di erentiated once more depending on the precise clinical symptoms (Sche er
et al., 2017).

The pathophysiology of this complex condition remains to be clari ed as of now. Yet,
the oscillation or synchronous activity of electric currents is due to neural networks being
activated and spreading - at least in the case of generalised epilepsy (Brom eld et al.,
2006). It is known that the interconnection of neurons is due to electrochemical changes
between the cells, altering the ring of associated neurons. Therefore, it can be inferred
that an imbalance in regulating factors might be at the root of epilepsy. This has been
associated in previous studies with voltage and ligand-gated channels, mediating the in-
hibitory and excitatory potentials generated between the cells transmitting information.
One of these is the group of GABA receptors (Tasker & Dudek, 1991), as it causes post-
synaptic inhibitory potential. This is only one example, though: other receptors have
also been associated with epilepsy. These include NMDA, several potassium, or sodium

channels (Weber & Lerche, 2008). Staying at the level of impaired receptor function,
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it is vital to explore the origin of their malfunction. Furthermore, an association to the
clinical presentation of epilepsy is desirable when trying to nd the root of the symptoms

in these ion and voltage gated channels.

2.4.2 Genetic epilepsies

For almost half of epilepsies, a genetic cause can be identi ed. In some cases, the root
can be traced back to speci c receptors, as mentioned in the previous section. In that
case one can explain the epileptic symptoms by the expression of dysfunctioning volt-
age gated or ligand activated channels which impair the ion regulation within the brain
(Lerche et al., 2013). This rattles up the carefully maintained equilibrium of the well-
working nervous system, disturbing its neural networks and leading to epileptic seizures
or syndromes. The fact that the associated channel may not work properly can be caused
by genetic variants. The exact variants within channels have been discovered by the use
of sequencing studies for individuals. Association studies have in turn contributed to
the identi cation of the impaired loci on chromosomes. The advantage is that in this
scenario, a vast amount of patients can be studied. In turn, overlaps in genetic varia-
tions can reliably be associated with epileptic syndromes (Epi4K Consortium & Epilepsy
Phenome/Genome Project, 2013; Weber & Lerche, 2008). Furthermore, entire families
can be inspected on a genetic level. That is useful when trying to pinpoint inherited

epilepsy. Monogenic (single risk gene) as well as polygenic causes have been discovered.

One of the rst variants to be described and associated with generalised epilepsy and

febrile seizures are two rare variants within thesubunit (Wallace et al., 2001; Baulac
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et al., 2001). So far, genetic variations of tBABRA1(Cossette et al., 2002);ABRA2

(Butler et al., 2018),GABRA3 (Niturad et al., 2017),GABRAS5 (Butler et al., 2018),
GABRB2(Srivastava et al., 2014\GABRB3(Mgller et al., 2017) GABRG2(Baulac et

al., 2001), andGABRD (Ahring et al., 2021) genes have been traced back to epileptic
phenotypes or associated diseases (Macdonald et al., 2010). These phenotypes include a
broad spectrum of childhood absence epilepsy (CAE), juvenile myoclonic epilepsy (JME),
febrile seizures (FS), generalised epilepsy with febrile seizures plus (GEFS+), Dravet
syndrome (DS)/severe myoclonic epilepsy in infancy (SMEI), and generalised genetic
epilepsy (GGE) not sub-classi ed as CAE, JME, or another syndrome. As diverse as
the described variants are, the syndromes associated with respective subunits also vary
widely. Collectively, variants a ecting genes encoding GABXeptors are enriched in
genetic generalised epilepsies and non-acquired focal epilepsies (May et al., 2018; Epi25,

2019). Some of the phenotypic associations with epilepsy are visualifzulanl
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Encoding Gene Epilepsy Phenotype
GABRA1 GGE (JME, CAE)
GABRA2 DEE
GABRA3 DEE
GABRA5 DEE, GGE
GABRB1 DEE
GABRB2 DEE, GGE
GABRB3 GGE (CAE), GEFS+, DEE
GABRG2 DEE, GGE (CAE), FS, GEFS+, NAFKE
GABRD GEFS+, GGE (JME), DEE

Table 1. List of identi ed clinical conditions corresponding to genes encoding ABA
subunits (Kang & Macdonald, 2009; Khair & Salvucci, 2021; Maljevic, Mgller, et al.,
2019; Mgller et al., 2017; Ahring et al., 2021; Niturad et al., 2017; Maljevic, Keren,

et al., 2019; Butler et al., 2018; May et al., 2018; El Achkar et al., 2021; Epi4K
Consortium & Epilepsy Phenome/Genome Project, 2013). CAE: Childhood Absence
Epilepsy, DEE: Developmental and Epileptic Encephalopathy, FS: Febrile Seizure, GGE:
Genetic Generalised Epilepsies, GEFS+: Generalized Epilepsy With Febrile Seizures Plus,
JME: Juvenile Myoclonic Epilepsy, NAFE: Non-Acquired Focal Epilepsy.

2.4.3 Link between variants in genes encoding GABA , receptors and de-

velopmental and psychiatric diseases

By now, di erent clinical phenotypes other than genetic epilepsies have been associated
with abnormal function of GABAwithin the brain (Kang & Barnes, 2013). The clini-

cal phenotype of schizophrenia has been associated with mutations within the receptor
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(Jacob et al., 2008; Lewis & Gonzalez-Burgos, 2006), just to name one example. Studies
of molecular pathways have implied that GABA reuptake and synthesis is decreased in
schizophrenic patients, leading to a compensatory upregulation of postsynatic receptors
(Lewis & Gonzalez-Burgos, 2006). Other psychiatric conditions include autism spec-
trum disorder (Buxbaum et al., 2002). Gene association studies were able to explain
the occurrence of autism in patients by relating it to polymorphisnGABRA4 (Ma

et al., 2005). Moreover, Angelman syndrome as a chromosomal aberration leading to
autism-like behaviour and seizures in patients could also be related to alterations in
GABAergic pathways (DelLorey et al., 1998). As these phenotypes are often times a I-
lated with developmental disorders, recent studies have shown that patients exhibiting
intellectual disability in general, learning disabilities, and coordination di culties express
speci ¢ variants within the(sABRA3 GABRAZ GABRAS or GABRD gene (Niturad et

al., 2017; Butler et al., 2018; Ahring et al., 2021). In most cases, these clinical pre-
sentations coincide with ASD and/or epilepsy. Interestingly, the phenotypes of variants
even within one receptor subtype were found to be quite heterogeneous; for instance,
GABRD-related clinical symptoms span from mild intellectual di culties to patients not
being able to walk at the age of three (Ahring et al., 2021). The cases @®&B&RD
alterations showed a gain in function when studhmedtro expressed rather severe pheno-
types. Di culties in learning were present and prominent in most cases across variants.
Depicted below is an overview of the various clinical conditions associated with variants

of GABA, subunits as described within literature.
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Encoding Gen¢  Associated Phenotype

GABRA1 schizophrenia

GABRAZ2 ASD, NDD, addiction

GABRAS3 NDD with or without epilepsy

GABRA4 ASD

GABRA5 NDD

GABRAG schizophrenia, addiction
GABRB2 ASD, schizophrenia
GABRB3 ASD, addiction
GABRG1 addiction
GABRG2 schizophrenia

GABRG3 Alzheimer's disease, ASD

GABRR2 ASD, addiction

GABRD NDD with epilepsy, ASD

Table 2. List of identi ed clinical conditions corresponding to genes encoding ABA
subunits (Yuan et al., 2015; Niturad et al., 2017; Khair & Salvucci, 2021; Ahring et al.,
2021; Ma et al., 2005). ASD: Autism Spectrum Disorder, NDD: Neurodevelopmental

Disorder.

2.5 Functional characterisation of GABA A receptors associ-
ated with neurological disorders

As established, variants in several subunit&ABRAhave been associated to neuro-

logical as well as psychiatric disorders. This relation can be accentuated by support of
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electrophysiological data. Inferences from altered electrophysiological properties (such
as di erences in GABA sensitivity) can be drawn to the corresponding clinical phenotype.
For that, in vitro studies are convenient. Several cellular expression systems are com-
monly used: for GABA Xenopus laevi®ocytes appear quite often within literature
(Niturad et al., 2017; Harkin et al., 2002). In that case, the mRNA of the subunits
needed are injected into the oocyte. After an incubation time of three to four days,
pentameric receptors have formed. Their current responses can be recorded. In order
to reach conclusions about the electrophysiological properties of the variants, their cur-
rent responses are compared to the wildtype condition. The previously described works
yield signi cantly reduced GABA currents in their variants when normalised to the WT
(Niturad et al., 2017).

Another possibility is the cultivation of HEK cells, transfecting them with the DNA of the
subunits (Syed et al., 2020; Cossette et al., 2002). In this case, one needs to select an
appropriate transfection reagens. It might be useful to tag the isolated desired subunit
with uorescence to ascertain the cells expressing the transfected DNA.

Moving on from there, one more opportunity is to cultivate neuriongitro and to
transfect them with the desired subunit DNA, as it has been previously described by
Eugéne and his colleagues (Eugene et al., 2007).

To reach conclusions from these previously described cell expression systems, there are
two possibilities: since the GABAeceptor is a ligand-gated channel, one can apply
the transmitter to the cells to obtain evoked currents, as is easily performed in oocytes.
By applying di erent concentrations of GABA, one can infer the ability to respond and

sensitivity of the receptor. In neurons, electric currents that are emitted spontaneously
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within the neural network can be recorded (Eugeéne et al., 2007).

2.6 s-related neurological phenotypes

In WAG/RIj rats with an absence model presenting an epileptic phenotype, a distinct
change in the 3 subunit could be observed (Liu et al.,, 2007). That might indicate
that dysfunction of the receptor could be associated to the pathogenesis of epilepsy. In
that particular study, however, the receptor could still be discovered at its designated
transmembrane sites when applying methods of immunostaining within the cortex, but
not in the nucleus reticularis of the thalamus. Following that, one can infer that a
functional impairment is relevant in this case of disease mechanism.

