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Epilepsy is a common neurological disorder characterized by recurrent seizures. Even before
the presentation of the first seizure, it is believed there is a chronic pathogenic process
underlying the network, cellular and synaptic changes which result in the development of
symptomatic epilepsy — termed epileptogenesis. Epileptogenesis involves several crucial,
progressive steps which develop over a period of weeks, months or sometimes years: the
initial precipitating assault/injury, the latent period, and spontaneous recurrent seizures (SRS).
Understanding the development and progression of epileptogenesis within the temporal lobe
offers a new avenue for controlling or even preventing the development of symptomatic

epilepsy.

Animal models of epilepsy allow researchers to investigate the pathogenic process’ of epilepsy
and explore possible therapeutics, including anti-epileptic drugs. A low mortality, high morbidity
model for epilepsy termed the reduced intensity status epilepticus (RISE) model was
developed to study temporal lobe epilepsy. Investigation of the early stages of epileptogenesis
involved ex vivo local field potential (LFP) and whole-cell patch clamp recordings of extracted
brain slices from RISE animals during the latent period (weeks 2, 3, 4, 5, and 6 post-induction)
and during the SRS stage of epileptogenesis (>3 months post-induction). Using several
measures of brain excitability, it was found there is a marked reduction in brain excitability for
RISE animals during the later stages of epileptogenesis (weeks 4 — 6 post-induction) compared
to aged-matched control (AMC) in hippocampal subregions CA1 and CA3. However, there
appears to be recovery to AMC or even above as animals enter SRS despite now displaying
electrographic and behavioural seizures.

Previous work studying the RISE model of epilepsy has uncovered a dramatic loss of the
glutamatergic ionotropic AMPA receptors (AMPARSs) and their associated accessory proteins
in the hippocampus during the latent period which continues into SRS. Tianeptine is an atypical
anti-depressant which is already known to modulate AMPAR function by increasing channel
conductance and by increasing AMPAR ftrafficking and anchoring into the postsynaptic
membrane. Control experiments confirmed this by revealing a marked increase in hippocampal
gamma oscillatory power when conducting LFP experiments across all ages studied.

Given the proposed mechanism of action of tianeptine, tianeptine (10uM) was then studied as
a potential anti-epileptogenic drug to modify the progression of epileptogenesis within the RISE
model. Ex vivo LFP and patch clamp recordings were taken and found tianeptine was able to
recover the hippocampal oscillation during the early stages of epileptogenesis but had
subregional differences as the epileptogenesis progressed. Under both spontaneous and
kainic acid (KA) conditions, tianeptine had minimal effects on the gamma oscillations in both
hippocampal subregions CA1 and CA3 during the latent period (6 weeks post-induction)
compared to AMC. However, once RISE animals enter SRS, tianeptine was only capable of
modulating gamma oscillations in CA1 (and not CA3) in KA conditions. Therefore, showing
subregional differences in the progression of epileptogenesis.

Finally, to explore seizure susceptibility, the 0 Mg?* in vitro model of epilepsy was employed in
the hippocampus. Using several measures, it was found RISE animals were more susceptible
to generate seizures and seizure-like activity. Seizure susceptibility decreased as RISE
animals entered later into the latent period (weeks 5 — 6 post-induction) and again increased
as they entered SRS. This combines with the above findings of reduced brain excitability during
the latent period which likely drives the progression of epileptogenesis into SRS. Overall, this
thesis shows there are dynamical changes in neuronal network function which underlie
epileptogenesis in the temporal lobe.
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ISI — inter-seizure interval

KA(R) — kainic acid (receptor)

LFP — local field potential

LTD — long term depression
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LTP — long term potentiation

Mg?* - magnesium ion

mM — millimolar

MOR — mu opioid receptor

MPEP - 2-methyl-6-(phenylethyl)pyridine
Na* - sodium ion

NBQX - 2,3-dioxo-6-nitro-7-sulfamoyl-
benzo[flquinoxaline

nM — nanomolar

NMDA(R) -
(receptor)

N-methyl-D-aspartate

PID — post-ictal depression

PING - pyramidal network interneuron
gamma

PIS — post-ictal spiking
PKA - protein kinase A

PSBB - post-seizure behavioural battery
test

PSD — postsynaptic density

RISE - reduced intensity status epilepticus
SE - status epilepticus

SEM - standard error of the mean

SLA — seizure-like activity

SLE - seizure-like events

SRS - spontaneous recurrent seizures

TARP — transmembrane AMPA receptor
regulatory proteins

TLE — temporal lobe epilepsy

MM — micromolar

11



Chapter 1 Introduction

N.A.Marley, PhD Thesis, Aston University 2023

12



The mammalian brain is a highly organised and sophisticated organ comprised of the
cerebrum, cerebellum, and brainstem. The cerebrum can be further divided into the frontal,
parietal, temporal, and occipital lobes. The most superficial area of the cerebrum, the cerebral
cortex, is responsible for highly evolved functions such as cognition, mental imagery, and the
ability to produce and understand language. Sitting just below are subcortical structures (e.g.,
hippocampus, amygdala, thalamus and basal ganglia) essential for more primitive functions,
including movement, consciousness, perception, emotion and maintaining bodily homeostasis
(Ackerman, 1992).

For this thesis, exploration of the development and progression of epilepsy in the temporal
lobe using a variety of in vitro and ex vivo methods is used to investigate the neuronal network

dynamics which underlie epileptogenesis.

1.1. The temporal lobe

The temporal lobe is one of four major lobes of the brain. Located near the temples of the skull,
it is anterior to the occipital lobe and posterior to the frontal lobe. The temporal lobe is further
subdivided into the superior temporal lobe, middle temporal lobe, and the inferior temporal
lobe. Functionally, the temporal lobe plays vital roles in the processing of auditory, olfactory,
vestibular, visual, and linguistic information. A significant part of the temporal lobe is the
hippocampal formation, comprised of: parahippocampal gyrus, subiculum, hippocampus, and
dentate gyrus (Kiernan, 2012). Pathological development/changes to the hippocampal
formation have been associated with numerous neurological disorders, including epilepsy,

Alzheimer’s disease, schizophrenia and depression (Small et al., 2011).

The role of the medial temporal lobe in the formation of new memories is relatively established
(Baxter, 2009). Under the ‘standard’ model, the binding of a memory trace between the
neocortex (where the memory is initially registered) and the hippocampus and related
structures (where the memory temporally held for storage and recovery) allows for unity of this
new memory. Damage to the medial temporal lobe with resulting retrograde amnesia results
in particular deficits in episodic (event) and semantic (factual) memory equally, but only within
a given time period (Nadel and Moscovitch, 1997). A study with bilateral lesions of the EC in
monkeys showed disruption of the relational organisation of declarative memory, with specific
dysfunctions in episodic memory (Buckmaster et al., 2004). Therefore, highlighting a central

role of the medial temporal lobe in memory formation and sustainment.

A famous case study demonstrating the fundamental role medial temporal lobe structures play
in memory is that of Henry Molaison (formally known as H.M.). Following a traumatic brain
injury sustained aged 7, H.M. began developing seizures a few years later. By age 27, these
were severe and not well managed with high doses of anti-convulsants. H.M. was offered a

bilateral medial temporal lobe resection (including hippocampus, parahippocampal cortices,
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entorhinal cortices, and amygdala) which managed the epilepsy, however this produced
severe memory impairment with absence of general intellectual loss of perceptual disorder.
Despite the significant impairment caused to H.M. following the surgery, this case motivated
the development of an animal model of human memory impairment and subsequent
delineation of the medial temporal lobe memory system, therefore leading to a deeper

understanding of how memory is organised in the brain (Squire, 2009).

1.1.1. The hippocampus

The hippocampus was first identified by Greek surgeon Julius Caesar Arantius in 1587 and
termed ‘hippokampos’ due to its resemblance to a seahorse (Bir et al.,, 2015). The
hippocampus is a part of the limbic system and is central to the consolidation process of
integrating short-term memories into long-term, permanent memory formation, particularly of
spatial information (Terranova et al., 2019). Located in the allocortex (archicortex), the
hippocampus is a conserved brain structure identified in an array of species, ranging from fish
to birds to mammals, indicating its significance in memory formation and consolidation
(Bingman et al., 2009).

The hippocampus is made up of the hippocampal proper (also called Ammon’s horn/cornu
Ammonis, CA) including subfields CA1, CA2 and CA3, and the dentate gyrus (DG). The
hippocampal circuit which allows the flow of information is termed the ‘trisynaptic loop’ and is
made up of the DG, CA3 and CA1. The DG projects directly to CA3 via the mossy fibre
pathway, and CA3 projects directly to CA1 via the Schaffer Collateral pathway. CA3 also
projects back onto other CA3 neurons and the DG, forming a recurrent collateral pathway.
These recurrent collaterals have been shown to play a role in ‘holding memory’ (e.g., novel
information can be temporarily held despite a distraction present, such as a phone ringing)
(Anand and Dhikav, 2012). Historically, CA2 has been ignored and only considered a
transitional region of the hippocampus. However, research has begun elucidating the differing
response to neurodegeneration and disease CA2 demonstrates in comparison to other
hippocampal subregions, suggesting CA2 has its own distinct functions (Knierim, 2015, Pang
et al., 2019).

The entorhinal cortex (EC) provides the major inputs to the hippocampus via two main
pathways: (1) the perforant pathway projects directly onto the DG and CA3 from layer Il of the
medial EC (mEC) (Witter et al., 2000), and (2) the temporoammonic pathway projects directly
to CA1 and the subiculum from layer Il of the mEC (Steward and Scoville, 1976). Feedback
projections are received in the deep layer V of the EC, which are further projected to the lateral
septum via the fornix. CA1 also has output projections to the nucleus accumbens (ventral

striatum), amygdala and prefrontal cortex (Pang et al., 2019) (figure 1.1.).

Anatomically, hippocampal identification can be done with relative ease due to its unique layer

of cell bodies. Anterior to this dark cell body layer is the Stratum oriens which contains primarily
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a few inhibitory basket-cell interneurons. The stratum pyramidalis forms the principal cellular
component of the hippocampus, with 10 — 30 layers of excitatory pyramidal cells. Apical
dendrites of the pyramidal cells receive afferents from the EC and DG mossy fibres and can
form the recurrent collateral pathways mentioned above. Posterior to the stratum pyramidalis
is this stratum radiatum which comprises of apical dendrites of the pyramidal cells and some
stellate cells. Finally, the stratum lacunosum moleculare contains primarily axons and inhibitory
interneurons. The majority of neurons (up to 90%) in the hippocampus are excitatory pyramidal
cells, with the rest being inhibitory interneurons (e.g. stellate cells), demonstrating a strong

disposition towards excitatory neurotransmission in the hippocampus (Chauhan et al., 2021).

1.1.2. The entorhinal cortex

The entorhinal cortex (EC) is a brain region part of the parahippocampal region (along with the
perirhinal and postrhinal cortices) located within the medial temporal lobe. Subdivided into the
lateral (IEC) and medial (mEC), the EC acts as a major input/output structure for the

hippocampus.

1.1.2.1. The medial entorhinal cortex

The medial entorhinal cortex (MEC) is made up of six layers (I — VI). Layers | (plexiform layer)
and IV (laminar dissecans) are relatively free of cells (Canto et al., 2008). Incoming information
converges onto mEC superficial layers Il and |Ill, originating from the
postrhinal/parahippocampal cortex, neocortex (visual, posterior parietal and the pre- and para-
subiculum), and subcortex (dorsal thalamus and thalamic nuclei) (Kerr et al., 2007, Witter et
al., 2017). Processing of this information occurs in the hippocampal formation via two main
pathways: (1) the perforant pathway projects directly onto the dentate gyrus and CA3 from
layer Il (Witter et al., 2000), and (2) the temporoammonic pathway projects directly to CA1 and
the subiculum from layer Ill (Steward and Scoville, 1976). Before re-entering the mEC in the
deeper layer V (specifically layer Vb). Layer Vb neurons can innervate neurons in layers Va, Il
and |l creasing a feedback loop, and feedforward to other (sub)cortical areas (Ohara et al.,
2018, Wouterlood et al., 2004).

Despite having different input pathways to the hippocampus, superficial layers Il and Il share
the same anti-phase to the extracellular field activity, meaning principal cells in both layers
share the same temporal pattern of inhibitory drive. There is however a distinct phase reversal
between layer Il and lll, with the authors explaining this is due to the source-sink interaction

generated (Cunningham et al., 2003).

N.A.Marley, PhD Thesis, Aston University 2023 15



Polymodal sensory
_\

Hippocampus Entorhinal cortex

o

% - Perforant path to CAT
(= Schaffer collaterals
; = § | i

Poni it _ Medial

i
\\ CA3

I Lateral
/ / i i
| | /
".
=i o : e\"
= =y | | -
‘Associational/ | \. /
commissural - \
fibres Meossy fibres “— Perforant path \
to dentate gyrus : e

Modulatory input

Nature Reviews | Neuroscience

Figure 1.1. Diagram of the anatomy of the rat hippocampal-entorhinal pathways
(Neves et al., 2008).

Diagram shows the major input connections to the DG/CA3 via mEC layer Il (perforant
pathway). Mossy fibre projections and associational/commissural projections converse at
CA3, which projects to CA2/1 via Schaffer collaterals. Temporoammonic pathway projects
from mEC layer Il directly to CA1. Hippocampal output via CA1 projects to mEC layer V
via the subiculum.

1.2. Epilepsy

Epilepsy is one of the most common neurological conditions affecting 1% of the population,
with an incidence of approximately 50 new cases per 100,00 population p/a. Approximately
75% of cases begin during childhood, reflecting the vulnerability of the brain during
development. The International League Against Epilepsy (ILAE) defines epilepsy as the
occurrence of at least one epileptic seizure (with its associated neurobiological, cognitive,
psychological and social disturbances) which results in the increased likelihood of generating

epileptic seizures in the future (Fisher et al., 2005).

The aetiology of epilepsy can be divided into idiopathic (genetic abnormalities, e.g., SCN1A
gene), cryptogenic (aetiology obscure or unknown) and symptomatic groups (acquired,
developmental, and congenital structural brain abnormalities, e.g., focal cortical dysplasia and
anti-NMDAR autoimmune encephalitis). Regardless of which group, epilepsy as a disease is

the final common pathway for numerous pathophysiological processes (Sirven, 2015).

Epileptic seizures can be categorised into three types — generalised, localised, and epileptic
spasms. Generalised seizures begin in bilateral distributed neuronal networks and are
subtyped into tonic-clonic, absence (typical or atypical), and myoclonic (tonic or atonic).
Localised seizures begin neuronal networks limited to one hemisphere but can lateral
generalise. Seizures can begin in the cortex or sub-cortical structures and are named
depending on the areas involved, e.g., temporal lobe epilepsy originates within structures of
the temporal lobe(s) (Berg et al., 2010).
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1.2.1. Seizures

The main symptom of epilepsy is uncontrollable seizures. A seizure is defined as ‘a paroxysmal
alteration of neurologic function caused by the excessive, hypersynchronous discharge of
neurons in the brain’ (Shorvon, 2011, Stafstrom and Carmant, 2015). The use of EEG has
been imperative in helping researchers and clinical epileptologists identify, classify, and
quantify seizures and seizure-like events (SLE) (Blume et al., 1984). Typical seizure/SLE
patterns may including ictal discharges (IDs, prolonged epileptiform discharges lasting for
more than a few seconds), inter-ictal discharges (IIDs, single population burst of ~100 ms
duration) and post-ictal discharges (PIDs, single population bursting following post-ictal
depression). In vitro studies have identified the existence of late recurrent discharges (LRDs)
which are distinct from IDs and 1IDs and are found to be resistant to some anti-epileptic drugs
(e.g., valproic acid) (Dreier and Heinemann, 1990, Quilichini et al., 2002, Sokolova et al., 1998,
Zhang et al., 1995) Although LRDs have been compared to status epilepticus, similar periodic

epileptiform discharges have been identified in humans (Treiman et al., 1990).

Fundamentally, seizure initiation is due to an imbalance of excitation and inhibition in the
network resulting in sustained neuronal depolarisation and resulting burst action potential
firing. Recruitment of surrounding neurons leads to seizure propagation (Bromfield et al.,
2006). Structural and functional changes which can occur to result in this imbalance include:
neuronal loss (Buckmaster and Dudek, 1997, Lowenstein et al., 1992), granule cell dispersion
(Del Rio et al., 1997, Haas et al., 2002, Nitta et al., 2008), mossy fibre sprouting (Sloviter,
1992, Wuarin and Dudek, 1996, Wuarin and Dudek, 2001), loss of GABAergic interneurons
and associated glutamic acid decarboxylase enzymes (Marx et al., 2013, Shetty and Turner,
2001) and hypometabolism (Akman et al., 2010, Kim et al., 2017, Theodore et al., 2004).

1.2.2. Temporal lobe epilepsy

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy, representing two
thirds of cases of intractable (drug-resistant) epilepsy managed surgically. TLE is classified
into two main groups (medial epilepsy (originating in the medial temporal structures, such as
the hippocampus, entorhinal cortex, amygdala and parahippocampal gyrus), and lateral or
neocortical epilepsy (originating in the temporal neocortex, such as the associative sensory
areas for hearing, virtual and language, and the temporal-occipital and temporal-parietal

junctions) (Pascual, 2007).

Cardinal signs of TLE include: prodromes (e.g., headache, personality changes, irritability),
aura (e.qg., viscerosensory symptoms such as a rising epigastric sensation, or déja vu), altered
consciousness (associated with decreases activity in the default mode network), amnesia,
automatism (coordinated involuntary motor activity which often involves the hands or mouth,

such as fumbling or chewing) (Blair, 2012).
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1.2.3. Epileptogenesis

Epileptogenesis is defined as the chronic pathogenic process by which a normal brain is
transformed to an epileptic brain, capable of generating spontaneous seizures. Several crucial,
progressive steps which develop over a period of weeks, months or sometimes years have
been identified - following the initial precipitating insult/injury (e.g., trauma, status epilepticus,
genetics), the brain undergoes a period of ‘silence’ where molecular, cellular and network
changes occur. This is known as the latent period and is thought to be responsible for
progression to subsequent spontaneous recurrent seizures (SRS). Animal models of
epileptogenesis have noted this to be too simplistic, and stated a non-linear progressive
increase in seizure frequency involving 4 steps: (1) initial phase of no seizures (the latent
period), (2) a second phase with a gradual increase in seizure frequency with highly variable
inter-seizure intervals, (3) a third phase with an exponential increase in seizure frequency, and
(4) a final plateau phase with seizure frequency stabilised at a maximal rate (Williams et al.,
2009, Wong, 20009).

The progression of seizure frequency suggests continual molecular, cellular and network
changes occur throughout epileptogenesis. During the early stages of epileptogenesis,
pref/interictal spikes can be observed in the EEG of patients following brain injury which
precede the first spontaneous seizure. Immediate interneurons loss has been noted following
brain injury, leading to a reduction in GABAergic synaptic inhibition and the emergence of
spikes. Spikes may guide sprouting axons back to their network of origin, increasing synaptic
strength and network excitability, and alter the balance of ion channels in the epileptic foci,
therefore increasing the likelihood of progression into SRS (Angeleri et al., 1999, Kelley and
Steward, 1997, Staley and Dudek, 2006). Accumulating evidence shows these molecular,
cellular and network changes continue even after the establishment of SRS, meaning
‘epileptogenesis’ should encompass the full disease process beyond the initial emergence of

symptomatic epilepsy (Pitkdnen and Lukasiuk, 2011).

The latent period has become a focal point of epilepsy research due to its potential use as a
therapeutic target before patients progress into symptomatic epilepsy. In patients with
traumatic brain injury, the latent period ranged from 1 day to 10 years showing a large variation
in time to first clinical seizure. Factors which affected the disease progression include the
occurrence of respiratory difficulties during the initial stages, age of patient at time of insult, the
presence of intracranial haemorrhage, the presence of skull fracture(s), and gender of patient
(Loscher et al., 2015). Of course, pinpointing the first clinical seizure and therefore the onset
of epilepsy in humans is difficult. French et al. highlighted clinically unremarkable signs (such
as staring or lip-smacking) are typical human behaviours, and other subtle signs (such as non-
convulsive seizures) are not recognised as epileptic until the emergence of convulsive seizures
(French et al.,, 1993). As such, an alternative method for studying the progression of

epileptogenesis is the use of animal models.
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1.2.4. Animal models of epilepsy

Animal models have been vital in allowing researchers to investigate the disease processes of
various conditions, and the mechanism(s) of potential therapeutics. A popular animal used in
neuroscience research is the rodent. Despite a considerably different time scale for brain
development between humans and rodent, the sequence of key events in brain maturation is
comparable and there are distinct parallels in regional vulnerability and functionality (Semple
et al., 2013). For example, adult hippocampal neurogenesis (AHN) was first identified in adult
rodents (Kaplan and Hinds, 1977) and later confirmed in humans (Eriksson et al., 1998).
However, a notable species difference in AHN of granule cells is the maturation of newly
generated cells. These new granule cells of long-living organisms (i.e., humans, primates) will
mature slower than that of rodents, meaning there is a prolonged period of higher excitability
of these cells which has been proposed to have an evolutionary advantage to long-living
organisms by permitting increased cognitive flexibility (Kohler et al., 2011, Moreno-Jiménez et
al., 2021, Yuan et al., 2014). Hence, despite translatability of rodent to humans, age-dependent

neurobiological developmental differences should always be considered.

Animal models of epilepsy can be induced in vivo using a variety of methods:
chemoconvulsants (pilocarpine, kainic acid), electrical stimulation (electroshock-induced
seizures, kindling), brain pathology (neonatal hypoxia, hyperthermic seizures, post-traumatic
injury) and genetics (Genetic absence Epilepsy Rat from Strasbourg/GAERS) (Kandratavicius
et al., 2014). One of the most popular methods for studying epileptogenesis is the pilocarpine
method used to model TLE. Pilocarpine, a muscarinic acetylcholine agonist, was first
demonstrated as a successful chemoconvulsant in 1983 by Turski et al. This led to rodents
displaying behavioural and electrographic epileptiform activity in limbic structures
accompanied by motor limbic seizures, limbic status epilepticus and widespread brain
damage. Despite being an effective method for inducing epileptogenesis, the authors noted
difficulty in survival rates of rodents, particularly of those with extensive damage to the
hippocampus (Turski et al., 1983). Later studies using lower doses of pilocarpine still found
high rates of mortality (average 38%, range 22% — 56%) (Curia et al., 2008), therefore
questioning the validity of the pilocarpine model of TLE.

As such, researchers at Aston University, led by Professor Gavin Woodhall, developed a low
morality, high morbidity refined version of the lithium-pilocarpine model of TLE termed the
Reduced Intensity Status Epilepticus (RISE) model of epilepsy and epileptogenesis
(Modebadze et al., 2016).