Furthermore, more recently, variants within t8&BRA3 gene have been identi ed in
patients (Niturad et al., 2017). Di ering clinical symptoms were present, depending
on the variant itself. However, usually some kind of developmental disorder of varying
severity with or without epileptic seizures was observable in these patients. By means of
in vitro studies, the observed phenotypes could be plausibly explained by the variants.
Since the encoding gene®ABRAS3Is located on the X chromosome, the fact that male
patients were showing more severe symptoms stands to reason, as they only have one
X chromosome. The mutations did not have complete penetrance in their inheritance
pattern. That is why a complex causality corresponding to the presented conditions is
suggested. These in turn were heterogeneous with symptoms such as di erent epileptic
seizure types, intellectual disability, and developmental delay. In some cases they were
combined with dysmorphic features or nystagmus. To ensure that this was not associated

with a dysfunction of the 3 receptor subunit by chance, its functionality was studied
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in vitro. Xenopus laevi®ocytes were injected with the RNA of thg, ,, and
subunits. Accordingly, the receptors were expressed in that model. After that, their
electrophysiological currents were recorded using two electrode voltage clamp. Compared
to receptors expressing the wildtype af current response to stimulation with GABA

was reduced in case of the cells containing variant receptors. Based on this observation,
a loss of receptor function could be concluded. In three out of ve mutations, however,
GABA sensitivity was increased (Jedble 3). Overall, the study led t6sABRA3being

established as a new gene associated with epilepsy and neurodevelopmental disorder.

Variant Type of epileptic seizures Disease presentation

speech onset at age 6; autism spectrum
p.(Gly47Arg) not de ned

disorder
micrognathia, learning disability, moder-

ate intellectual disability, hyperactivity.
p.(Thrl66Met) | absence seizures or no seizyres
speech defect (delayed onset), impaifed

visual-motor integration, nystagmus
cleft palate, nystagmus, microretrog-

nathia, developmental delay, learning/in-
p.(GIn242Leu) tonic-clonic and spasms
tellectual disability, delayed walking and

speech

p.(Thr336Met) generalised tonic-clonic N/A
speech defect, anxiety, generalised fear,

p.(Tyrd74Cys) complex, tonic-clonic delayed speech, intellectual disability,

autism-like symptoms

Table 3. Overview of knowiGABRA3 mutations and their epileptic phenotypes,

plus additional behavioral and morphological conspicuities (Niturad et al., 2017).
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It is most curious that such di erent phenotypes can all be associated with loss of func-
tion variants in theGABRA3gene (sedable 3. As it is widely spread across the CNS,

its multifaceted functions might emphasise clinical complexity. So far, gain of function
mechanisms have not been established clearly yet. Even though a few variants showed
some increased sensitivity, the emphasis was always set on the decreased overall current
response within tha vitro experiments. Electrophysiologically, these past studies have
mainly reported decreased currents but mixed results concerning the dose response curve
of variants compared to their wildtype (Niturad et al., 2017). The authors concluded that
these results correlated partially with the severity in disease. To get a clearer sense of

the gene and its e ect on the phenotype, it might be interesting to study further variants.

2.7 New variants in GABRA3

We identi ed four new missense mutations within B&BRA3gene through a network

of collaborators. Their localisation within the translated ionotropic receptor is schemat-
ically exempli ed irFigures 3A and 3BThe p.(Aspl115Glu) variant has been discovered

in a family with neurodevelopmental disorder. Another one, p.(Tyr243Cys) is expressed
by a female patient with dysmorphisms, well controlled epileptic seizures, mild brain ab-
normalities, and moderate intellectual disability. p.(Val309Leu) has been described in a
female patient as de novomutation. Finally, p.(SerS393lle) could be discovered in a
male patient where it was maternally inherited. These variants are exempliFegure

3A and set into perspective among the previously characterised variants by Niturad and

colleagues from their 2017 studyRigure 3B
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Figures 3A and 3BLocalisations of the GABA 3 subunit variants with its four trans-
membrane domains, and the intracellular lodgigure 3Adepicts the variants to be
characterised in this thesigjgure 3B provides an overview of all known variants, in-

cluding the ones that have already been established to be pathogenic.
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2.8 Aim of this thesis

Now that four new variants have been identi ed, it was rst and foremost interesting

to investigate whether they express a similar loss of function compared to previous vari-
ants (Niturad et al., 2017) when studied vitro. This is why they were expressed in
oocytes and characterised on an electrophysiological level. As the new variants show
heterogeneous and new clinical phenotypes, they enlarge the phenotypical spectrum of
GABRAB3associated disease. Another aim was to correlate the chemical phenotypes to
the electrophysical dysfunction.

Still, isolated cells do not properly mirror the complexity of the brain and its neural
connections. This is why we decided to express theariants in murine neurons within

a neural network as a means to approximate a more realistic environment. Their spon-
taneous inhibitory postsynaptic currents (sIPSCs) as well as miniature inhibitory postsy-
naptic currents (mIPSCs) should be recorded. Like this, electrophysiological properties
and response within the network could be inferred.

Accordingly, the speci c objectives were as follows:

1. To describe the phenotypic spectrum of nds@aBRA3variants.

2. To characterise the functional e ects on t@ABRAS variants using<enopus
laevisoocytes.

3. Torecord mIPSCs and sIPSCs in murine neuronal cultures transfect€siABRA3

variant DNA, as well as staining the patched cells.
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3 Materials and Methods

3.1 Variant evaluation

Variant E ect Predictor (McLaren et al., 2016) was used to annotate population al-
lele frequencies from gnomAD Release 2.1 (Karczewski et al., 2020), TOPMed Release
Freeze 8 (Taliun et al., 2021), and DiscovEHR Release Freeze 50 (Dewey et al., 2016).
Additionally, conservation (GERP++ RS (Davydov et al., 2010), Para-Z-Score (Lal et
al., 2020)), deleteriousness (CADD (Rentzsch et al., 2019), PPh2 (Adzhubei et al.,
2010), REVEL (loannidis et al., 2016)), and constraint scores (MTR (Traynelis et al.,
2017), MPC (Samocha et al., 2017)) were obtained. Following functional characterisa-
tion in oocytes (see below), the variants were classi ed using the American College of

Medical Genetics and Genomics (ACMG) Classi cation (Richards et al., 2015).

3.2 Molecular biology

As the rst step to investigate the electrophysiological characteristics of the variants,
they needed to be modi ed using site-directed mutagenesis (SDM). Appropriate DNA
vectors corresponding to the chosen expression systems were selected (oocytes, neurons).
For the oocytes, pcDNA3.1 with a T7 promotor was used, d&ABRA3wildtype Fig-

ure 4) was already available within the laboratory from previous studies (Niturad et al.,
2017). Mutations were generated by SDM. Concerning the transfection in murine neu-
rons, a uorescent protein was necessary: neurons expressing fubunit had to be
distinguished from non-transfected neurons. A pIRES-AcGFP backbone with a CMV

promotor was chosen and the WT construct was cloned. Subsequently, the mutations
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were introduced by SDM.

CMV enhancer

_Pmel (904)

N"‘FR prornoter
/_Xhol (921
N“Q@ /- (921)

S
S
(d

£vdavo

PcDNA3.1-GABRA3
6868 bp

CAP binding site]  \-
lac operator]

" Pmel (2447)
BGH-R (2462 .. 2479)

Figure 4. pcDNA3.1 construct witltGABRA3 as used in the experiments. Relevant

restriction enzyme sites are labeled.

3.2.1 Primer design for site-directed mutagenesis

To be able to characterise the four missense mutations within@%BRA3gene, site-
directed mutagenesis had to be performed. They were located at ¢.345T>A (p.D115E),
C.728A>G (p.Y243C), ¢.935G>C (p.V309L), and ¢.1178G>T (p.S393I) within the gene
(the transcript NM_000808.4, (National Center for Biotechnology Information, 2021)).
The same primers were used for both vector constructs (pcDNA3.1 and pIRES-AcGFP).

They were ordered from Integrated DNA Technologies, Inc. (IDT, Belgium).
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Name Sequence

p.D115E-F| 5'- GAC ATG GAG TAC ACT ATT GAAGTATTT TTT CGG CAG ACA TG 3'

p.D115E-R| 5'- CAT GTC TGC CGA AAA AAT ACT TCA ATA GTG TAC TCC ATG TC @3
p.Y243C-F 5-CTT GAACCAGTG TGACCT TTT GG -3'

p.Y243C-R 5'- CCA AAA GGT CAC ACT GGT TCA AG -3

p.V309L-F 5'- TGC CCG TAC ACT CTT TGG TGT C -3

p.V309L-R 5'- GAC ACC AAA GAG TGT ACG GGC A -3

p.S393I-F 5'- GCA AAG AAA ACC ATC ACT ACC TTC AAG -3

p.S393I-R 5'- GTT GAA GGT AGT GAT GGT TTT CTT TGC -3'

Table 4 Designed primers used for site-directed mutagenesis and sequencing. F: forward

primer, R: reverse primer.

Below, additional general purpose primers used are listed. These were used for sequencing

and/or cloning purposes.

Name Sequence

T7 5'- TAA TAC GAC TCA CTA TAG GG -3

BGH-R 5'- TAG AAG GCA CAG TCG AGG -3

CMV-F | 5'- CGC AAA TGG GCG GTA GGC GTG +3

IRES-R3  5'-CCT CAC ATT GCC AAA AGA CG

Table 5 List of backbone-binding primers used for sequencing and/or cloning.
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3.2.2 Mutagenesis

The mutagenesis onsz in pcDNA3.1 was achieved by performing a polymerase chain
reaction (PCR) with PfuTurbo polymerase (Agilent Technologies). The reaction mix
contained 5 ngl of WT DNA, 0.5 nM/ul of each corresponding forward and reverse
primer, 0.077 Upl PfuTurbo polymerase (1.5 U), 3 % DMSO, 8/ il dNTPs, topped

o with 2 I of 10x reaction bu er and kD to receive a nal volume of 2. The PCR

was performed as follows:

Step 1: 98C 10 min - denaturation

Step 2: 98C 30s
Step 3: 62C (for all except D115E - 6€) 30s for 18-25 cycles - annealing of primers

Step 4: 72C 8 min - extension of DNA

Step 5: 72C 15 min - nal extension

Step 6: 4C

An aliquot with 2l of the product was checked on a gel made of 1 % agarose in
Tris/Borate/EDTA and 20.000 x Red Safe Dye using gel electrophoresis. For imaging,
a gel documentation system with uorescent light was used. After that, df Dpni
enzyme was added to the original PCR product. The reaction mix was incubated at
37°C for one hour to digest methylated plasmids (template plasmid), while retaining
the unmethylated PCR products. Again, the obtained product was checked using gel

electrophoresis.
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3.2.3 Transformation

The PCR products (containing the variants) were transformed into competent bacteria.
In the case of the pcDNAS.1 for D115E, Y243C, and S393lect bacteria were used,

for the pcDNA3.1 V309L mutation TOP10 bacteria were chosen for the transformation.
The choice was based on availability of bacteria at the time of experiment<E. Tod

were taken from -8 onto ice and left to chill for 15 minutes. Then, 10 ng of DNA was
added and incubated for 30 minutes. After that, the bacteria were heat-shocketCat 42
for exactly 30 s and taken back onto ice for 2-5 minutes. After emulsifying witil 250

of SOC medium (Thermo Fisher), the transformed bacteria were shaken at 300 rpm at
37°C for another hour before being plated onto agar plates. The construct expressed an
Ampicillin resistance. Following that, the bacteria were plated on Ampicillin agar plates
and incubated at 3T overnight (10Qug/ml). The next day, colonies were picked and
added to 5 ml LB medium with their corresponding antibiotic (Ampicillin, dgl).