1.2.4.1. Reduced Intensity Status Epilepticus model of epilepsy

The RISE model of epilepsy is an effective model for studying TLE. With only 1% mortality
rate, the morbidity of the model remains high and shows consistent features of epileptogenesis
in humans, such as a lack of gross damage to the brain, progressive network alteration within

the temporal lobe, electrophysiological features like in vitro recordings of human brain tissue,
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and 40% - 100% of animals in any cohort (mean 69%) progressing into SRS. This reliable and
repeatable method differs from the original lithium-pilocarpine method by the addition of 2.5
mg/kg xylazine once seizure severity of >3 on Racine’s scale is reached (bilateral forelimb
clonus with rearing). This muscle relaxant is an agonist of the a, adrenergic receptor which
reduces the wild running and jumping behaviour in rodents associated with brainstem seizure
activity, therefore reducing the risk of cardiorespiratory depression and death (Lertwittayanon
et al., 2019). The other refinement was a cocktail of anticonvulsant/antiepileptic drugs (termed
the ‘stop’ solution: 0.1 mg/kg MK-801, 2.5 mg/kg diazepam and 20 mg/kg MPEP) which results
in rapid cessation of SE. This cocktail of drugs aims to increase overall inhibition within the
brain, while decreasing excitation, therefore resulting in cessation of SE. Specifically, MK-801
is an NMDAR antagonist, diazepam is a positive allosteric modulator of the GABAA receptor,

and MPEP is an antagonist of the metabotropic glutamate receptor mGIuR5.

The reduced mortality rate and refined severity level means the RISE model fulfils at least two
(refinement and reduction) of the 3Rs in line with the National Centre for Replacement,
Refinement and Reduction guidelines (Modebadze et al., 2016). Hence, the work carried out
in the thesis is a continuation of the current knowledge of epilepsy and epileptogenesis gained
through studying the RISE model of TLE.

Studies examining the electrophysiological and receptor changes in the hippocampus which
occur throughout epileptogenesis using the RISE model found reductions in spontaneous and
evoked (using kainic acid) gamma oscillations during the latent period of epileptogenesis
compared with control. However, following establishment of SRS, there appeared to be a
substantial increase in gamma oscillatory power. Study of receptor expression in the
hippocampus during the latent period of epileptogenesis found decreases in many excitatory
ionotropic receptor groups, such as AMPAR subunits GluA1, GIuA2, and GIuA3; KAR subunits
GluK2 and GluK5; and NMDAR subunits GIuN1 and GIuN2A. Also, reductions in the AMPAR
accessory protein PSD-95 used for AMPAR trafficking and post-synaptic stabilisation was
found. Following establishment of SRS, recovery to control values were observed in KAR
subunits GluK2 and GluK5, and the NMDAR subunit GIuN1. A substantial increase beyond
control values was observed in PSD-95. However, chronic reductions in AMPARs subunits
GluA1, GluA2 and GIluA3; and NMDAR subunits GIuN2A and GIuN2B were observed following
transition to SRS. Meaning, expression of some excitatory receptor groups in the hippocampus
of RISE animals remain low even once animals transition into SRS. Importantly, the authors
suggest this chronic reduction in AMPARs may underlie the transition into the SRS stage of
epileptogenesis by causing a chronic imbalance between excitability and inhibition within the
hippocampus (Modebadze et al., 2016, Needs et al., 2019).
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1.3. Tianeptine

Given our understanding of network excitability and receptor expression using the RISE model
of epileptogenesis in the hippocampus (Modebadze et al., 2016, Needs et al., 2019), targeting

certain receptor groups could offer anti-epileptogenic therapeutic potential.

The atypical tricyclic antidepressant tianeptine (7-[(3-chloro-6-methyl-5,5-dioxo-11H-
benzolc][2,1]benzothiazepin-11-yl)amino]heptanoate), also known as Stablon, is used as a
treatment for major depressive disorder and anxiety. Chronic administration of tianeptine has
been found to increase GluA1 phosphorylation in both the frontal cortex and hippocampus,
with a more pronounced effect in the CA3 subregion of the hippocampus than in CA1.
Tianeptine also reduced stress-induced dendritic atrophy and modulates excitatory synaptic
neurotransmission in CA3 of chronically stress rats (Kole et al., 2002, Magarifios et al., 1999,

Svenningsson et al., 2007).

Unlike typical antidepressants, such as selective serotonin re-uptake inhibitors (SSRIs),
tianeptine does not bind to adrenergic, dopaminergic or serotonergic receptors or transporters
(Kato and Weitsch, 1988). Instead, tianeptine is thought to potentiate AMPARSs by activation
CaMKIl and PKA via various signalling cascades associated with synaptic plasticity (the p38,
p42/44 mitogen-activated protein kinase (MAPK) and the c-Jun N-terminal kinase (JNK)
pathway), and decreased surface diffusion of AMPARSs by activation of CaMKIl which leads to
phosphorylation of AMPAR auxiliary subunit stargazin, with the resulting AMPAR-stargazin
interaction forming a complex with PDZ scaffold proteins such as postsynaptic density 95
(PSD-95). This leads to immobilisation and anchoring of AMPARs in the postsynaptic
membrane, meaning tianeptine increases both AMPAR channel conductance, and trafficking

and stabilisation in the postsynaptic membrane (Szegedi et al., 2011, Zhang et al., 2013).

Also, studies have demonstrated that tianeptine is a full agonist of the mu opioid receptor
(MOR). Widely expressed in the hippocampus, MOR is a Gi/o-coupled receptor, with
presynaptic activation altering neuron excitability via suppression of presynaptic release of
GABA. Activation of MOR requires a smaller concentration than that of glutamatergic
receptors, meaning Gassaway et al. hypothesises that tianeptine’s modulation of the
glutamatergic system may occur indirectly, via opioid receptor signalling. For example,
activation of MOR on CA1 inhibitory interneurons results in decreased activity, therefore
disinhibiting CA1 glutamatergic neurons, resulting in enhanced excitability. As such, tianeptine
may have several receptor targets within the hippocampus (Gassaway et al., 2014, Samuels
et al., 2017, Svoboda et al., 1999).
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1.4. Neurotransmitters and receptors

1.4.1. Glutamate

Glutamate is the most abundant excitatory neurotransmitter in the central nervous system
(CNS) (Curtis and Watkins, 1960). Glutamate has a number of roles across the CNS but is
particularly important for fast excitatory neurotransmission and neuronal excitability via Ca?*
influx (Hack and Balazs, 1994, Yano et al., 1998). However, excessive glutamate stimulation
can cause excitotoxicity due to excessive cation influx, leading a cascade of events resulting

in neuronal death and lysis (Rothman, 1985).

Glutamate binds to two major groups of membrane-bound receptors — ionotropic and
metabotropic. lonotropic receptors are cation-specific ion channels, including N-methyl D-
aspartate (NMDA) receptors, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors and kainic acid (KA) receptors (Eccles and Mcgeer, 1979). Metabotropic receptors
are G-protein coupled receptors (GPCR) meaning binding of glutamate results in activation of
intracellular signal transduction pathway(s) leading to production/modification of other
proteins, including ion channels. The metabotropic group of receptors contains eight receptor
subtypes split across three groups — group | (mGIuR1/5), group Il (mGIuR2/3) and group Il
(mGIuR4/6/7/8) (Bonsi et al., 2005). Interestingly, mGIuR groups Il and Il are found primarily
on axon terminals (presynaptic receptors) and suppress excitatory synaptic activity by
suppressing glutamate release, therefore decreasing postsynaptic NMDA receptor activity and

reducing the risk of excitotoxicity (Fagni et al., 2004, Grueter and Winder, 2005).

1.4.1.1. NMDA receptors

NMDA receptors (NMDARs) are di-heteromeric transmembrane ion channels consisting of four
subunits derived from three families (NR1, NR2 and NR3, now termed GIuN1, GIuN2 (A — D)
and GIuN3 (A — B), respectively) (Collingridge et al., 2009). Commonly, two GIuN1 (glycine-
binding subunits) join with two GIuN2 (glutamate-binding subunits) to form a functional dimer-
of-dimers receptor (figure 1.2.). Different to other ionotropic glutamate receptors, NMDARs
have a high permeability to Ca?*, voltage-dependant Mg?* block, and require binding of a co-
agonist with glutamate (glycine or D-serine/D-alanine) for activation. Neuronal depolarisation
by NMDAR activation results in excitatory postsynaptic potentials (EPSPs) (Kleckner and
Dingledine, 1988, Traynelis et al., 2010).

NMDAR subunit composition is highly plastic, changing during neurodevelopment and
according to neuronal activity. During neonatal synaptic maturation, there is a profound change
from predominantly GluN2B-containing to GluN2A-containing NMDARs during the second
postnatal week (Sanz-Clemente et al., 2013). This early expression of GluN2B-containing
NMDARs confers to slower receptor decay kinetics (~280 ms compared to ~54 ms with
GIluN2A-containing NMDARSs), leading to a >5 fold increased channel open time (Vicini et al.,

1998). Furthermore, GluN2A-containing NMDARs have peak current densities which are
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approximately four times larger than those of GIuN2B-containing NMDARs, meaning peak
charge transfer is enhanced. As a result, the predominance of GluN2B-containing NMDARSs
during early neurodevelopment allows for appropriate temporal integration of non-synchronous
synaptic inputs, while this switch to GluN2A-containing NMDARSs favours precise timing and

rapid synchronous synaptic function (Chen et al., 1999).
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Figure 1.2. Schematic representation of the organisation/structure of an NMDA
receptor (Kristiansen et al., 2007).

lllustration of the NMDAR with GIuN1/NR1 and GIuN2/NR2 subunits. N-terminus of the
GIuN1 shows H* binding site and glycine/D-serine binding site. C-terminus of GIuN1 shows
binding sites for intracellular proteins (e.g., NF-L). N-terminus of GIuUN2 shows agonist
binding site (glutamate/NMDA) and antagonist binding site (D-2-amino-5-phosphono-
valerate, APV and 3-(2-Carboxypiperazin-4-yl)propyl-1-phoshonic acid, CPP)). C-terminus
of GIuN2 shows Mg?* blocking site and other protein/kinase binding sites (e.g., post-
synaptic density protein PSD-95). Within the lumen of the channel shows the Mg?* binding
site and MK-801/PCP binding site, where direct flow of ions Na*, Ca?* and K* occurs.

A major role of NMDARSs is synaptic plasticity. Increases or decreases in neuronal activity may
cause a strengthening or weakening of synaptic strength. Increased synaptic strength is often
referred to as long-term potentiation (LTP), whereas weakening is referred to as long-term

depression (LTD). Particularly well documented in the hippocampus, LTP is considered one of
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the major cellular mechanisms that underlies learning and memory (Ge et al., 2010, Whitlock
et al., 2006). Although the mechanism(s) for NMDA-dependent LTP and LTD are still to be
elucidated, it is thought similar but distinct mechanisms involve synaptic insertion and removal
of AMPA receptors (AMPARS), respectively. For LTP, NMDAR activation resulting in a large
influx of calcium will activate calcium/calmodulin-dependent kinase Il (CaMKIl), leading to
increased AMPAR conductance and insertion of new AMPARs into the postsynaptic
membrane, therefore increasing synaptic strength. Of course, this is simplified, with other
kinases (e.g., CAMP-dependent protein kinase A and protein kinase A) are also believed to
contribute to LTP. Although still under investigation, it is thought the tri-heteromeric
GIuN1/GIuN2A/GIuN2B NMDAR is critically involved in LTP induction at adult hippocampal
CA3 — CA1 synapses (Paoletti et al., 2013). Inversely, LTD is thought to result from activation
of protein phosphatases, such as the calcium/calmodulin-dependent protein phosphatase
calcineurin and protein phosphatase 1 (PP1). Inactivation/internalisation of AMPARSs this way
leads to a reduced synaptic strength (Lisman, 1989, Lisman et al., 2002, Lu et al., 2001,
Luscher and Malenka, 2012).

1.4.1.2. AMPA receptors

AMPA receptors (AMPARSs) are tetrameric transmembrane ion channels which mediate the
majority of fast excitatory neurotransmission in the central nervous system. AMPARSs consist
of four groups of subunits (GluA1, GluA2, GIuA3, and GluA4, previously GluR1-4) with
assembly following a dimer-to-dimer formation (Dingledine et al., 1999, Greger et al., 2007).
Although permeable to both Ca?* and Na?*, permeability to Ca?* is mediated by the GIuA2
subunit. Editing of GluA2 mRNA to replace glutamine for arginine at residue 607 (Q/R editing)
(Sommer et al., 1991) by the enzyme adenosine deaminase acting on RNA 2 (ADAR2) leads
to Ca?*-impermeability. Thus, unedited or non-GIuA2 containing AMPARSs are important for
Ca?*-mediated depolarisation (Wright and Vissel, 2012).

Interestingly, there is evidence that AMPARs on hippocampal and neocortical principal cells
(e.g., pyramidal cells) display low permeability to Ca?* and desensitise relatively slowly (time
constant of 10 — 15 ms), suggesting a predominance for GluA2-lacking AMPARSs.
Comparatively to hippocampal and neocortical GABAergic interneurons, which show faster
desensitisation (3 — 6 ms) with increased sensitivity to Ca?*, resulting in increased gating
properties. This demonstrates neuron specific AMPAR subunit configuration patterns (Geiger
et al., 1995, Hestrin, 1993, Jonas and Burnashev, 1995, Koh et al., 1995, Wenthold et al.,
1996).

Desensitisation is a reduction in response to a sustained stimulus. Although seen in all
glutamate receptors, this process is particularly fast in AMPAR, with >90% decrease in current
amplitudes at steady state following a 20 ms stimulus (Traynelis et al., 2010). Occupancy of a
single AMPAR subunit with glutamate is enough to trigger desensitisation which follows with

two receptor confirmational changes that slow glutamate dissociation (figure 1.3.). These
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conformational changes involve rearrangement and stabilisation of one subunit in each dimer
into a partially closed conformation. Resensitisation follows disengagement of these stabilising
interactions to allow rapid dissociation of bound glutamate, with an inverse rate of
resensitisation to subunit occupancy, meaning AMPARs may re-enter desensitisation at
different rates. Therefore, it is hypothesised desensitisation constrains membrane
conductance by affecting neuronal excitability (Bowie and Lange, 2002, Robert and Howe,
2003).

Trafficking and anchoring of AMPAR is mediated by transmembrane AMPA receptor regulatory
proteins (TARPs), including y-2, y-3, y-4 and y-8. Besides trafficking and anchoring, TARPS
increase single channel conductance, increase activation rate, increase open probability, slow
deactivation, and reduce desensitisation (Priel et al., 2006, Tomita et al., 2005, Yamazaki et
al., 2004, Zhang et al., 2006).
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Figure 1.3. Schematic representation of the AMPAR structure and the confirmational
changes which occur during desensitisation (Durr et al., 2014).

lllustration of the AMPAR with the four subunits (A, B, C, D). Above: AMPARSs harbour a
modular architecture composed of an amino-terminal domain (ATD), an agonist-
recognising ligand-binding domain (LBD) and the transmembrane domain (TMD). Binding
of agonists occurs in the D1 and D2 lobes of the LBD. Middle illustration also shows the
modulator and its binding site. Below: shows the top-down view of the receptor in its
different shapes. Apo is the shape of the AMPAR under resting conditions. Pre-open shows
the AMPAR in the presence of a positive allosteric modular, demonstrating a more open
channel with increased probability of agonist binding. Desensitisation reveals a 90°
confirmational rearrangement of subunits B and D at the ATD and LBD, leading to
increased stabilisation and an overall reduction in conductance.
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Glutamate-induced AMPAR desensitisation also increases their synaptic diffusion, therefore
modulating short-term plasticity. AMPARs undergo constant movement, with ~50% continually
cycling between synaptic and extrasynaptic sites by Brownian diffusion (random, microscopic
movement of particles). It has been demonstrated that desensitisation of AMPARs with
glutamate leads to increased AMPAR diffusion to allow for the rapid exchange of desensitised
receptors by naive ones in the synapse. The speed of this AMPAR diffusion is made possible
by reduced interactions of the AMPAR-Stargazin complex with the postsynaptic scaffold
protein PSD-95. Stargazin is involved in AMPAR stabilisation in the post-synaptic density
(PSD) via its interaction with scaffolding proteins (e.g., PSD-95). When glutamate-induced
AMPAR desensitisation occurs, the AMPAR-Stargazin complex will unbind from PSD to allow
for rapid diffusion to extrasynaptic sites before being replaced with naive AMPARs, thus
allowing for maintenance of high-frequency synaptic transmission (Bats et al., 2007, Constals
et al., 2015).

1.4.2. GABA

Gamma-amino butyric acid (GABA) is the chief inhibitory neurotransmitter in the mammalian
CNS. Binding of GABA to its associated receptors results in hyperpolarisation and inhibition of
action potential firing via inhibitory post-synaptic potentials (IPSPs). Like glutamate, GABA
binds to both ionotropic and metabotropic receptors, named GABAA/GABAc (also known as
GABAa-rho) and GABAg, respectively. lonotropic GABA receptors allow for fast inhibitory
neurotransmission via ClI- influx, leading to hyperpolarisation. Conversely, slow GABAergic
inhibition is conducted by metabotropic GABAg receptors who supress neuronal Ca?*
conductance and activate inwardly rectifying K* channels, leading to hyperpolarisation (Bowery
et al., 2002, Pin et al., 2004). GABA is synthesised from glutamate via the enzyme glutamic
acid decarboxylase (GAD, two isoforms exist — GAD-65 and GAD-67). After use, GABA is then
metabolised within the cell or in the synaptic cleft by GABA transaminase to form succinic
semialdehyde dehydrogenase and then to gamma-hydroxybutyric acid (GHB) (Wong et al.,
2003).

1.4.2.1. GABAA receptors

The GABAA receptor is a pentameric protein ion channel composed of five subunits (figure
1.4.) from 19 total identified subunits within eight groups - six a, four 3, three y, one 9, one ¢,
one 11, one B, and three p subunits (Olsen and Sieghart, 2008). Typically, the GABAa receptor
contains two GABA binding sites and one benzodiazepine binding site. The GABA binding
sites are located on the extracellular surface of the joining of the alpha and beta subunits (a-
interface), whereas the benzodiazepine binding site is located on the extracellular surface of
the alpha and gamma subunits (a-y interface). Ligands acting via the benzodiazepine binding
site (e.g., diazepam) cannot directly open the channel, but only allosterically enhance (positive
allosteric modular) or reduced (negative allosteric modular) GABA-induced currents (Sigel and

Buhr, 1997). GABAA receptors can be located at synaptic, perisynaptic and extrasynaptic sites,

N.A.Marley, PhD Thesis, Aston University 2023 26



and can be found in non-neuronal cells outside of the nervous system (e.g. lung airway smooth
muscle) (Mizuta et al., 2008).

Fascinatingly, during neonatal development, GABA plays the role of main excitatory
neurotransmitter due to an inverted CI- gradient. Meaning, binding of GABA to GABAA causes
depolarisation. Activation of GABAa receptors in the rat neonatal hippocampus causes
activation of voltage-gated Na* and Ca?* channels, potentiating NMDARSs by removing their
voltage-depending Mg?* block (Leinekugel et al., 1999). This regulation is mainly dependent
on the two co-transporters — K*/CI- co-transporter KCC2 (chloride exporter) and Na*/ K*/CI- co-
transporter NKCC1 (chloride importer) — whose activity can decrease or increase neuronal CI-
concentrations, respectively. NKCC1 is found predominantly during neonatal development,
resulting in the high intracellular CI- concentration. Establishment of the glutamatergic system
causes increased expression of KCC2 and formation of the normal Cl- gradient, allowing for
hyperpolarisation by ClI- influx following GABAAx activation. Altered expression and/or activity of
either of these co-transporters has been associated with a variety of brain disorders including

epilepsy, schizophrenia, and stroke (Schulte et al., 2018, Sieghart and Savi¢, 2018).
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Figure 1.4. Schematic illustration of the major isoform of GABAA receptor (Sigel and
Steinmann, 2012).

(A) Topology of a single subunit containing the extracellular N- and C-terminus and four
transmembrane sequences (M1 — M4, M2 lines the ion channel). (B) Top view of the
pentamer containing two a1, two 32 and one y2 subunits. Also contains two GABA binding
sites (a-B interface) and a single benzodiazepine binding site (a-y interface) within the CI-
ion channel pore.

1.4.2.2. Inhibitory interneurons
Inhibitory interneurons are providers of inhibitory GABAergic synaptic input, with post-synaptic

GABAa activation resulting in CI- influx and suppression of post-synaptic activation via
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hyperpolarisation or shunting of the cell membrane. Local circuit inhibitory interneurons only
represent ~10 — 15% of the total neuronal population with the rest comprising of excitatory
pyramidal cells. However, these interneurons are responsible for countering excitation, and
modulating the gain, timing, tuning, and bursting properties of principal cell firing. As such,
exerting selective filtering of synaptic excitation. Interneurons are classified into five groups
based on the expression of specific molecular markers: parvalbumin (PV), somatostatin,
neuropeptide Y, vasoactive intestinal peptide, and cholecystokinin. PV-expressing basket cells
are of significance within the hippocampus. These interneurons can contact 2,500 pyramidal
cells with an average of six synapses onto each one. Primarily, PV interneurons innervate the
perisomatic regions of principal cells. This is important for the generation of fast neuronal
network oscillations, such as gamma, as fast-spiking interneurons (e.g., PV-expressing basket
cells) fire at continuous high frequency (>50 Hz) resulting in larger hyperpolarising bursts.
Following delay of this IPSP, local pyramidal cells can fire EPSPs, resulting in generation of
coherent and synchronous network oscillations (Nahar et al., 2021, Pelkey et al., 2017, Roux
and Buzsaki, 2015).

1.5. Neuronal network oscillations

Neuronal oscillations are rhythmic patterns of neural activity in the brain. Grouped by the
frequency of voltage deflections per second (hertz, Hz), these include delta (0 — 3 Hz), theta
(4 — 8 Hz), alpha (9 — 13 Hz), beta (14 — 24 Hz) and gamma (>25 Hz) (Roohi-Azizi et al., 2017)
(table 1.1. adapted from (Abhang et al., 2016)). Neuronal oscillations are believed to support
temporal representation and long-term information consolidation by temporally linking neurons
into assemblies (binding theory), facilitating synaptic plasticity and allowing for bias input

selection (Buzsaki and Draguhn, 2004).

Frequency band Frequency (Hz) Brain states

Delta 0.5-3 Sleep (non-REM)

Theta 4-8 Focused, activate motor behaviour,
exploration

Alpha 9-14 Relaxed (with eyes closed), passive attention,
drowsiness

Beta 15-24 Anxiety dominant, static motor control

Gamma >25 Concentration, cognitive processes

Table 1.1. Common frequency bands within the brain and their functions.
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The first recordings of electrical activity made directly from the cortex of mammals were
conducted by Richard Caton in 1875. In 1929, German psychiatrist Hans Berger published the
first non-invasive recordings of human brain activity (electroencephalogram, EEG), terming the
waves ‘alpha’ and ‘beta’ and citing the importance of Caton’s pioneering work. Given the lack
of diagnostic options during this period, the discovery of EEG revolutionised neurological and
neurosurgical procedures, particularly for patients with seizures (ince et al., 2021, Tudor et al.,
2005).

Experimental and clinical recordings, such as EEG, are made possible because the field
potential (synaptic activity) that is generated by the linear sum of numerous overlapping fields
generated by current sources (current travelling from the intracellular space to the extracellular
space) and current sinks (current travelling from the extracellular space to the intracellular
space). In the case of an incoming EPSP, influx of Na* and Ca?* ions at the dendrites via
glutamatergic receptors (e.g., AMPA receptors) will form a sink. To maintain electroneutrality,
a passive return current out of the cell will occur upstream (current source) to the dendrites
(such as the soma), therefore forming a dipole between the dendrites and soma and leading
to current flow across the membrane (figure 1.5.). Membrane currents will pass along the
extracellular space between cells which will contribute to the perpetual voltage variability of the
extracellular space. Besides synaptic activity, other non-synaptic events may contribute to the
generation of local field potentials, including Ca?* spikes, voltage-dependent oscillations, and

spike afterpotentials (Buzsaki et al., 2012).