They were put into a shaking incubator (at°87and 170 rpm) for another day to let

the bacteria grow further.

Some of the bacteria were used to prepare glycerol stocks and stored°@t 8@

rest was processed to extract the DNA using the Extractme Plasmid Mini Kit (BLIRT
S.A.) according to the manufacturer's instructions: First, the bacteria were spinned at
4,000 g for 5 minutes. The liquid was discarded and the pellet suspended jih 50
Suspension bu er. Then, 250 Lysis Bu er was added to breakup the cell membranes
and left for 2 minutes. To avoid supercoiled DNA, 3b0f Neutralisation Bu er was
added, inverting the tube gently several times. At 11,000 g the mix was centrifuged for

10 minutes. Pipetting the supernatant onto a Iter on a tube, the product was spinned
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at 11,000 g for another minute. For the purpose of puri cation, the Itered product was
supplied with 75Q Wash Bu er, centrifuging once again at 11,000 g for 60 seconds.
Discarding the liquid, the spinning process was repeated for 2 minutes without adding
any other solutions. Using a new collection tubepl28 Elution Bu er was added to the

Iter now containing puri ed DNA and incubated for 60 seconds at room temperature.
In a nal centrifuging process of 60 seconds at 11,000 g, the extracted DNA product
was collected in the tube. Concentrations of the isolated products were obtained using

Nanodrop (Thermo Fisher).

3.2.4 Sanger sequencing

The extracted DNA was sequenced to check whether the mutagenesis had worked and
could be reliably used in further experiments. Sanger sequencing was provided by LGC
Genomics. The primers used are detailed in Tables 4 and 5. To check the received
sequences, CLC Sequence Viewer 8 (QIAGEN Bioinformatics) and SnapGene Viewer
5.2.4 (SnapGene) were utilised. The sequences were aligned with NCBI's nucleotide
sequences of theABRA3WT, version NM_000808 (National Center for Biotechnology

Information, 2021).

3.2.5 Ligation of pIRES- GABRA3 -AcGFP

For the uorescent construct, the WT construct was ampli ed from pcDNA3.1 back-
bone and inserted into a pIRES-AcGFP vector. This cloning process was done by rst
amplifying the 3 subunit encoded in the pcDNA3.1. For this, a PCR using HotStart
MyTaqg Polymerase (Bioline) was performed. Using T7 and BGH-R as forward and re-

verse primers, the reaction took place according to the manufacturer's instructions. For
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further use as part of the ligation, the product was digested overnight using Xhol and
BamHI restriction enzyme (fl each) with 5ul of Cutsmart bu er (NEB). The same
procedure was applied to the pIRES backbone. The next day, the vector construct was
additionally dephosphorylated withpl of SAP for 1 hour. Both were puri ed using
Phenol/Chloroform extraction (see RNA Puri cation below).

The ligation was prepared with 1 jl/DNA of T4 polymerase (NEB), with 10 times

the volume of T4 bu er (NEB). Again, the assay was lled up with water to a total
amount of 20yl with. The insert to backbone relation was chosen at 2.5:1 and left at
4°C overnight. Control trials were conducted as well, leaving out one component of the
reaction at a time and checked on an agarose gel the next day.

The ligated constructs were transformed into chemically competent NEB's CE®oli

A standard chemical transformation protocol was followed identical to the one elaborated
above. The pIRES construct expressed a Kanamycin resistance gene. Accordingly, the

bacteria were plated on an agar plate containing Kanamyciugaal).

3.2.6 Colony PCR of the pIRES construct

To ensure an e cient ligation of 3 WT and pIRES, colony PCRs were done using MyTaq

HS (Bioline), IRES-R, and CMV-F primers. Picked colonies that had been elutgdl in 6
SOC Outgrowth Medium were used. The PCR products were checked on an agarose gel
and colonies with products showing the correct siz6 AMBRA3cDNA were considered

to indicate successful ligation. Minipreps from these colonies were prepared as detailed
above. Afterwards, aliquots of extracted plasmids (250 ng pIREBNA) were double-
digested using 1l each of Xhol and BamHI, as well agidFastDigest Green bu er

(Thermo Fisher) mixed with 0 and left at 37C for 15 minutes. Then, the products
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were again checked on a 1% agarose gel. After that con rmation, minipreps were sent
for sequencing using the primers listedTable 5 The nal pIRESGABRA3ACGFP
is highlighted inFigure 5 Mutagenesis in the newly cloned construct was performed

analogously to the aforementioned experiments (see section 2.3.2).

CMV-F (519 .. 539)
XhoI (613)

pPIRES-GABRA3-AcGFP1
6757 bp

Auey/H0aN

000§

" BamHI (2110)

IRES-R1 (2212 ..2231)
IRES-R3 (2212 .. 2236)

IRES-R2 (2316 .. 2344)

Figure 5. Map of the nished cloned pIRESABRA3ACGFP plasmid. Restriction

enzyme and primer binding sites are once again highlighted.

3.2.7 Maxiprep of all constructs

In order to increase the amount of DNA used for the cell experiments, a Maxiprep was
performed. For this, the Genopure Plasmid Maxi Kit (Roche) was used. First, bacteria
stock was added to 5 mL LB medium and its respective antibiotic and left & 3ar

about 4 hours. That preculture was then mixed with another 250 mL of LB medium and

its adequate dosage of antibiotic. The main culture was set into a shaking incubator of
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37 °C over night - like this, the bacteria could grow.

The next day, the cultures were spinned at 5,000 g at@lfér 10 minutes, discarding the
remaining supernatant medium. Using 12 mL Suspension Bu er + RNAse, the pellets
were resuspended. Then, 12 mL Lysis Bu er was added to the falcon. The falcon was
inverted and incubated for 2-3 min at RT to break up the bacterias' cell membrane.
During this step, the Iter system was prepared: 6 mL Equilibration Bu er was put onto
the Iter. 12 mL chilled Neutralization Bu er was mixed into the the falcon lled with

the plasmid and Lysis Bu er and put on ice for 5 minutes, before putting the falcon
onto the prepared lter. This step was performed to extract the bacterial debris from
the desired DNA product. The next step was to further purify the obtained product.
16 mL of Wash Bu er were added twice, discarding the liquid that had own through.
Finally, pre-warmed Elution Bu er was pipetted onto the Iter. Using a fresh falcon
tube, the liquid was collected. 11 mL of isopropanol was mixed with the eluted DNA
and inverted for puri cation purposes, then spinned at 8,500 rpm & for 1h. The
supernatant was discarded and 4 mL chilled 70% EtOH was added for the falcon to be
spinned at 12,000 g at 4C for another 30 minutes. This served further puri cation
purposes. Once again, the liquid was discarded. This time, the remaining pellet was left
to air-dry. Finally, the pellet was resuspended in [IIGferile water. The concentration

was measured using Nanodrop.
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3.3 Expression in Xenopus laevis oocytes
3.3.1 DNA linearisation

As the goal was to inject translatable RNA into the oocytes to record the@tents
passing through the GABA receptor, pcDNA3.1 vectors of the respective subunits of
GABA. ( 3 WT and variants, ,, and ;) needed to be linearised. To obtain this, 10

pg of plasmid was used, mixed withubof CutSmart bu er (New England BiolLabs;
NEB) and 1pl of BamHI restriction enzyme (NEB), as the plasmid used contained a
corresponding recognition site (cut site: G/GATCC; segure 5. Topped o to a

total volume of 2Qul with H,O, the tube was digested at 37 for 2 hours. After that,

the concentration was measured using Nanodrop (Thermo Fisher) and used for RNA

synthesis. In the meantime before further usage, it was stored 4t.-20

3.3.2 RNA preparation

The linearised DNA as detailed above was used for transcription into RptAoflthe
desired subunit DNA was mixed withpll INTPs, 1 gl RNAse Inhibitor, 2.5 10 x

bu er, 2.5 yl Cap-Analogon, and il T7 polymerase. DEPCJ® was added to receive
a total volume of 27 per tube. After quickly centrifuging, the reaction was incubated
at 37°C for 2 hours. Then, 10 U of DNAse (d) was added and left for 30 minutes to

remove the template. All reagents were purchased from Roche.

3.3.3 RNA puri cation

Following the transcription process, the RNA was puri ed using a Phenol/Chloroform

extraction method. This was performed by addingub0f DEPC HO and 150ul of
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Phenol/Chloroform to the aforementioned RNA, transferring it to a Phase Lock Gel Ep-
pendorf tube. This was spinned for 2 minutes at 14.000 g, theruft@Plsochloroform

were added and again the tube was centrifuged as before. The supernatant was trans-
ferred to a new tube, mixed brie y with 1/10 the volume of sodium acetate (3M, pH =
5.3) and 3 x the volume of 100 % Ethanol. After having been left &G-80ernight, the

tube was centrifuged once more &CAfor 15 minutes, discarding the liquid after that.
Then, 300ul of 70 % Ethanol were added, centrifuging and discarding the supernatant
as described in the step immediately before. The remaining pellet was dilutegilin 20
of DEPC HO after having been left to dry. Like this, we obtained a puri ed injectable
RNA. The concentration was measured via Nanodrop (Thermo Fisher) and checked on
a 1 % agarose gel with gel electrophoresis. The nished product was stored¢@tfe80

best conservation.