Oscillations of different frequencies are known to interact with each other, known as cross-
frequency coupling (CFC). For example, this is commonly seen when the higher frequency
gamma oscillation is ‘nested’ within the peak of the lower frequency theta oscillations — named
phase-amplitude coupling. Meaning, inhibitory interneurons fire at gamma frequencies and
their activity is phase-locked to the theta rhythm. This is most notably seen in the hippocampal
perforant pathway, which can be entrained by inputs from the medial entorhinal cortex (Bragin
et al., 1995).
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Figure 1.5. lllustration of current flow and the sink-source interaction (Maksymenko,
2019).

(A) Activation of excitatory synapses results in inward current flow at the level of the
dendrite, resulting in membrane depolarisation and a net flow of positive current into the
cell. This results in an active sink forming. Near the soma, a passive source forms resulting
in extracellular potential of positive polarity. (B) Activation of inhibitory synapses results in
an outward current flow at the level of the dendrite, resulting in membrane hyperpolarisation
and a net flow of positive current out of the cell. This results in a passive sink at the level
of the soma.

1.5.1. Gamma oscillations

Gamma oscillations are relatively high frequency rhythmic fluctuations believed to be important
for a number of cognitive functions, including attention, memory and perception (Ray and
Maunsell, 2015). Observed during both waking and sleep states, gamma rhythms are short-
lived and are believed to emerge from the coordination of excitation and inhibition in the brain
(Buzsaki and Wang, 2012).

Specifically, for memory retrieval and encoding, it is believed the coordination of slower (30 —
50 Hz) and faster (>50 Hz) gamma oscillations in the hippocampus are required, respectively.
These faster oscillations can also interact with and be nested in slower, larger amplitude theta
rhythms, allowing for synchronisation between distant networks (e.g., between the

hippocampus and prefrontal cortex) (Colgin and Moser, 2010).

Aberrant gamma oscillations have been noted in a number of conditions, including epilepsy,

schizophrenia and Alzheimer’s disease (Uhlhaas and Singer, 2006). As such, this warrants
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further investigation into the mechanisms of pathological gamma oscillations and their

involvement in the development of neurological conditions.

The two favoured models for the generation of gamma oscillations are the interneuron network
gamma (ING) model and pyramidal-interneuron network gamma (PING) model, both of which
centre around postsynaptic GABAa-mediated inhibition (Buzsaki and Wang, 2012). Other
theories include the slowly inactivating K* currents with persistent Na* currents (Wang, 1993),
and superficial pyramidal cells called ‘chattering cells’ in the cortex which can generate intrinsic

gamma oscillations (Gray and McCormick, 1996).

1.5.1.1. ING model of gamma oscillations

The ING model of gamma oscillations explains how following activation of inhibitory PV+
interneurons, synchronised interneurons will begin discharging together to generate
synchronous GABAa-mediated IPSPs onto partner interneurons and neighbouring pyramidal
cells, allowing for entrainment of pyramidal cell firing (figure 1.6.). These now inhibited partner
interneurons will spike again following the decay of the GABAa-mediated IPSP, and the cycle
repeats. This model states the duration of the IPSP is determined by the subunit composition
of the GABAA receptor, and the frequency of the oscillation is determined by the kinetics of the

IPSP and the net excitation of interneurons.

Gamma oscillations can arise via two ways according to the ING model — via tonic or stochastic
input. When input is tonic, the interneurons fire with well-defined periodicity. When input is
stochastic, the interneurons fire irregularly until the whole network is activated and groups of
neurons can randomly depolarise together to produce synchrony, thus allowing oscillations to
emerge. When pyramidal cells and other interneuron typed are added to the ING model, the
entire network can become phase-locked to the gamma oscillation (Buzsaki and Wang, 2012,
Traub et al., 1996)

1.5.1.2. PING model of gamma oscillations

The more widely accepted PING model of gamma oscillations explains how an alteration
between fast glutamatergic excitation and delayed feedback inhibition allows for the generation
of fast oscillations (figure 1.6.). Pyramidal cells discharge which activates connected AMPARs
on inhibitory (PV+) interneurons, leading to the generation of EPSPs, resulting in shunting
(perisomatic) inhibition of pyramidal cells via GABAa-induced IPSPs. Following decay of this
GABAx-mediated IPSP, the pyramidal cell can fire again, resulting in cyclic behaviour. A phase
shift is produced due to the axon conduction and synaptic delays of approximately 5ms. The
frequency of gamma oscillation is determined by the decay time of the IPSP (Buzsaki and
Wang, 2012).
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Figure 1.6. Schematic representation of the ING and PING models of gamma
oscillations (Bosman et al., 2014).

(A) The ING model of gamma oscillations. Upper panel: following excitatory drive (red
arrows on the left), mutual inhibition between interneurons is produced, resulting in
rhythmic inhibition of pyramidal cell. Lower panel: shows the spike rate fluctuations
between the two neuron groups. Excitation of interneurons results in reciprocal inhibition
between interneurons, allowing pyramidal cells to fire. This period is determined by the
recovery of the interneurons, thus leading to the emergence of gamma oscillations. (B) The
PING model of gamma oscillations. Upper panel: excitatory pyramidal cell (E) and inhibitory
interneuron (1) with reciprocal connections. Lower panel: shows the spike rate fluctuations
between the two neuronal population groups (I in blue and E in red). Excitatory stimulation
by pyramidal cell results in an increase in the firing rate of interneurons, leading to feedback
inhibition. Following decay of this IPSP, the pyramidal cell can fire again, producing an
oscillatory response.

Studies of in vitro and in vivo hippocampal gamma rhythms show evidence for the PING model
of gamma oscillations. Pyramidal cells were shown to fire at ~3 Hz at the negative phase of
the oscillation, with perisomatic inhibitory interneurons firing at ~18 Hz and were phase-
coupled to the pyramidal rhythm (with a slight delay of ~2 ms). More distal interneurons,
including dendritic and interneurons with cell body in the stratum radiatum, showed little to no
phase relationship to the field oscillation. This shows two things: (1) pyramidal cells are not
required to fire every cycle when entrained in the gamma rhythm, and (2) phase-locking of
pyramidal neurons and perisomatic interneurons allows for synaptic feedback, as predicted by
the PING model. Two gamma rhythm generators in the hippocampus were identified, being
the dentate gyrus and CA3 (Bragin et al., 1995, Csicsvari et al., 2003, Hajos et al., 2004).

1.5.1.3. The role of glutamate receptors in gamma oscillations

AMPA receptors (AMPARSs) drive the majority of fast excitatory neurotransmission in the brain,
including in the generation of gamma oscillations. In the PING model of gamma oscillations,
this AMPAR drive from pyramidal cells to interneurons would initiate the gamma oscillation,
resulting in post-synaptic AMPAR activation, leading to EPSP generation and the influx of Na*
and K* ions. This excitatory drive by AMPARs is so sensitive that the use of AMPAR
antagonists, such as NBQX and GYK152466, has been shown to readily abolish in vitro

gamma oscillations generated in the hippocampus (Fisahn et al., 1998, Mann et al., 2005) and
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entorhinal cortex (Cunningham et al., 2003). Taken together these data suggest the central

role AMPAR neurotransmission play in the generation and abolition of gamma oscillations.

Kainic acid (KA) receptors (KARs) are ubiquitously expressed throughout the hippocampus at
both pre- and postsynaptic sites. A common method of generating persistent in vitro gamma
oscillations is the bath application of 100 nM KA. Fiashn et al. studied the roles of KA-induced
hippocampal gamma oscillations and found KA causes AMPAR-independent membrane
depolarisation and an increase in action potential firing in both pyramidal cells and
interneurons, leading to the generation of persistent gamma oscillations. However, as with the
in vivo use of KA as a pro-convulsant, excessive KAR activation in vifro can lead to the
generation of epileptiform activity. Meaning, small changes in overall activity can alter the
balance between excitation and inhibition and cause the network to switch from gamma

oscillations to epileptiform bursts (Fisahn et al., 2004).

There are varying reports on the role(s) of NMDA receptors (NMDARSs) in gamma oscillations.
However, these contradicting results are likely down to the region-specific effects, and the
kinetics and concentration-dependent effects of the different antagonists studied. Studies have
reported no significant effect on the power of induced gamma oscillations using the NMDAR
antagonist D-AP5 (Mann et al., 2005), suggesting NMDARs are not necessary for the
generation of gamma oscillations. A studying using a knockout animal model for schizophrenia
also found no change in power of gamma oscillations in the hippocampus, but significant
decreases in gamma power only in the superficial layers (layer Il) of the medial entorhinal
cortex (Cunningham et al., 2006). Acute NMDAR blockade with non-competitive NMDAR
antagonists, namely ketamine, MK-801 and phencyclidine, offer a different story. Studies using
these non-competitive NMDAR antagonists found increased gamma power in the
hippocampus (Caixeta et al., 2013, Kehrer et al., 2007, Wang et al., 2020) and neocortex
(McNally et al., 2011, Pinault, 2008).

A proposed mechanism for this increased gamma power seen in the presence of non-
competitive NMDAR antagonists is, at resting membrane potential, NMDARs have a voltage-
dependent Mg?* block which prevents binding of NMDAR antagonists (e.g., ketamine) (Paoletti
and Neyton, 2007). Due to the fast-spiking nature of PV+ interneurons, they are more likely to
depolarise and be relieved of this Mg?* block than regular spiking pyramidal cells, allowing for
the binding of such open-channel, non-competitive NMDARs antagonists. As such, there will
be preferential binding and blocking of NMDARs on PV+ interneurons, leading to disinhibition
of recurrent pyramidal cells (Carlén et al., 2012). Hyperexcitability of pyramidal cells leads to
increased activation of non-NMDARs (i.e., AMPARs and KARs), allowing for the potentiation
of gamma oscillations (Grunze et al., 1996). An in vivo study by Carlén et al. supports this.
Using an animal model of selective deletion of NMDARs on PV+ interneurons, these authors
found enhanced cortical gamma oscillations and a deficit in gamma induction. This leads to

behavioural disturbances associated with the development of schizophrenia (Carlén et al.,
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2012). Altered NMDAR function and resulting aberrant gamma oscillations is heavily linked
with the development of schizophrenia and schizophrenia-like symptoms (Krystal et al., 1994).
As such, the role(s) of glutamatergic receptors in generation and maintenance of gamma

oscillations has application in both physiology and pathology.

1.6. Aims and objectives

1. To further characterise the changes in brain excitability in the hippocampus throughout
epileptogenesis, particularly during the latent period.
To investigate the effects of 10uM tianeptine on brain oscillations and synaptic activity.
To assess the use of tianeptine as an anti-epileptogenic drug for modifying the
progression of epileptogenesis.

4. To assess seizure susceptibility of the RISE model of epilepsy throughout

epileptogenesis.
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2.1. Animals and ethical approval

All procedures were carried out in accordance with the Animals Scientific Procedures Act
(ASPA) 1986 UK, European Communities Council Directive 2010, and Aston University ethical

review document.

2.2. Reduced Intensity Status Epilepticus model of epilepsy and epileptogenesis

The Reduced Intensity Status Epilepticus (RISE) model of epilepsy and epileptogenesis was
created in our laboratory (Modebadze et al., 2016) as a low mortality, high morbidity
modification of the pilocarpine model. In short, 24 hours prior to induction, the animals were
treated with lithium chloride (LiCl, 127 mg/kg, SC). The use of LiCl reduces the dose of
pilocarpine needed to induce SE by about 10-fold (Vezzani, 2009). On the day of induction, a-
methyl scopolamine (1mg/kg, SC) was administered to reduce the peripheral effects of
muscarinic cholinergic receptor activation with pilocarpine. Thirty minutes later, low dose
pilocarpine (25 mg/kg, SC) was administered. Animals were then closely monitored for seizure

activity using the Racine scale (table 2.1.) (Racine, 1972).

Racine seizure stage Behavioural expression

No changes in behaviour

Mouth and facial movement

Head nodding

Unilateral forelimb clonus

Rearing and bilateral forelimb clonus

a A WO N = O

Rearing and falling with bilateral forelimb clonus — generalised

motor convulsions

Table 2.1. The Racine scale of seizures (Racine, 1972).

Quantifiable means to describe seizure severity in rodents. Levels further down the Racine
scale also contain symptoms of the previous stages.

Those rats who progress to stage 5, recovered, and entered stage 5 a second time (table 2.1.)
were said to have entered status epilepticus (SE). To reduce seizure severity, xylazine (2.5
mg/kg, IM) was immediately administered. Those who failed to enter stage 5 within 30 — 45
min of pilocarpine administration were given a second dose. Animals then remained in
xylazine-modified SE for no more than one hour, at which point seizure activity is terminated
using 1 mg/kg (SC) ‘stop’ solution of MK-801 (0.1 mg/kg), diazepam (2.5 mg/kg) and MPEP

(20 mg/kg). This cocktail of drugs aims to increase overall inhibition within the brain, while
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decreasing excitation, therefore resulting in cessation of SE. Specifically, MK-801 is an
NMDAR antagonist, diazepam is a positive allosteric modulator of the GABAAa receptor, and
MPEP is an antagonist of the metabotropic glutamate receptor mGIuR5. Behavioural signs of
SE ceased within 30 minutes and animals were closely monitored while allowed to recover on
a heat pad with treats. 1 ml 0.9% saline with glucose SC also given to rehydrate animals. In
most cases, animals regained normal behaviour within a few hours, with complete recovery

within 12 hours.

Throughout this PhD, approximately 120 animals were used for induction of epileptogenesis
using the RISE model. Of that, three animals died during the protocol. For studying the process
of epileptogenesis, particular timepoints were used to study the latent period and seizure
period (spontaneous recurrent seizures, SRS). For study of the latent period, timepoints of 2-,
3-, 4-, 5- and 6-weeks post-induction were used (AMC is p35 — p56). For SRS, seizure states
were confirmed by visual confirmation and/or by using the Racine scale. Typically, animals

were >3 months post-induction (AMC is >p98) (figure 2.1.).

2 wks 3 wks 4 wks 5 wks 6 wks ‘late’
AMC AMC AMC AMC AMC AMC
AMC: (p35) (p42) (p49) (p56) (p63) (>p98)
| | | | | Y | >
I I I I I [ I -
RISE: RISE 2 wks 3 wks 4 wks 5 wks 6 wks SRS
induction  (p35) (p42) (p49) (p56) (p63) (>p98)

(p21) |

Latent period of epileptogenesis

Figure 2.1. Timeline for in vitro extraction and experimentation for studying
epileptogenesis in AMC and RISE animals.

Timepoints for extraction and experimentation for studying the timeline of epileptogenesis
in control animals begins at approximately p35 (equivalent of 2 weeks post-induction in
RISE animals). To study the weekly changes associated with the latent period in RISE
animals, AMC animals were extracted each week up until p63 (6 weeks AMC). ‘Late’ AMC
extraction and experimentation began after p98 to align with the emergence of SRS in RISE
animals. In the RISE group, induction of epileptogenesis using the RISE model began at
p21. Week-by-week extraction and experimentation of the latent period of epileptogenesis
began at 2 weeks post-induction (p35) until 6 weeks post-induction (p63). Following
behavioural confirmation of seizures, animals which entered SRS were extracted for
experimentation beyond p98.

2.3. Behavioural experiments

2.3.1. Post-seizure behavioural battery test

The post-seizure behavioural battery test (PSBB) test was developed by Rice et al. as a way

of quantifying behavioural changes seen in rats following induction of epileptogenesis using
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pilocarpine-induced SE (Rice et al.,, 1998). The test involves gently prodding the animal
(‘touch’) in the hindlimb with a blunt object (e.g., pen) and then attempting to pick the animal
up around their body behind the forelimbs (‘pick up’). The behavioural response was quantified
(table 2.2.) and the two scores are multiplied to give a final total score. If this score is 210 for
4 sessions in a row that animal is deemed to be chronically epileptic and/or displaying
spontaneous recurrent seizures (SRS). PSBB tests were performed twice weekly (typically

Monday and Thursday).

Score Touch Pick up

1 No reactions Very easy pick up

2 Rat turns towards instrument Easy pick up (with vocalisations)

3 Rat moves away from instrument  Some difficult in pick up (rat
rears and faces hand)

Rat freezes Rat freezes
Rat turns towards the touch Difficult pick up (rat moves away
from hand)

6 Rat turns away from the touch Very difficult pick up (rat
behaves defensively or attacks
hand)

7 Rat jumps (with or without

vocalisations)

Table 2.2. The PSBB test.

Scored behavioural aberrations to a touch- and pick-up test used for investigation of
epileptogenesis in rats.

2.4. Brain slice preparation

Slices were prepared from male Wistar rats. Experimental objectives determined the age of
animal used. For local field potential (LFP) recordings, 450 um thick slices were prepared. For

whole cell patch-clamp recordings, 350 um thick slices were prepared.

To prepare for brain extraction, each animal was first anaesthetised using 5% isoflurane in
N2/02. Once anaesthetised, the animals were injected subcutaneously (SC) with pentobarbital
(600mg/kg), and intramuscularly (IM) ketamine (100mg/kg) and xylazine (10mg/kg) to induce
terminal anaesthesia and neuroleptanalgesia. Correct depth of anaesthesia was observed by

absence of normal paw pinch and corneal reflex. Next, the animals were bathed in ice-cold
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water for ~45 seconds before the transcranial perfusion was performed using 20 — 40ml ice-
cold sucrose-based artificial cerebrospinal fluid (aCSF, cutting solution) containing (in mM):
180 sucrose, 2.5 KCI, 10 MgS04, 1.25 NaH2PO4, 25 NaHCO3, 10 glucose, 0.5 CaCl2, 1 L-
ascorbic acid, 2 N-acetyl-L-cysteine, 1 taurine and 20 ethyl pyruvate. Neuroprotectants were
also added to the cutting solution to improve slice viability, including (in mM): 0.045
indomethacin (a cyclo-oxygenase (COX-2) inhibitor (Asanuma et al., 2001)), 0.2
aminoguanidine (a nitric oxide synthase (iNOS) inhibitor (Griffiths et al., 1993)), 0.4 uric acid
(an anti-oxidant (Proctor, 2008)), 0.13 ketamine (non-competitive NMDAR antagonist
(MacDonald et al., 1991)) and 0.2 brilliant blue G (a P2X7 antagonist and anti-inflammatory
agent (Peng et al., 2009)). The complete cutting solution was saturated prior to perfusion with
95% 02/5% CO; (carbogen), pH 7.3, 300 — 310 Osm/L.

Follow rapid dissection and extraction of the brain, the brain was placed in the remaining
cutting solution for transportation. Slicing was performed at room temperature in the ice-cold
cutting solution using a 7000smz-2 model Vibrotome (Campden Instruments Ltd). Horizontal
slices were made to contain the hippocampus and mEC. Slices were then transferred to the
holding chamber and stored at room temperature for 1 hour in a standard aCSF containing (in
mM): 126 NaCl, 2.5 KCI, 1 MgClI2, 2.5 CaCl2, 26 NaHCO3, 2 NaH2PO4 and 10 D-glucose.
Neuroprotectants were also added (in mM): 0.045 indomethacin and 0.4 uric acid. Continual
perfusion of 95% 02/5% CO- (carbogen) helped maintain pH 7.3, 300 — 310 Osm/L.

2.5. In vitro electrophysiology experiments

2.5.1. Extracellular recordings

Following one-hour recovery in the holding (interface) chamber, slices being used for
extracellular recordings were transferred onto the LFP rig which contained an interface
chamber (Scientific Systems Design Inc, Canada, figure 2.2.). Slices were continually perfused
with saturated NaCl-based aCSF (95% 02/5% CO. (carbogen)) at a flow rate of 5 — 6 ml/min
and temperature of 30 — 33°C using a proportional temperature controller PTC03 (Scientific
Systems Design Inc, Canada). Microelectrodes were pulled from borosilicate glass (1.5mm
diameter, Warner Instruments, USA) at a resistance of 3 — 5 MQ using a PC-10
micropipette/microelectrode puller (Narishige Ltd, Japan). These microelectrodes were filled
with NaCl-based aCSF and a chloride coated silver wire was inserted into the microelectrode,

which was then placed in one of the four headstages.
Using an Olympus SZ51 (Olympus, UK) stereomicroscope for visualisation, the

microelectrodes were lowered into the slice using the MM-3 micromanipulator (Narishige Ltd,

Japan) with the aid of the rat brain atlas (Paxinos and Watson, 1998). Microelectrodes were
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placed into hippocampal regions CA1 and CA3. Depending on the experiment, drugs were

also bath applied and perfused onto the slices.

The voltage signal was first amplified x100 using an EX10-2F amplifier (NPI Electronics GMBH,
Germany) with a high-pass filter of 0.1 Hz and low-pass filter of 1 KHz. 50 Hz electrical noise
was filtered using Hum bugs (Quest Scientific, Canada). The signal was further amplified x20
using LHBF-48X amplifier (NPI Electronics GMBH, Germany) with a high-pass filter of 0.3 Hz
and low-pass filter of 700 Hz, making a total signal gain of x2,000. The signal was then digitised
at 5 KHz using a CED Micro1401-4 analogue-to-digital converter (Cambridge Electronic
Design, UK) and recorded using Spike2 software (Cambridge Electronic Design, UK).

In short, the signal is a summation of transient fluctuations in extracellular ion concentrations.
The generators of the LFP are local neuronal ensembles which produce current sinks (inward
currents) and sources (outward currents) (Mitzdorf, 1985). These currents emerge mainly from
synaptic activity (EPSP and IPSP), but with influences from Ca?* spikes, other voltage-
dependent intrinsic events, action potentials and spike after-potentials. So, LFP gives an
insight into cooperative behaviour of neurons (Buzsaki et al., 2012). It is important to note the
tip of the microelectrode has a recording area of approximately 250 uym (Katzner et al., 2009),
meaning the sampling area is small, especially in comparison to other field recording

techniques such as electroencephalography.
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Figure 2.2. The local field potential interface recording chamber.

(A) Plan view of the interface chamber. aCSF (with circulating drugs) enters via points 1
and 2 before circulating into the inside of the interface chamber and exiting at point 6.
Slice(s) are placed in the centre of the tray, and such will be saturated by the flow of aCSF.
Point 3 shows the gas feed in connector. The two heater inputs/feedback centre are shown
by point 4 which helps maintain the temperature between 30 — 33 °C. Point 5 shows the
guide for the grounding wire. Six port holes (point 7) are for the rising humidified gas.
Outflow is shown at point 8, which feeds into the drippers at point 9 and allows for
recirculation of the aCSF. (B) Acrylic lid which is placed over the slice(s). The central hole
allows for microelectrode access. (C) Side view of diagram A. Also shows water level within
the interface chamber, which is bubbled with carbogen via the gas feed in point 3. The
perfusion solution feed (1 & 2) feeds into the water to warm up the aCSF. Up to four
microelectrodes (11) were inserted into the slice(s) at once via the hole in the acrylic slide
(10). Orange arrows show the direction of flow.
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2.5.2. Intracellular recordings

Whole cell patch-clamp experiments were conducted to understand aberrant ion channel
behaviour in the temporal lobes associated with epileptogenesis. Whole cell voltage-clamp
involves holding a cell at a particular membrane potential (mV) to measure the current (flow of
ions, pA) through the ion channels. lon channel activation by neurotransmitters causes ion
influx across the membrane, and due to the voltage clamp, the current required to negate such
flux acts as a proxy measurement for the synaptic currents generated by receptor activation.
Hence, voltage clamp circuity will pass a current equal and opposite to the current through the
channels to maintain the clamped membrane potential. This is displayed as ‘events’. Although
an effective method for studying ion channel behaviour, a disadvantage of the voltage clamp
technique is space clamp. Meaning, the incapability for full voltage control of electrotonically
distant parts of the cell (Jones, 1990).