3.3.4 Preparation of Xenopus leavis oocytes

The oocytes were delivered from Dr. Lohmann Diaclean GmbH - EcoCyte Bioscience,
Dortmund (defolliculated and ready for injection) or the Animal Physiology, Tubingen
University. Whenever the oocytes were provided by the Animal Physiology, they were
treated with 1 mg/ml collagenase in OR-2 solution (consisting of 82.5 mM NaCl, 2.5 mM
KCI, 1.0 mM MgC, 5 mM Hepes bu er, pH = 7.6) and rotated for two hours before
further use. After washing the individual oocytes with Barth's solution (containing in
mM: 88 NaCl, 2.4 NaHC£) 1 KCI, 0.41 CaG| 0.82 MgSQ and 5 Tris/HCI, pH 7.4
adjusted using NaOH), the oocytes were distributed evenly in wells lled withu200

of Barth's solution and 5@Qig/ml Gentamicin. They were then left to rest for an hour

before injection.
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3.3.5 Injection of Xenopus leavis oocytes

Injections were performed using the automated injection system Roboinject (Multi Chan-
nel Systems MCS GmbH, Reutlingen) and the prepared RBA.,, and , subunits

of the GABA\ receptor were injected in a relation of 1:1:2. The RNA mix had a con-
centration of 2ug/ul, using 70 nl for each oocyte. Whenever heterozygous conditions
were going to be recorded, the relation was 1:1:1:2, so the same concentration of the
mutation as wildtype of the ; RNA was injected into the oocyte.

After injection, the oocytes were kept at°@3for 4 days in order for the RNA to be
translated into proteins and for the expressed subunits to assemble into pentameric
receptors in the oocyte membrane. For each variant, homozygous and heterozygous
conditions were tested. Although the heterozygous conditions are not physiological, as
the gene is located on Chromosome X, they were recorded for quality control purposes.

Furthermore, HO-injected oocytes were recorded as a control condition.

3.3.6 Recordings using Robocyte

The 96-well plate containing the injected and incubated oocytes were placed into the
Robocyte2 (Multi Channel Systems MCS GmbH, Reutlingen). It is a fully automated
system that is able to do electrophysiological recordings in oocytes. After insertion of
the plate into the robot, the Robocyte2 was calibrated in relation to its electrodes.
As two-electrode automated voltage clamp was applied, the current was sampled at 1
kHz at a -70 mV holding potential in the membrane. The two intracellular pipettes
containing the current and voltage electrode from the measuring head were lled with

1 M KCl and 1.5 M KAc, showing a resistance of 0.3 - 1.8. MAdding to that, the
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preformed measuring head contains one current drain, one voltage and current electrode
with respective references. The washing solution was ND9@dbé=6). This solution

was also used for the GABA solutions (1 mM, 80 100pM, 30 uM, 10uM, 3 uM, and

1 uM) that were subsequently applied to the oocytes by making use of the two perfusion
outlets. First, an expression test with 1 mM of GABA solution (dissolved in ND96) was
performed to nd out whether the cell was emitting currents at all. Afterwards, the
previously mentioned concentrations of GABA dissolved in ND96 solutions were applied
to obtain the respective current responses of the cell. The purpose of that was to
calculate a dose response curve of the cell and consequently the variant (Leisgen et
al., 2007). After each application of GABA, a washing process took place to ensure a

common baseline for each step.

Chemical Ingredient Concentration [mM]
NaCl 9.35
KCI 0.2
CaC} 0.18
MgCh 0.2
HEPES 0.5

Table 6 ND96 solution components used as washing solution as well as dilutions during

the oocyte experiments. The solution was adjusted to pH = 7.5.
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Figure 6.The fully automated Roboocyte2 system as used in the experiments described

(Multi Channel Systems MCS GmbH, Reutlingen).

3.3.7 Oocyte data analysis

Robocyte+ (Multi Channel Systems MCS GmbH, Reutlingen) was used to visualise the
recorded currents. The software was used for the recording protocols and data analysis.
The minima of the resulting currents were used in data analysis. Subsequently, dose
response curves and resulting amplitudes were acquired.

A general response to the application of 1 mM GABA was analysed, normalised to the
mean of the WT current of that day to ensure comparability of the various batches of

cells.
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To establish a dose response curve, the recorded currents corresponding to the various
applied GABA concentrations were normalised to the maximum current of the recorded

cell. According to the following formula:

max min

= in +
Y = min 1 + 10(ogec s0 X) nH

an exponential curve to t the normalised current (resporysewas de ned, with EGy

as the concentration where 3% of the maximum current was achieved and nH as
Hill coe cient. Statistical analysis was performed using Graphpad Prism 7 (GraphPad
Software). A Kruskal-Wallis-test (non-parametric ANOVA on ranks) with Dunn post-
hoc test were performed to test the signi cance of observed di erences in normalized
responses (corrected for multiple testing using a Bonferroni procedure). The signi cance
of the di erences in dose response curve t parameters¢E€de cient) were assessed
using their 9% con dence intervals (absence of overlap vs. the WT was considered to

indicate signi cance), as well as a non-parametric ANOVA of the,EC

3.4 Recordings in murine neurons
3.4.1 Caell culture

Cover slips were prepared in a 24-well plate in advance, using 0.1 mg/ml of Poly-D-Lysin
-hydrobromide (PDL) for each well. They were left overnight°at, 3hen the PDL was
taken o and the wells were treated with UV light for 10 minutes and stored°@t 5
sealed until needed for plating the neurons.

The cultures originated from terminated C57/BI6N mice at embryonic stage of E17.5.

The cells were prepared on cover slips covered with DMEM medium (Gibco)Cat 37
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They were washed with HBSS three times and then treated with%.28/psin, letting

the cells incubate at 37C for 14 minutes. Then, DMEM was used to wash another three
times. Adding 1 ml of DMEM, the cells were ltered through a 0.45 micron lIter and
separated. Having counted the cells, around 70 000 - 80 000 were plated onto each well
and incubated at 3T. After 4 hours, the media was changed to Neurobasal medium
and changed again every 3 to 4 days in order to nourish the cells properly. The neurons
were stored inside a humidi ed G@hcubator at 37C.

At DIV3 (3 days in vitro), the neurons were transfected usipg df DNA and a mix of

4 ul Optifect Transfection Reagent with 10 Optimem (Thermo Fisher). Optifect was
added to Optimem and incubated for 5 minutes. Following that, the DNA was added
and left again for 20 minutes at room temperature before being distributed among the
wells containing hippocampal/cortical neurons on cover slips. After 4 hours, the media
were changed to 50 NB medium (Gibco) per well. 24-48 hours later the transfection
was checked under uorescent light microscope and starting from that moment, the

cultures were being patched during a timeframe of one until up to 14 days.

3.4.2 Electrophysiological recordings

The currents were recorded from transfected cells using whole cell patch-clamp method
in voltage clamp mode, . The successfully transfected neurons were visualised under
uorescent green light, as they were expressing GFP. For that, an air-suspended table
with a Faraday cage served as the optimal surface and electric isolation for the setup
with the Vert.A1 Axio microscope (Zeiss; dégure 7). This setup facilitated the ac-
quisition of current recordings. Glass pipettes with lament from Science Products (0.86

x 1.50 x 80 mm) were pulled using a Sutter P97 (Sutter Instrument Company) with a
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resistance between 2 and 5 M They were lled with intracellular solution at pH =

7.4 and 300 mosm/kg (seBable 7) and the cell gently sucked in to record its currents.
Whole cell patch clamp method was used, where negative pressure was applied to the
cell in order to perforate the cell membrane. In turn, the cell was sealed with the pur-
pose of recording and amplifying its currents. The extracellular solution, into which the
cover slip containing the neurons was transferred and the reference bath electrode was
placed, consisted of 136 mM NaCl, 2 mM KCI, 3 mM Mgl mM CaC, 10 mM
HEPES, and 20 mM Glucose (pH = 7.4, 310 mosm/kg). The Axopatch 200B ampli er
(Axon Instruments) and Axon Digidata 1550B digitizer (Axon Instruments) were utilised
to obtain the recordings. The holding potential was selected to be -70 mV and the
Iter was at 10 000 Hz. Compensation was usually at¥85 The recording protocol
sampled the currents for 5 minutes, after the cell had reached a Gigaseal, was opened,
and properly compensated. Spontaneous inhibitory postsynaptic currents (sIPSCs) and
miniature inhibitory postsynaptic currents (mIPSCs) were recorded. For sIPS@Md, 10
NBQX and 10QuM AP-V were added to the extracellular solution to block AMPA- and
Kainate channels. In order to attain mIPSCspNl of TTX, blocking voltage gated

sodium channels, was added to the aforementioned solution.
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Figure 7. Setup used for patching of murine neurons using the whole cell patch clamp

method including digitiser, amplifyer, and microscope.

Substance Concentration [mM]
CsCl 130
HEPES 10
EGTA 10
ATP-Mg 4
GTP-Na 0.4
Biocytin 0.2%

Table 7. Intracellular solution used for patch clamping in neurons.
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3.4.3 Analysis of neuronal data

Spontaneous inhibitory post synaptic currents (sIPSCs) and miniature inhibitory post
synaptic currents (mIPSCs) were analysed using Clampt 11 software (Molecular De-
vices). The obtained amplitudes, current frequencies, and decay tau were transferred to
Microsoft Excel (Microsoft). Their means including SEM were calculated in Graphpad
Prism 7. The data were tested for normal distribution. For not naturally distributed
data, values were compared to each other using Kruskal-Wallis tests (non-parametric

ANOVA).

3.4.4 Fixation of cultured cells

After having patched the cover slips, they were washed with PBS (Gibco) before being
treated with Formaldehyde mixed with PBS in a 1:10 relation for 10 minutes. Afterwards,
PBS was applied for washing purposes for another three times and stor€llztdeen

1 and 3 weeks to prepare them for stainings.

3.4.5 Immuno uorescence staining and imaging

The aim was to illustrate the patched cells with their expressed GABgubunits using
iImmuno uorescence. Cells were washed with a 0.1 % Triton solution in PBS three times
and incubated for ve minutes each. Then, Streptavidin (at 647 nm) diluted 1:1000
in PBS was applied onto the cover slip and incubated for 2 hours while being slightly
rocked. This was done to facilitate the identi cation of the Biocytin- lled patched cells.
As the intracellular solution that was used during patch clamp contained Biocytin, one

could identify these same cells by having Streptavidin react with Biocytin. Their 647
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nm made it possible to visualise the Biocytin- lled cells under a uorescent microscope.
After incubation, the cells were washed three times with PBS. For each washing step,
PBS was applied to the cover slips containing the neuronal cultures and left on a rocking
surface for ve minutes. Subsequently, the cultures were treated with blottoTBS (4 %
nonfat milk powder and 0.1 % Triton diluted in 10 mM Trishydroxymethylaminomethane,
pH = 8.0) for an hour at 4C. At a 1:1000 relation, the rst antibody (AnGGABRA3
Sigma-Aldrich) was added to blottoTBS and left on the cells°@t dvernight. The next
morning, after having treated the cultures once more with TBS-Triton solution three
times for ve minutes each, the second antibody was applied. Anti-rabbit 568 nm was
diluted 1:500 in blottoTBS and incubated at room temperature for 1.5 hours. Having
been washed 3 times for 5 minutes with PBS -/- to get rid of the excess, the nished
cover slips were mounted on microscope slides and treated with anti-fade mounting
medium (including 4',6-Diamidin-2-phenylindol; DAPI), as well as sealed with nail polish
for further use and inspection under a uorescent microscope.

Using a Zeiss Apotome microscope, the stained cultured cells were displayed. GFP (at
568 nm) visualised the cells transfected with GABAsubunit DNA (WT or variants),
Streptavidin (647 nm) tagged the; subunits, and the use of DAPI (500 nm) was to

visualise the xated cells.
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4 Results

4.1 Characterisation of clinical cases and oocyte experiments
4.1.1 Genetic evaluation of the variants

To get a rst sense of the possible pathogenicity of the variants, an analysis of its
deleteriousness, constraint, and conservation was performed as detailed above, including
minor allele frequency. The results are detailetainie 8 One can infer that the variant
D115E is highly deleterious, changing a highly conserved and constrained site. The posi-
tion a ected by Y243C was conserved as determined by GERP++ and its Para-Z-Score.

It was predicted to be deleterious, and as D115E, disrupted a highly constrained sire as
determined by MPC and MTR. The V309L variant showed similar results as Y243C on
all scales. The position a ected by the last variant, S393I, which was only predicted to
be deleterious by CADD, did not appear to be well-conserved and not constraint when
considering its MTR or MPC results. All variants did not appear in control populations

as interpreted by their MAF, except for S393l.
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Variant MAF
cDNA change Amino Acid| gnomAD| Top-Med | DiscovEHR
c.345T>A D115E 0 0
C.728A>G Y243C 0 0
c. 925G>C V309L 0 0
c.1178G>T S393lI 0 <0.001
Variant Deleteriousness
cDNA change Amino Acid| CADD | PPh2 | REVEL
Cc.345T>A D115E 249 | 0.99 | 081
C.728A>G Y243C 27.0 1.0 0.92
c. 925G>C V309L 248 | 0.99 | 0.76
c.1178G>T S393l 219 | 0.30 | 0.16
Variant Conservation Constraint
cDNA change Amino Acid| GERP++ | Para-Z-Score MTR | MPC
C.345T>A D115E 4.23 1.29 0.63 | 2.56
C.728A>G Y243C 5.38 0.79 0.30 | 291
c. 925G>C V309L 4.98 0.04 0.55 | 2.59
c.1178G>T S393lI 1.33 -1.46 1.05| 0.65

49

Table 8 MAF: Minor allele frequency. Deleterious: CABRO; PPh2>0.85; REVEL
>0.50. Conserved: GERP+* 2; Para-Z-score> 0. Highly constrained: MTI 0.565;

MPC > 2.
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The variants were also investigated across di erent species and other Gi&Béptor
subtypes to approximate the importance of their location within the gene products. This
was done to supplement the silicopredictions obtained from the scores as determined
above. The amino acid sequences of the orthologs and paralogs respectively are detailed
below inFigures 8 & 9(UniProt Consortium, 2021). Both the scores and the sequences
underlined the conservation of D115E, Y243C, and V309L. Their high deleteriousness
was also congruent with the obtained results. Therefore, the scores could be plausibly

con rmed by studying the orthologs and paralogs below.
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Figure 8. Orthologs across di erent species of D115, Y243, V309, S393 (from top to
bottom) and their surrounding amino acids. All variants except for S393 were well-

conserved across di erent species.
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GABRA1I D90 VSDHDMEYTI DVFFRQSWKDE
GABRA2 D90 VSDTDMEYTI DVFFRQKWKDE
GABRA3 D115 VSDTDMEYTI DVFFRQTWHDE
GABRA4 D96 VSDVEMEYTM DVFFRQTWIDK
GABRA5 D97 VSDTEMEYTI DVFFRQSWKDE
GABRA6 D80 VSDVEMEYTM DVFFRQTWTDE
GABRA1 Y218 VAEDGSRLNQ Y DLLGQTVDSG
GABRAZ2 Y218 VAPDGSRLNQ Y DLLGQSIGKE
GABRA3 Y243 VAQDGSRLNQ Y DLLGHVVGTE
GABRA4 Y224 VPKESSSLVQ Y DLIGQTVSSE
GABRA5 Y225 VAEDGSRLNQ Y HLMGQTVGTE
GABRA6 Y208 VPEESSSLLQ Y DLIGQTVSSE
GABRA1 V284 LNRESVPART VFGVTTVLTMT
GABRAZ2 V284 LNRESVPART V FGVTTVLTMT
GABRA3 V309 LNRESVPART V FGVTTVLTMT
GABRA4 V290 INKESVPART FGITTVLTMT

GABRA5 V291 LNRESVPART FGVTTVLTMT
GABRA6 V274 INKESVPART FGITTVLTMT

52

GABRA1  N365 KKVKDPLIKK NNTYAPTATSY
GABRAZ2 N364 KKEKASVMIQ NNAYAVAVANY
GABRA3  S393 KTPAAPAKKT STTFENIVGTTY

GABRA4  A392 ANLNMRKRTM LVHSESDVGI
GABRA5  T374 KKREVILNKS T NAFTTGKMSH
GABRA6 1360 SKATEPLEAE | VLHPDSKYHL

Figure 9 Amino acid di erences within human paralogs of various GABA receptors and

their equivalent sequence positions.

4.1.2 Acquired clinical data

A family with neurodevelopmental disorder expressed the D115E variant. Its segregation
analysis was positive fo. The Y243C variant was present in a female patient with
dysmorphisms, brain abnormalities, well controlled epileptic seizures, and moderate in-
tellectual disability. The V309L variant was also present in female patientasavo

mutation. S393I was discovered in a male patient.
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4.1.3 Electrophysiological results in oocytes

For the functional analysis of the discovered variants to determine of their pathogenicity,
current responses were recordedXenpous laevi®ocytes. Representative traces (1

mM GABA application) are shown figure 10 The mean normalised response (
Standard Error of the Mean; SEM) to application of 1. mM GABA in cells injected with
WT mRNA was 102.8 %H 8.6 %; n = 41) whereas the average normalised response
for the tested variants was as follows (SEM): Y243C = 9.8 % £ 2.6 %; n = 12);

D115E =44.2 % £ 7.9 %; n = 16); S393| = 57.6 %X 16.8 %; n = 10); V309L =

142.3 % & 34.9 %; n = 14). Compared to the normalised WT amplitude (range = 13.6

- 232.3 %), Y243C had low responses (range: 0.8 % - 24.7 %). The responses in D115E
recordings were slightly variable, although still lower than the WT (range: 0.2 % - 96.4
%). The responses for S393I ranged between 8.1 % and 179 % and V309L showed a
range between 5.7 % and 472.9 %. A Kruskal-Wallis test con rmed that the di erences in
ranked normalised responses between these ve groups (WT, 4 variants) were signi cant
(p < 0.0001). Post-hoc signi cance testing for pairwise di erences between the WT
and each variant (Dunn test; Bonferroni correction) indicated a signi cant reduction in
normalised responses for Y243C (p < 0.0001) and D115E (p < 0.01) but not S393lI (p

= 0.0741) or V309L (p > 0.9999; sekigure 1).
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Figure 10.Representative GABA-evoked currents as recorded from oocytes injected with
either WT or variant mRNA (D115E, Y243C, V309L, and S393I).
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Figure 11. Boxplot of the normalised amplitudes of the average WT of each record-

ing day. To calculate a normalised amplitude, the variant cell currents were divided by
the mean of the WT on the respective recording day. Shown are pooled data from all
recording days. Median and interquartile ranges (IQR) are shown for the WT as well as

for each variant. Dots are individual normalised amplitudes. Minimum and maximum
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currents mark the range of responses: WT median = 93.8 % (IQR = 64.8 - 135.7 %;
n = 41), D115E median = 34.34 % (IQR = 19.3 - 71.8 %; n = 16), Y243C median =
9.2% (IQR =1.6 - 16.7 %; n = 12), V309L median = 93.0 % (IQR = 65.5 - 173.4 %;
n = 14), S393I median = 45.3 % (IQR = 22.2 - 75.8 %; n = 10). The test used was a

Kruskal-Wallis test.

To characterise the channel activity in response to GABA stimulation, the dose response
curves of 3 , , WT vs. variant expressions were calculated as showigure 12 A -

E. The EGo Con dence Intervals (Cl) are between 79.8 - 93.2 for the WT, 76.7 - 86.8
for D115E, 53.4 - 60.4 for Y243C, 30.0 - 42.2 for V309L, and S393I shows a Cl between
94.6 - 116.2. Judging by the non overlapping of Cls for Y243C, V309L, and (vs. WT),
one can infer a signi cant change (left shift in the case of V309L and Y243C, right-shift
for S393I) compared to the WT dose response curve.

Comparing the E& values of the Y243C and V309L variant to the WT, they also
showed signi cant di erences using non-parametric statistical testing. They wegre at

< 0.01 andp < 0.001, respectively. The D115E, as well as the S393I variant did not

di er signi cantly from the WT EG, when performing a Kruskal-Wallis test.
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Figure 12 A - EDose response curves calculated using the various recorded currents
of the respective conditions normalised to their own maximum current. For the WT
condition n = 28 cells were recorded. n =11 (D115E), n = 6 (Y243C), n = 6 (V309L),
and n = 8 (S393l). The mean responses when applyipiy1,13 uM, 10 uM, 30 pM,

100 uM, 300 um, and 1 mM GABA solution are shown as data points. B - E show each

variant detailed individually as compared to the WT dose response curve.



4 RESULTS 57

Dose response cures were also calculated as current amplitudes of the variants compared
to the average maximum WT response of the corresponding recording day. The results
are shown below iRigure 13.The D115E variant showed a comparable dose response
curse as the WT but had a decreased sensitivity when compared to its own maximum
current response. In the case of the Y243C variant, a slight sensitisation could be in-
ferred from the dose response curve. V309L had an increased sensitivity compared to
the WT dose response curve over both conditions. The S393I variant stayed at the same

tendency of a reduced sensitivity to GABA application.
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Figure 13. Dose response curves of the various variant recordings, normalised to the

corresponding average maximum WT recording.