Borosilicate capillary glass micropipettes were pulled using a P-1000 Micropipette Puller
(Sutter Instruments, USA) with a tip resistance of 3 — 6 MQ. Depending on the objectives of
the experiments, these electrodes were filled with an internal solution specific for recording
either spontaneous inhibitory postsynaptic currents (sIPSC) or spontaneous excitatory
postsynaptic currents (sEPSC). Composition of sIPSC (in nM): 100 CsCl, 40 HEPES, 1 QX-
314, 0.6 EGTA, 5 MgCl,, 10 TEA-CI, 80 ATP-Na, 6 GTP-Na, 1 IEM1460. Composition of
sEPSC (in nM): 100 D-Gluconate, 40 HEPES, 1 QX-314, 0.6 EGTA, 2 NaCl, 5 Mg-Gluconate,
5 TEA-CI, 10 Phosphocreatine, 4 ATP-Na, 0.3 GTP-Na. Both internal solutions had a final
osmolality of 285 mOsmol and pH 7.3.

Like LFP experiments, following the one-hour acclimatisation period, slices were transferred
to the patch clamp rig and recordings were performed in a submerged chamber. Temperature
of the circulating ACSF was maintained at ~30 °C using a TC-324C Single Channel
Temperature Controller (Warner Instruments, USA). Filled electrodes were attached to a CV
203BU head stage (Molecular Devices, USA) which was controlled using PatchStar
Micromanipulator (Scientifica, UK). Basler Ace 2.3 MP PowerPack Microscopy camera
(Basler, Germany) is used for visualisation of target cells. Once an appropriate cell was
identified and the electrode is lowered to just above the cell, a seal was formed between the
membrane and the electrode, and a resistance of at least 1 GQ (GigaOhm) was achieved
before breaking through. Upon breaking through, a seal test (5 mV pulse) was applied for 10
minutes to allow for adequate filling of the cell with the internal solution and space-clamp. An
Axopatch 200B Microelectrode Amplifier (Molecular Devices, USA) was used to hold cells at -
70 mV. After filling, at least 5 minutes of baseline was recorded before the bath application of
drugs. A seal test was applied every 5 minutes to monitor any changes in the access

resistance. Any recordings where the seal test altered >30% of the original access resistance
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were discarded. Large changes in access resistance could alter the amplitude and kinetics of

the events, therefore undermining the effect of any drugs, making the results invalid.

Data was acquired using Clampex 10.7 software with a sampling rate of 10 KHz and filtered
at 2 KHz which was digitised using a Digidata 1440A. Data was analysed using Clampfit 10.7,
GraphPad prism 8 and Microsoft Excel.

2.6. Data collection and analysis

2.6.1. LFP data analysis

All LFP data was analysed in Spike2 (version 7.10c, Cambridge Electronic Design) and
extracted for storage/further analysis in Microsoft Excel or GraphPad Prism (version 8.0.1). All
statistical analysis was performed in GraphPad Prism. Due to the nonparametric nature of
much of the data, for analysis comparing just two groups, the Mann-Whitney test was
employed for unpaired groups and the Wilcoxon matched-pairs signed rank test was employed
for paired groups. For analysis of multiple groups, Friedman’s test with Dunn’s multiple
comparisons post-hoc test was employed. * denotes p < 0.05, ** denotes p < 0.01, and ***
denotes p < 0.001. All data in this thesis is expressed as mean * standard error of the mean
(SRS).

2.6.1.1. FFT algorithms

Fast fourier transform (FFT) is a measurement method which converts a signal from its original
waveform to a power spectrum separated into discrete frequency bins. The in-built FFT
algorithm in Spike2 was used to generate FFTs to examine power-frequency components of
oscillations during experiments. Typically, two-minute (120 second) epochs were used for
analysis at the end of each (drug) condition, before being transferred to Microsoft Excel or

GraphPad Prism for further analysis.

2.6.1.2. Peak gamma power

Following the generation and extraction of FFTs for appropriate drug or time conditions, pooled
data is transferred to GraphPad Prism for further analysis. To maintain consistency, FFTs of 0
— 100 Hz were transferred. For analysis of peak raw power within the gamma frequency range,
a manual bandpass of 15 — 49 Hz was employed in GraphPad Prism. Area Under Curve (AUC)
analysis allows for extraction of peak raw power, AUC, and peak frequency of the gamma
oscillation (figure 2.3.). Normalisation of data was then possible by calculating the change from
the starting value (taken as 100%). Statistical analysis was then performed was mentioned

above.

For extraction and presentation of raw data, data was filtered directly in Spike2 using the infinite
impulse response (lIR) filter at a bandpass of 20 — 49 Hz to isolate the gamma oscillation. IIR

was chosen over a finite impulse response (FIR) due to ease and computational efficiency.
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Figure 2.3. An example FFT showing analysis parameters for studying gamma
oscillations.

An example FFT extracted from Spike2 showing a gamma oscillation generated by bath
application of 200nM KA in hippocampal region CA3. A manual gamma bandpass can be
generated in GraphPad Prism to isolate 15 — 49 Hz (grey). AUC analysis (blue), peak raw
power (green) and peak frequency (orange) can then be achieved.

2.6.1.3. Seizure-like activity in vitro

All seizure-like activity (SLA) was analysed in Spike2 and transferred to GraphPad Prism for
further analysis. To be considered for analysis, SLA (or ‘seizures’) had to be 210 seconds in
length and have a characteristic shape (increasing pre-ictal spiking before a sharp transition
into high power, repetitive discharging which subsides within 10 — 180 seconds) (figure 2.4.).
Manual analysis and extraction were performed to examine: (1) percentage of slices to seize
overall, (2) time to first seizure (seconds), (3) total number of seizures (count), (4) duration of
seizures (seconds) and (5) inter-seizure interval (ISI, seconds). Again, statistical analysis was

then performed was mentioned above.

For extraction and presentation of raw data, no filtering was performed prior to extraction to

preserve the true shape and characteristics of the SLA.
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Figure 2.4. An example of a section of trace showing seizures in CA1 in vitro.

An example of a typical seizure generation in CA1 of a RISE animal in the SRS stage of
epileptogenesis following introduction of 0 Mg?* ACSF. This allows for analysis of certain
parameters for studying brain slice excitability and susceptibility to seizure generation: time to
first seizure (s), inter-seizure interval (I1Sl, s), and seizures (total seizure count/frequency and
duration of seizures).

2.6.2. Patch clamp data analysis

All patch clamp data was analysed in ClampFit (version 10.4.2.0, Molecular Devices) and
extracted for storage/further analysis in Microsoft Excel or GraphPad Prism (version 8.0.1).
For event detection, an event template of ~5 example events were created before template
search could commence. For each condition, 200 events were extracted. For effectively
analysis, amplitude (pA), decay tau (ms), and inter-event interval (IEI, ms) were used. Again,

data was transferred for statistical analysis in GraphPad Prism.

2.7. Drugs

Stock solutions of drugs were prepared at known concentrations by diluting drugs with water,
DMSO or ethanol depending on the solubility. Drugs were stored at -20 °C before use and
were kept for no longer than 12 months. All drugs were purchased from Sigma, Tocris or
Abcam. Drugs used for in vitro experiments were applied directly to the aCSF cylinder for bath
perfusion and allowed to circulate for at least 30 minutes. All drugs and their final

concentrations are detailed in table 2.3.
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Drug Final concentration

Kainic acid (KA) 200nM
Tianeptine 10uM
D-AP5 50uM
Corticosterone 10uM
s-AMPA 1uM

Table 2.3. All drugs and the final concentrations used in vitro.
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Chapter 3 Modelling the progression of epileptogenesis in vitro
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3.1. Introduction

3.1.1. Current understanding of epileptogenesis using the RISE model of epilepsy

It is now accepted that epilepsy is not an acute process which happens overnight. When a
seizure first appears, it reflects an underlying process that may often lead to a second such
event, and seizures themselves would appear to be involved in increasing the likelihood for
future seizures. As Sir William Gowers noted, ‘seizures beget seizures’ (Gowers, 1901). More
recently, the term ‘epileptogenesis’ has been coined to describe the process that underlies the

establishment of epilepsy, turning normal circuits into epileptogenic ones.

Our laboratory has previously shown that epileptogenesis involves dynamic changes in the
function of hippocampal and parahippocampal networks, mediated by alterations in expression
of various receptors and ion channels (e.g., chronic reductions in AMPAR subunits GIluA1,
GIluA2 and GIuA3). For example, previous research exploring epileptogenesis using the RISE
model investigated specific timepoints in the progression of the disorder — status epilepticus
(SE, 24 hours post-induction), latent period (weeks 2 — 4 (as studied in Needs et al.) and weeks
5 — 6 (as studied in Modebadze et al.) post-induction) and spontaneous recurrent seizures
(SRS, >3 months post-induction). Electrophysiological and molecular biology techniques were
employed to examine brain excitability and protein/receptor expression across the temporal
lobe at these stages of epileptogenesis. Work on the early post status epilepticus (SE) stage
of epileptogenesis found no significant difference in gamma power between age matched
controls (AMC) and RISE animals, showing the excitatory-inhibitory balance required to
generate coherent, spontaneous network gamma activity remained intact during the early

stages of epileptogenesis (Modebadze et al., 2016, Needs et al., 2019).

However, work on the latent period found a different story. Significant reductions in the power
of spontaneous gamma oscillations in vitro were observed at 5 — 6 weeks post-induction
(Modebadze et al., 2016). Similar deficits in spontaneous gamma oscillations were shown at
2 — 4 weeks into the latent period, with profound deficits in network excitability also seen when
the brain slices were challenged with 100nM kainic acid (KA). Significant decreases in some
AMPAR subunits (GluA1, GluA2, GIuA3) and the NMDAR subunit GIuN2A were also observed
in the hippocampus during the latent period. Based on these data, it was hypothesised that
decreased AMPAR and KAR expression in the hippocampus causes this profound decrease

in network excitability during the latent period (Needs et al., 2019).

Interestingly, following the establishment of SRS, hippocampal subregion CA3 was still
spontaneously active when compared to AMC. Following bath application of 100nM KA, there
were significant increases in gamma power in comparison to AMC, suggesting elevated
excitability in CA3. Furthermore, spontaneously generated ictal-like discharges in the
hippocampus and medial entorhinal cortex were commonly observed, with authors

hypothesising this increased excitability during SRS may be linked to the appearance of
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behavioural seizures. Despite this, the AMPAR and NMDAR subunits lost during the latent
period did not recover during SRS, meaning brain slice excitability apparently increased in the

absence of the return or re-expression of key glutamatergic receptors (Needs et al., 2019).

These initial studies were of significant interest given that we now understand that glutamate
receptors undergo plastic change both at individual synapse level (LTP, LTD) and more
globally (synaptic scaling). However, we did not have detailed data on the time course of the
processes we were investigating. As such, the first results chapter of this thesis is dedicated
to exploring the week-by-week changes which occur in the hippocampus during the latent
period using the in vitro electrophysiology techniques local field potential (LFP) and whole-cell
voltage clamp recordings. Latent period weeks 2 — 6 (P35 — P63) and SRS (>3 months) were
explored. The very early stages of epileptogenesis (SE and 1-week post-induction) were not
explored as previous research found no noticeable network and molecular changes
(Modebadze et al., 2016, Needs et al., 2019). For LFP experiments, a similar protocol for

measuring network excitability was employed by using the KA-challenge model.