A few heterozygous cells were examined as well to have further insight into the electro-
physiologcal changes. The results are showrigare 14 The mean recorded current

amplitude relative to the average WT response of the day including SEM was at 77.2
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22.4 % for D115E, 112.% 30.2 % in the case of Y243C, 306:985.5 % for V309L,
and 57.1+ 20.2 % for the S393I variant. The average response of the WT is at 102.8

*+ 8.6 %.
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Figure 14. Averaged normalised amplitudes of heterozygous conditions withs WT
variant 3, ,, and , in a relation of 1:1:1:2. n =41 (WT), n =6 (D115E), n =8
(Y243C), n = 12 (V309L), and n = 12 (S393I) were used. A Kruskal-Wallis test was

performed and yielded non-signi cant results.
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4.2 Neurons and imaging
4.2.1 Spontaneous inhibitory post synaptic currents

Spontaneous inhibitory currents were recorded, as shokigune 15 Mean amplitudes,

frequencies, as well as the decay time were investigated.

1""#%&
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1440/ &

g

14048,

Figure 15 A - ERepresentative currents recorded from neurons transfected with either

WT or variant constructs.
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When comparing the recorded sIPSC amplitudes, no change was discovered. WT current
amplitudes were 28.6 5.6 nA. D155E showed a mean amplitude of 28.2.0 nA,

Y243C 39.8t 5.6 nA, V309L 45.% 11.9 nA, and S393I 315 8.5 nA. The values

listed are the arithmetic mean, as well as the corresponding standard error of the mean.
Below, inFigure 16the values including the results of the performed Kruskal-Wallis-Test

are summarised.

$PSOLWXGH S$

Figure 16 n =7 WT cells, n = 3 D115E cells, n =5 Y243C cells, n = 3 V309L cells,
and n = 3 S393I cells were included into the analysis. Depicted are nte&EVs,

as well as a summary of the performed Kruskal-Wallis tests (ns: not signi cant). Exact
results of the performed test are as follows: in comparison to thepWT0.9999 for
D115E,p = 0.6291 in the case of Y243C, for V308L= 0.6060, andp > 0.9999 as

results of the performed analysis concerning the comparison in amplitudes.

In contrast, the sIPSC frequencies were signi cantly changed. Neurons transfected with
the WT plasmid had a mean frequency of 18%5.24 Hz, D115E 0.3% 0.09 Hz,
Y243C 0.76x 0.27 Hz, V309L 0.5& 0.19 Hz, and S393I 0.26 0.09 Hz. As the

data was not normally distributed, the performed Kruskal-Wallis was signi cant for S393I

compared to the WT witlp = 0.0206. The summarised results are showhigure 17.
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Figure 17 After performing a Kruskal-Wallis test (* p < 0.05; ns: not signi cant)
comparing the WT to respective variants, D115E wap at 0.0712, Y243C atp =
0.4811, V309L ap = 0.2496, and S393I ap = 0.0206 (*). n =7 WT cells,n =3
D115E cells, n = 5 Y243C cells, n = 3 V309L cells, and n = 3 S393lI cells were used.

Next, the exponential time washout of the sIPSC decay was determined. The WT showed
a mean tau of 63.2 3.3 ms (arithmetic meast SEM), D115E 107.% 8.2 ms, Y243C
60.5+ 8.0 ms, V309L of 214.% 78.1 ms. S393I was analysed to have a mean tau
of 86.9+ 9.6 ms. This time, D115E as well as V309L di ered signi cantly from the
WT condition, withp = 0.0463 for both variants when performing a Kruskal-Wallis test.

The results are detailed fRigure 18
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Figure 18 Decay time analysis of n = 7 WT cells, n = 3 D115E cells, n =5 Y243C
cells, n = 3 V309L cells, and n = 3 S393I cells. The Kruskal-Wallis test results are (* p
< 0.05; ns: not signi cant): p(D115E) = 0.0463 (*), Y243C was gh > 0.9999, V309L

was atp = 0.0463 (*), and S393I was gb = 0.3811 when compared to the WT.

4.2.2 Miniature inhibitory post synaptic currents

To record miniature inhibitory post synaptic currents, TTX was added to the extracellular
solution from singular released synaptic vesicles. Data are shown as nSavl.

In Figure 19 A - Eexemplary recorded currents are shown to illustrate the results further.
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Figure 19 A - ERepresentative traces of mIPSC recordings recorded from neurons trans-

fected with either WT or variant 3 GABA, receptor cDNA (D115E, Y243C, V309L,

S393l).
The mean amplitude of the WT cells was at 23%4.2 nA. On average, the D115E

variant amplitude recordings were at 1&81.1 nA, whereas Y243C was at 228.0
nA. The V309L variant's amplitude was on average at 269.8 nA, and S393| is at

31.5+ 8.1 nA. None of these values showed a signi cant di erence to the WT in the

statistical analysis. The results are showrfrigure 20
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Figure 20 Mean + SEMs and amplitude in nA for n = 5 WT cells, n = 5 D115E cells,
n =4 Y243C cells, n = 3 V309L, and n = 4 S393lI cells. The performed Kruskal-Wallis
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test comparing the variants to the average WT gave 0.9999, except for D115E,
in which case = 0.3911.

Furthermore, the frequency of the mIPSCs was analysed. Neurons transfected with WT
cDNA had a mean frequency of 0.630.20 Hz. The D115E variant was at a mean
frequency of 0.33% 0.10 Hz and Y243C had an average frequency of £.8120 Hz.
V309L was calculated to have a rate of 088%.12 Hz. Finally, the S393I variant had

a frequency of 0.416 0.09 Hz. Considering the statistical test and grouped analysis,
no variant di ered signi cantly in their mean frequency in comparison to the WT. Once

again, the averaged results are portrayeéigure 21
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Figure 21 Mean frequency + SEM is given in Hz for n = 5 WT cells, n = 5 D115E
cells, n =4 Y243C cells, n = 3 V309L, and n = 4 S393I cells. For the D115E variant,
p = 0.5761, Y243C was gb > 0.9999, V309L had @ = 0.8949, and S393I was at

p > 0.9999 when comparing their frequencies to the WT in a Kruskal-Wallis test.

WT cells had an average decay tau of 66.01.8 ms. The D115E variant was at 76.9

+ 13.9 ms, and the Y243C variant 7214.0 ms. The V309L variant had a mean tau

of 122.5+ 36.7 ms. Finally, the recorded S393I cells showed a mean tau o#58.0
4.9 ms. None of these values were statistically signi cant in a grouped analysis when

comparing the variants to the WT. IRigure 22 this information is visualised.
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Figure 22.Mean values + SEM are depicted in ms. n =5 WT cells, n =5 D115E cells,
n =4 Y243C cells, n = 3 V309L, and n = 4 S393| cells were included in the statistical
analysis. D115E, Y243C, and S393I were gll at0.9999. V309L showed a p-value of

p = 0.3085 when performing a Kruskal-Wallis test, comparing the variants to the WT.

4.2.3 Immunostaining and imaging of transfected neurons

After having performed immunostainings on cells xed with formaldehyde, they were im-
aged and investigated underneath the microscope. Representative cells of all transfected
conditions are shown iRigures 23 A - HThis was done to verify the presence gfin
presumed GABAreceptors within the cell membrane, tracing the recorded postsynaptic

currents to the e ect of these variants.
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Figures 23 A - HOverview of an exemplary patched WT neu¢ai. B - D show the

same neurons with Anti-GABAg, visualising the expressed receptors, GFP (shows that
the cell has been transfected, as the cDNA construct contained GFP), and DAPI ( xed
cells), respectively. Overviews of D115E, Y243C, V309L, and S393I cells are shown from
top left to bottom right inE - H. Bars indicate 5@um.
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5 Discussion

5.1 Interpretation of results

5.1.1 Phenotypic severity of the variants related to their molecular analysis

and electrophysiological recordings

The D115E variant showed signi cantly decreased anion current amplitudes in response
to GABA compared to the WT in oocytes (sEgure 1). The GABA sensitivity was
similar to the WT (sedrigure 13, yielding an overall loss-of-function mechanism (see
Figure 13. Recorded currents when expressing the heterozygous conditioRigsee

14), as well as the immunohistochemistry stainings done in neuronal cultures (see red
staining inFigure 19 support the assumption that GARAreceptors were transported

into the cell membranes. The pathogenicity of a malfunctioning receptor by expression of
this variant is further supported by its localisation in the N-terminal extracellular domain
near the GABA binding site, thus a functionally highly important region, as inferred by
the homologous amino acid sequences in theubunit (Baumann et al., 2003). This is
further supported by the fact that the a ected residue is well conserved across di erent
species and homologous amino acids in various ABBunits (seéigures 8 and P

The previously described G47R and T166M variants of the GAB&eptor 3 subunit

are just like the D115E variant similar in their GABA sensitivity when compared to the
WT, and they showed a decrease in overall GABA response, even though only T166M
was statistically signi cant. The G47R variant was mainly clinically striking by the pres-
ence of ASD. T166M also manifested mostly with intellectual disability (Niturad et al.,

2017). This relates to the family with the D115E variant, which has a neurodevelopmen-
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tal disorder as a main phenotype. Furthermore, the electrophysiological characteristics
within mutations of the N-terminal extracellular domain appear to be similar (decrease

in mean overall response).

Regarding the obtained results in neurons, the sIPSCs recorded from neurons overex-
pressing the D115E variant showed a signi cantly accelerated decay, whereas the mean
amplitude and frequency remained slightly reduced compared to the recorded cells over-
expressing the WT (though not statistically signi cant). This implies that less GABA

is released from the presynaptic cell. The oocyte ndings would suggest a reduced fre-
guency and/or amplitude when studying sIPSCs and mIPSCs ((Olsen & Sieghart, 2016)).
The increase in decay time suggests altered kinetics, as previously observed in oocytes.

The precise conclusion is left to be drawn because of the small sample size in neurons.

The oocyte experiments showed remarkable results for the Y243C variant which are in
line with the previous oocyte study conducted by Niturad and colleagues (Niturad et
al., 2017). Considering the cells expressing the variant to 1 mM of GABA solution, the
response was highly signi cantly decreased Egare 1). The dose response curve
showed a slight increase in GABA sensitivity when comparing it to the WTF{geee

12). The normalised dose response curve showed a decreased anion dose response in
response to GABA when compared to the maximum WT responsé&igae 19, in-

dicating a predominant loss of function. Considering the conservation across paralogs
and orthologs, the variant is well conserved (Sigires 8 and B supporting our nd-

ings that this missense variant signi cantly impairs receptor function. Furthermore, the

amino acid is located in the rst extracellular domain of the protein, containing the
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signalling peptide. Again, the receptor appears in the membrane, as shown by the im-
munohistochemistry (sd@gure 19. The conclusions drawn from the analysis of neurons
transfected with either WT or variant cDNA point toward a decreased frequency and
increased amplitude in sSIPSCs/mIPSCs. Further recordings with a much larger number
of recorded might be necessary to detect signi cant di erences in recordings from neu-
rons. If correlating these ndings, one would normally infer a decreased frequency and
amplitude for the recorded neurons (see (Olsen & Sieghart, 2016). From this variant,
one can draw comparisons to the missense variant Q242L (Niturad et al., 2017), which
has also shown signi cantly smaller overall oocyte currents related to the WT. Just
like the variant next to it (our studied variant Y243C), it showed an increased GABA
sensitivity, so a gain of function mechanism concerning GABA sensitivity might be of
further pathogenic relevance ((Ahring et al., 2021)). Clinically, the variant also lead to
moderate intellectual disability (even though it ranges from mild to severe), as well as
facial abnormalities. Seizures were also present and treated with Valproate, among other
antiseizure medications (Niturad et al., 2017), a ecting the GABA equilibrium within the
brain. Since the&GABRA3gene is located on the X chromosome, one could infer that
male patients are more severely a ected clinically, as they have only one X chromosome.
Concluding these observations, implications for the patients a ected could be that the
variant Y243C is indeed pathogenic. The female patient's symptoms can therefore be

sensibly understood by her altered GABRAceptors containing ; subunits.
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Even though the mean current response to 1 mM of GABA solution application seemed
to be decreased in the S393I variant, it was not statistically signi cant kEsgere

11). The calculated dose response curve showed a signi cantly decreased sensitivity to
GABA (seeFigure 13. The normalised dose response curve showed decreased anion
currents in response to the applied GABA solution Esgaere 13. Considering paralogs

and orthologs (se&igures 8 and P the protein region is not very well conserved.
Furthermore, the variant is located on an intracellular loop and might therefore not
embody a great contribution to the described phenotype. The mother of the described
male case also carried the variant but was not a ected. The receptors were expressed in
the membrane as visualised with immunohistochemistryRspee 19. A signi cant
decrease in sIPSC frequency could be determined. One can support the ndings in
oocytes by the data recorded from neurons, pointing in the direction of reduced vesicular
release of GABA (Pinheiro & Mulle, 2008). The decay time stayed approximately the
same across sIPSCs as well as mIPSCs, and the decrease in frequency when comparing
the variant to the WT was not observed for mIPSCs. The amplitudes did not show
a change in either condition, implying a regular postsynaptic activation of receptors
(Nusser et al., 1997). Therefore, the patient's symptoms can most likely not be fully

explained by the electrophysiological characteristics of their S393l variant.

5.1.2 Loss of Function in GABRA3

Previous ndings inGABRAS3 have been mainly associated with a decreased receptor
function when variants were studi@d vitro. This was determined by considering the
overall current response of variant vs. WT cells. The electrophysiological properties were

indicating that a loss of receptor function contributed to the respective clinical conditions.
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Below, inTable 9 the receptor function nding is subsumed for the previously established

pathogenic variants (Niturad et al., 2017).

Variant | Normalised max response Dose response curve| dose response curve normalised to WT
G47R reduced comparable to WT DRC decreased overall response
T166M sig. reduced comparable to WT DRC decreased overall response
Q242L sig. reduced increased sensitivity decreased overall response
T336M sig. reduced increased sensitivity decreased overall response
Y474C sig. reduced increased sensitivity decreased overall response

Table 9. Recorded electrophysiological properties in oocytes as described (Niturad et

al., 2017). DRC: dose response curve; WT: wildtype

Overall, a reduced maximum response to GABA could be observed in all variants ex-
amined up to date when compared to the WT currents - the authors explained the
phenotype partially by the degree of loss of function (Niturad et al., 2017). They in-
ferred the loss of function by looking at the overall response. The characterised D115E
variant showed similarities to T166M. The a ected family's neurodevelopmental disor-
der was coherently explained by the oocytes' current response, relating to the degree
of disease severity. Q242L could be compared to Y243C, as detailed in the above sec-
tion - a loss of function in receptor function could be concluded. So far, no indication

of an isolated gain of function has been described as a possible disease mechanism in
GABRA3 In GABRD however, only recently a possible gain of function mechanism has

been described (Ahring et al., 2021).
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5.2 Gain of function as a novel disease mechanismin GABRA3

Located in the second transmembrane domain (M2), V309L lines the ligand-gated recep-
tor channel from the inside (Thompson et al., 2010). Investigating the GABA response
in oocytes, it was on average not signi cantly decreased when compared to the WT
(seeFigure 1). The dose response curve lead to additional conclusions: The GABA
sensitivity was highly increased as opposed to the WT curveHgeee 13. Even
normalised to the WT current, the overall response to GABA was increasedigsee

13).

The decay time was also signi cantly increased in neuronal cultures transfected with the
V309L variant when obtaining sIPSCs, meaning that the time for the recorded current to
return to its baseline was prolonged. The decay was decelerated as compared to the WT
which goes along with the oocyte ndings, as the decrease in GABA sensitivity imply
a longer desensitisation time. The amplitude of the sIPSCs was furthermore slightly
increased, supporting the hypothesis of an increased postsynaptic activation. Yet the
variability of the obtained amplitudes was quite large; that could be why the nding
has not been proven to be signi cant as of now. The frequency was also not signi -
cantly decreased. mIPSCs showed similar tendencies, yet none were very prominent. In
transfected neurons using V309L variant cDNA, GAB&ceptors containing 3 were
expressed in the surface membrane, as shown in the respective immunohistochemistry
assay (seé€&igure 19.

We conclude that the channel yielded an increased overall activity. The exact implica-
tions of that nding are yet to be determined. This is the rst time a gain of function

mechanism in &ABRA3variant has been linked to epileptic symptoms.
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5.2.1 Gain of function variants in GABA 4

A gain of function variant appears to be counterintuitive at rst sight, considering GABA

as the main inhibitory neurotransmitter within the brain. Logically, seizures might not
be induced when the inhibition of postsynaptic synapses are increased. As established
in the introduction, GABA serves several functions in di erent stages of development,
and is much more complex than just an inhibitory neurotransmitter. Tonic and phasic
inhibition and their purpose need to be considered when evaluating the meaning of a
gain of function variant, like V309L, for that matter.

To gain a better sense for this, it is important to consider other variants in GABA
subunits that have been described so far. Recently, the gain of function variant A322V
was discovered iGABRAL1 The increased sensitivity of the formed receptor was in-
terpreted by recording currents from HEK cells (Steudle et al., 2020). The patient in
guestion presented refractory seizures, and neurodevelopmental delay with dysmorphic
facial features. The V284A variant GABRA2 was characterised similarly, where an
increased GABA sensitivity could be observed in HEK cells, just as the V309L variant
in GABRA3 (Maljevic, Keren, et al., 2019). The phenotype was characterised to be
absences and clonic seizures, as well as ocular revulsion with severe cognitive impair-
ment and developmental delay. Ttie novoV294L variant in the 5 subunit of GABA
receptors was also studied in HEK cells, with the result of an increased GABA sensitivity
(Butler et al., 2018). However, the overall response to GABA was decreased. In that
study, the decreased current respomseitro is traced back to increased desensitisation

of the receptor. The amino acid position is near the V309Lzinalso being a change

from Valine to Leucine.



5 DISCUSSION 75

The phenotypes of neurodevelopmental disorders and generalised epilepsy within families
and de novomutations withinGABRD could also be traced back to variant subunits
which were shown to be overly active compared to their WT (Ahring et al., 2021). The
variants withinGABRD in question were located at P257L, L260V, and T291l, showing
increased overall currents and and increased sensitivity, inferring from their dose response
curve.

The 3 subunit also contained several pathogenic variants that could be considered
to increase receptor activity when studiedvitro (Absalom et al., 2022).De novo
mutations were examined K laevisoocytes for that experiment after Vigabitrine had

not been successful in treating the recurring seizures of the patients. Rather, an extreme
reaction to the medication was observed, leading to the hypothesis that an increased
receptor function of some sort could be responsible for the phenotype (Absalom et
al., 2020). The mutations were located at E77K and T2871 within the subunit. The
patients showed epileptic encephalopathy with refractory spasms (Kothur et al., 2018)
and developmental delay, dysmorphic features with varying kinds of seizures as part
of an epileptic encephalopathy (Papandreou et al., 2016), respectively. The patients
in question had an accentuated response to anti-seizure drugs enhancing the e ect of
GABA. That nding underlines the importance of selection of suitable treatment for
patients. Not only is it advantageous to ascertain the kind of genetic variant. It is also
important to know about the electrophysiological properties when matching appropriate

therapeutic options to the genetic background of the phenotypes.
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5.3 The decay of sIPSCs

Previously discovered ndings fog variants showed signi cant di erences in the time

it takes until the recorded negative peak current returns to the baseline current (Eugene
et al., 2007). The frequency and amplitude did not change when expressing variants
within neuronal cultures. However, only mIPSCs were recorded in, theidy. Two
variants were studied that had previously shown a decrease in overall response when
studied in oocytes with GABA application (Eugene et al., 2007). The K289M variant,
which showed a more rapid deactivation as opposed to the WT, is located in the second
extracellular domain, whereas R43Q, not being signi cant in kinetic alterations, is located
at the N-terminus (Eugéne et al., 2007).

In 3's V309L and D115E sIPSCs, tau is signi cantly increased. This implies a prolonged
time of recorded current. This could be either due to a gain of function - enriching the
oocyte ndings in the V309L variant. According to previous models, an accelerated
decay should decrease the obtained amplitudes (Poncer et al., 1996). A slight decrease
Is observable in D115E, and an increase is present in V309L, as would be expected. To
validate these ndings, however, the amount of cells recorded needs to be increased.
S393I showed a signi cantly reduced frequency in sIPSCs which is interpreted as a re-
duction in GABA release from the presynaptic cell. Even though in oocyte experiments,
S393I shows no signi cant di erence in current response compared to the WT, it may still
be the case that the presynaptic release of GABA is changed through altered receptors
at postsynaptic sites. As established, feedback loops are part of synaptic adjustments
(Jacaob et al., 2008), making that mechanism plausible.

One needs to remark on the overall number of recorded neurons: the variability within
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the cultured cells was very high, which is why the number of cells should be increased

to further support our ndings.

5.4 Possible underlying molecular mechanisms

Mechanisms such as protein stability, 3D formation, and receptor tra cking were dis-
covered to be altered BABR pathways (Macdonald et al., 2010). As for tBABRA3
variants, one can infer that the; subunits are present in the surface membrane. This
implies a receptor function de cit, which needs to be studied further. Post translational
phosphorylation and alteration might be impaired when editing the variant after trans-
lation (Jacob et al., 2008). Another possible mechanism is decreased protein stability
and increased degradation, especially for variants located in transmembrane domains
(Kramp et al., 2005)

The established gain of function mechanism in the V309L variant could be due to in-
creased extrasynaptic activation, as it is suppose@RBRD variants (Ahring et al.,

2021).

5.5 Clinical implications

For the identi ed loss of function 3 variants D115E and perhaps Y243C, benzodi-
azepines, phenobarbital, or valproate could be tried as possible treatments for the pa-
tients. These substances, used to treat seizures or used as sedatives, a ect GABA
homeostasis, increasing its inhibiting e ect (Czapi«ski et al., 2005). Consequently, a
decreased postsynaptic response would be enhanced, perhaps approaching physiological

synaptic conditions. However, one should carefully consider the severe side e ects before
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starting treatment.

In case of V309L, medications used to block the ion channel could be tried to relieve af-
fected individuals. Drugs such as umazenil could be tried (Johnston, 2013). As for the
previously described, variant V284A, the patient a ected was treated with phenytoin
and sodium valproate (Maljevic, Keren, et al., 2019). In the casg ghin of function
variants, patients treated with phenobarbital and benzodiazepines reacted with an ag-
gravation of seizures (Butler et al., 2018). A study in patients witlvariants showed
hypersensitivity to Vigabatrin (Absalom et al., 2020), which could also aggravate the
condition in our 3 patients carrying the V309L variant, as Vigabatrin a ects GABAergic
neurons. It is therefore important to consider that some anti seizure medication might
worsen the presented symptoms. This stresses the need to further explore molecular
mechanisms in the pathogenesis of diseases, for example using a knock-in mouse model,
as this study does not su ce for clear therapeutic implications. In order to nd the
treatment most suitable for the patient, knowing about the functional consequences of
the variants is imperative. For example, variants within the voltage-gated sodium chan-
nel encoded on thECNA2 gene can successfully be treated in patients carrying a gain
of function variant with 4-aminopyridine, a K+ blocker ((Oyrer et al., 2018)).

One approach for treatment that is still at its infancy and earliest stages would be gene
therapy. In the case of another X chromosome related neurodevelopmental disorder with
seizures, a proof of principle in treating mice has been successful (Gao et al., 2020).
Knockout mice with deviations in cyclin-dependent kinase-likeClK(5) were studied

in this case. An application of the corrected gene in adeno-associated viral vectors

during prenatal development lead to higher expression of the WT. Moreover, recent
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work has shown that postnatal expression of Cdkl5 in mice with CDKL5 De ciency
Disorder corrects the behavioral disturbances (i.e., the disease is reversible) suggesting
a wide therapeutic window (Terzic et al., 2021), suggesting a possible future approach

also to similarly a ected genes, such@8BRA3

5.6 Limitations

Concerning the oocyte experiments, the interpretation of results is insofar limited that
they do not present a physiological environment and leave no room for conclusions in
that regard.

When studying the variants in neurons, one needs to consider that neuronal cortical
cultures contain a multitude of cell types. Ag is not well expressed within the hip-
pocampus - which also consists of a variety of cell types - we did not opt for such
cultures. Additionally, the amount of neurons recorded was quite small; future studies

would need a larger sample size to support or contradict the established tendencies.

5.7 Strengths

The conducted study in oocytes is in line with previous ndings, enhancinGHRARA3

IS a gene associated to epileptic seizures and neurodevelopmental disorders. It is the
rst of its kind to express 3 in murine neurons, contributing to a more physiological
understanding and modeling of the conditions. Even though the obtained results are
not coherent in every case, the arti cial oocyte data is enriched by a larger perspective.
GABRASis now associated to leading to pathological conditions in the scenario of a loss

of function. The novel disease mechanism of gain of functionsfeontaining GABA
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receptors was established.

5.8 Future work yet to be conducted

Further experiments concerning the tonic inhibition in neurons by applying PTX to the
neuronal cultures and comparing these results to non-blocked recordings would enlarge
the correlation between the results on molecular receptor function in oocytes and data
obtained from the neuronal recordings.

Furthermore, a response to medications such as benzodiazepines or the new GABA-
ergic drug cenobamate would be interesting to investigate, as the treatment implication
resulting from these ndings could bene t the a ected individuals.

Another aspect to look into further is to clearly discern between developing neurons and
already formed networks. As the transfection reagent were applied while the networks
were still formingn vitro, there is no conclusion to reach about established connections.

In order to reach further insight, one could try electroporaiiomtero to study the

e ect of the variants within brain slices, or study variants in knock-in mouse models.
The immunohistochemistry images taken ($egure 19 could additionally used to
guantify receptor expression in the cell membrane. For now, one can only infer for
certain that 3 subunits were expressed. Such is one way of approaching the molecular
level of discerning whether it is a question of altered receptor function, formation, or
transportation to the cell membrane. For that, an N-terminal tag with GFP of our gene
would be suitable, enabling di erentiation between naturally occurring subunits in the
cell membrane and variants being expressed and incorporated. However, tagging might

alter the protein 3D structure, possibly in uencing receptor formation.
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5.9 Concluding remarks

Two variants showed an overall loss of function by showing a collective reduction in
current response to GABA, D115E and Y243C. D115E showed an accelerated decay of
IPSCs when studied in neurons. These results may explain the clinical phenotype by
mechanism of disinhibition. S393l, leading to a milder condition, yielded less certain
results, supporting a correlation between genotype and phenotype. The variant led to
fewer inhibitory post synaptic currents recorded in our preliminary experiments. The
receptor function properties are in uenced by the variants. As GABA binds to the
subunit (Baumann et al., 2003), it is plausible that a mutation within the corresponding
GABRA3gene alters its properties and ability to bind GABA. In contrast, V309L showed

a gain of function mechanism with increased GABA sensitivity of mutant receptors and
an increase in decay time of IPSCs in transfected neurons. This is a new mechanism of

the receptor and it is not yet evident how it leads to seizures.
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6 Summary

Novel GABRAS3 variants with clinical phenotypes varying between neurodevelopmental
disorders and epilepsy were investigateslitro and characterised on an electrophysi-
ological level. Mutagenesis was done in plasmidsXambpus laevi®ocytes as well

as murine neuron cultures were used as expression systems. Two-electrode automated
voltage-clamp was applied for the oocytes, whereas spontaneous inhibitory postsynaptic
currents (sIPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) were ob-
tained by performing whole cell voltage clamp recordings in neurons. Additionally, im-
munohistochemical stainings were executed. The variants D115E and Y243C showed a
decreased overall response to GABA application in oocytes. The S393I variant showed
no signi cant di erence in oocytes when compared to the wildtype. Recorded currents
from neurons showed signi cant increased decay time in the D115E (sIPSCs and mlIP-
SCs) and V309L (sIPSCs) variant, as well as decreased frequency in the S393I variant
(sIPSCs), corresponding to the oocyte ndings. This suggests a possiblantaining

GABA, receptor impairment, a ecting receptor sensitivity to GABA, as well as altered
receptor function and kinetics. The D115E and Y243C variants were interpreted as a
pathogenic loss of function variant judging from the reduced response to GABA, as well
as decreased amplitude and frequency in sIPSCs and partially in mIPSCs. S393I was
most likely not pathogenic. The V309L variant showed a pronounced increased GABA
sensitivity in oocytes, leading to the establishing of gain of function variants as a new
disease mechanism @ABRA3 The electrophysiological characterisation supplied pos-
sible explanations for the presented clinical conditions, implying the need for treatment

adjustment tailored to the respective variants.
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7 Zusammenfassung

Neuartige Varianten ifttABRA3Gen mit unterschiedlichen klinischen Phanotypen wur-
den auf ihre elektrophysiologischen Eigenschaften hin charakterisiert, um die neurologis-
chen Entwicklungsstérungen und Epilepsien dahingeinevitto zu erklaren. Mutage-

nese wurde in Plasmiden durchgefiibéénopus laevi®ozyten sowie Mausneurone wur-

den als Expressionssysteme gewahlt. Ein automatisiertes zwei-Elektroden-Spannungs-
Klemmen-System wurde verwendet, um die GABA-Strome aus Oozyten zu messen. sIP-
SCs und mIPSCs wurden von Neuronen abgeleitet. In diesen Zellen wurden ebenfalls im-
munhistochemische Farbungen durchgefiihrt. Die Varianten D115E und Y243C zeigten
in den Oozytenversuchen reduzierte Strome auf GABA-Stimulation hin. Die S393l Vari-
ante zeigte keinen Unterschied in Oozyten im Vergleich zum Wildtyp. Aufgezeichnete
Strome von Neuronen zeigten eine signi kant verlangerte Decay-Zeit in den Varianten
D115E (sIPSCs und mIPSCs) und V309L (sIPSCs) sowie eine verringerte Frequenz
in der Variante S393I (sIPSCs), was mit den Ergebnissen in den Oozyten einhergeht
im Sinne eines Funktionsverlusts oder einer -beeintrachtigungsdesdtigen GABA-
Rezeptors. Die Varianten D115E und Y243C wurden aufgrund der verminderten Reak-
tion auf GABA sowie der verringerten Amplitude und Frequenz bei sIPSCs und teilweise
bei mIPSCs als pathogene Funktionsverlustvariante interpretiert. S393I war hdchst-
wahrscheinlich nicht pathogen. Die V309L-Variante zeigte eine ausgepragte erhéhte
GABA-Emp ndlichkeit in Oozyten, was zur Etablierung von Gain-of-Function-Varianten
als neuem Krankheitsmechanismus B&BRAS3 fihrte. Diese elektrophysiologische
Charakterisierung unterstitzt die Hypothese, dass die Varianten zur vorliegenden Klinik

beitragen, was die Anpassung medikamentodser Behandlungsmaynahmen zur Folge hat.
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