3.2. Results

3.2.1. Network excitability — spontaneous local field potential oscillations in

epileptogenesis

Horizontal hippocampal-entorhinal slices were prepared from AMC and RISE-induced rats
during timepoints for the latent period (weeks 2, 3, 4, 5, and 6 post-induction) and SRS (>3
months post-induction) using the standard LFP method (chapter 2.5.). When low resistance (2
— 10 MOhm) glass microelectrodes were inserted into the cell body layers, healthy brain slices
readily generated spontaneous gamma oscillations in both CA1 and CA3 region of the
hippocampus. Two analysis parameters were examined to assess the differences in network
excitability — peak raw power of the oscillations and area under the curve (AUC). The first
measure captured the peak power and frequency of gamma oscillations and is a standard
measure for oscillatory activity. Due to the propensity for gamma activity to vary in peak
frequency between RISE and AMC networks, a second, more holistic measure of overall
oscillatory power was made by calculating the AUC of a 15 — 49 Hz band that is often referred
to as beta-gamma. However, is it worth nothing that, in some cases, spontaneous gamma
oscillations were not generated in RISE animals, particularly during the later stages of the
latent period. Meaning, to maintain consistency across this thesis, the term ‘spontaneous
gamma oscillations’ is used throughout which includes instances of no defined gamma peak

(which could also be termed ‘spontaneous activity in the gamma band’).

As noted above, we set out to plot the time course of changes that lead to a collapse in network
oscillatory function in the RISE model during the latent period. Rats were taken at 2, 3, 4, 5,

and 6 weeks post-induction, and again once epilepsy had become established (SRS
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timepoint). Control (AMC) slices were taken at similar timepoints. Following stabilisation of
spontaneous gamma band activity for at least 30 minutes, 200nM KA was added for a further
30 minutes minimum. As can be seen in figure 3.1., spontaneous gamma oscillations were
readily generated in both CA1 (figure 3.1. Ai, Bi) and CA3 (figure 3.1. Aii, Bii). Across both
parameters, there were no significant differences in spontaneous network excitability between
AMC and RISE during the early stages of the latent period (weeks 2 and 3 post-induction). By
week 4, CA1 saw a considerable difference in spontaneous gamma oscillations, with peak
gamma power being significantly higher in AMC (figure 3.1. Ai, 6.5 + 2.8 uV2, n = 15, p < 0.05)
compared with RISE (1.4 £ 0.3 yV?, n = 22). The same trend was observed in CA1 4 weeks
post-induction using AUC analysis (figure 3.1. Bi), with spontaneous gamma oscillations being
significantly higher in AMC (75.6 £ 24.7, p < 0.05) than RISE (19.7 = 3.2). This deficit in
spontaneous gamma oscillations in RISE at week 4 post-induction was also observed in CA3
(figure 3.1. Aii, Bii). Peak gamma power was significantly higher for AMC (figure 3.1. Bi, 63.3
+ 18.9 uV?, n = 16, p < 0.05) than RISE (15.8 + 4.1 uV?, n = 20). AUC exhibited the same
findings, with AMC (figure 3.1. Bii, 537.7 £ 128.6, n = 15, p < 0.01) being substantially higher
than RISE (143.2 £ 37.6, n = 21). These results show the deficit in spontaneous network
excitability begins as early as 4 weeks post-induction and occurs simultaneously in both CA1
and CA3.

This loss of network excitability and the inability to generate spontaneous gamma oscillations
in the hippocampus of RISE animals continues into week 5 post-induction. For CA1, both peak
gamma power (5.9 £ 3.8 yV2, n = 17 vs 0.5 £ 0.1 pV2, n = 20, p < 0.001, AMC vs RISE
respectively) and AUC (81.1 £434,n=17vs 7.9 £ 1.9, n = 20, p < 0.01, AMC vs RISE
respectively) are significant reduced in RISE. The same is true for CA3, both peak gamma
power (38.9+10.3 uV2,n=19vs 5.5+4.2 uv2, n =20, p <0.001, AMC vs RISE respectively)
and AUC (311.2+87.8,n=19vs 31.3 £ 19.4, n = 20, p < 0.001, AMC vs RISE respectively)
showing the largest difference in network excitability between AMC and RISE. Week 5 post-
induction appears to show the most consistent loss of network excitability in RISE across both
parameters in both CA1 and CA3. Similar trends for week 6 post-induction were seen
throughout CA1 and CAS3.

Interestingly, there appears to be some recovery in network excitability and the ability to
generate spontaneous gamma oscillations in the hippocampus of RISE animals when they are
in the SRS stage. In CA1, the recovery in peak gamma power of RISE (4.4 + 2.0 yV2, n = 16)
is comparable to that of AMC (1.8 + 0.3 pV?, n = 18, p = ns). Although the gamma power of
RISE is notably higher than AMC, this was non-significant. The same is true for AUC, with
RISE (20.7 £ 5.9, n = 15) regaining spontaneous network excitability to AMC (22.5 £ 4.0, n =
18, p = ns). In CAS, the recovery in peak gamma power of RISE (71.7 + 22.9 yV2, n = 15) is
like that of AMC (61.1 £ 22.2 yV?, n = 18, p = ns). This is also seen in AUC, with RISE (456.6
1+ 121.5, n = 15) recovering to that of AMC (346.9 £ 126.4, n = 18, p = ns).
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Overall, this shows there is a loss of network excitability and spontaneous gamma oscillations
in the hippocampus during the latent period, which is first present at week 4 post-induction and
most significant by week 5. There appears to be recovery in the ability to generate gamma
oscillations once epileptic animals reach the SRS stage of epileptogenesis despite animals
now presenting with clinical seizures. This demonstrates that there are ongoing network and
receptor changes occurring throughout the different stages of epileptogenesis which may drive

the progression into clinical seizures.
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Figure 3.1. Comparison of spontaneous network excitability in the hippocampus
throughout epileptogenesis for AMC and RISE.

Connected column mean graphs of weeks 2, 3, 4, 5, 6 and SRS (>3 months) post-induction.
(A) Graphs Ai and Aii show raw peak power (uV?) for CA1 and CAS3, respectively. (B)
Graphs Bi and Bii show AUC analysis for CA1 and CAS3, respectively. A manual band-pass
of 15 — 49 Hz was used to isolate gamma oscillations. Red (left) represents CA1 and blue
(right) represents CA3. Error bars show SEM. * denotes p < 0.05, ** denotes p < 0.01 and
*** denotes p < 0.001 (Mann-Whitney test).
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3.2.2. Network excitability — kainic acid-induced local field potential oscillations in

epileptogenesis

A key approach to assessment of network excitability developed in our laboratory is the in vitro
KA-challenge model. Here, once spontaneous oscillations had been recorded, K was applied
to the network and allowed to reach maximum power. The percentage increase in oscillatory
power between spontaneous and KA-induced gamma was then calculated and used as an
index of synaptic excitability. Similar to previous research using the RISE model (Modebadze
etal., 2016, Needs et al., 2019), 200nM KA was bath applied to AMC and RISE brain slices at
the different stages of epileptogenesis (weeks 2, 3, 4, 5, 6 and SRS) to assess network
responsiveness to AMPAR and KAR stimulation. Like spontaneous network excitability (figure
3.1.), there were no differences in KA-induced gamma oscillations between AMC and RISE in
the initial stages of epileptogenesis (weeks 2 and 3, figure 3.2.). Differences in KA-induced
network excitability between AMC and RISE begin at week 4, however this is only shown to
be significantly different in CA1 using the AUC analysis (figure 3.2. Bi, 518.3 + 167.9,n =6, p
<0.01 for AMC vs 157.9 £ 32.1, n = 12 for RISE).

By week 5, all measured parameters in both CA1 and CAS3 revealed a significant difference in
KA-induced network excitability between AMC and RISE. In CA1, raw gamma power was
significantly higher in AMC (figure 3.2. Ai, 26.1 £ 8.4 uV?, n =7, p <0.001) compared to RISE
(1.6 £ 0.5 pV?, n = 10). The same was seen for AUC (figure 3.2. Bi, 261.3 £83.0,n=7, p <
0.01 for AMC, and 29.8 £+ 10.2, n = 10 for RISE). In CA3, a similar consistent loss of KA-
induced network excitability was seen. Raw gamma power was significantly higher in AMC
(figure 3.2. Aii, 157.0 £49.2 yV?,n =8, p < 0.001) compared to RISE (9.9 + 4.2 uyV?, n = 10),
and the same for the AUC analysis (figure 3.2. Bii, 3283 + 1610, n = 9, p < 0.001 for AMC,
compared to 82.6 + 36.3, n = 10 for RISE). Similar trends for week 6 post-induction were seen
throughout CA1 and CAS3.

Parallel to spontaneous network excitability, there appears to be recovery in responsiveness
to KA once RISE animals move into the SRS stage in both CA1 and CA3. In CA1 (figure 3.2.
Ai, Bi), the response to KA in RISE animals for raw gamma power (figure 3.2. Ai, 67.1 £ 26.1
pV2, n = 7) and AUC (figure 3.2. Bi, 899.3 + 450.6, n = 7) is increased compared to AMC
despite being non-significant (25.4 £ 8.4 yV?, n =9, and 237.2 + 91.3, n = 9, respectively).

Overall, these data reveal a loss of network excitability and responsiveness to KA in the
hippocampus during the latent period that is most prevalent by week 5 post-induction. Like
spontaneous gamma oscillations, there appears to be recovery in the ability to generate KA-
induced gamma oscillations once epileptic animals reach the SRS stage of epileptogenesis.
Combined with the above data on loss of spontaneous network excitability, there are
demonstratable network changes occurring throughout the early stages of epileptogenesis
appear to reduce excitability and which may reflect a compensatory mechanism driven by the

seizures during induction.
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hippocampus throughout epileptogenesis for AMC and RISE.

in the

Connected column mean graphs of weeks 2, 3, 4, 5, 6 and SRS (>3 months) post-induction.
(A) Graphs Ai and Aii show raw peak power (uV?) for CA1 and CA3, respectively. (B)
Graphs Bi and Bii show AUC analysis for CA1 and CA3, respectively. A manual band-pass
of 15 — 49 Hz was used to isolate gamma oscillations. Red (left) represents CA1 and blue
(right) represents CA3. Error bars show SEM. ** denotes p <0.01 and *** denotes p < 0.001

(Mann-Whitney test).
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Finally, for further confirmation of loss of KAR excitation in the hippocampus by weeks 5 and
6 of the latent period, figure 3.3. shows normalised percentage change of peak gamma power
from spontaneous to KA. Consistently, weeks 2 — 4 are non-significant when compared with
AMC in both CA1 (figure 3.3. A) and CA3 (figure 3.3. B), showing a robust increase in gamma
power in response to the KA-challenge. By week 5, there is a 2597.0 + 894.5% (figure 3.3. A,
n =6, p <0.05) increase in CA1 in response to KAR activation in AMC, compared to 622.8 +
168.7% in RISE (n = 9). A similar story emerges in CA3, with a 3462.0 + 1625.0% (figure 3.3.
B, n=9, p<0.05) increase in CA3 in response to KAR activation in AMC, compared to 737.0
1 340.3% in RISE (n = 9). This deficit in response to KAR activation continues into week 6,
with CA1 showing a 2073.0 £ 802.4% (n = 7, p < 0.05) increase in gamma power in AMC
compared to 377.3 £ 72.9% (n = 7) in RISE. CA3 demonstrates a 1689.0 + 483.1% (n =11, p
< 0.05) increase in gamma power in AMC, compared to 318.1 £ 67.0% (n = 8) in RISE. The
KA-challenge gives us an indication of the amount of AMPAR/KAR excitation that could be
produced in each slice, strongly suggesting there must be a significant loss of AMPAR and

KAR in the RISE slices by week 5 post-induction and which blunts the gamma response.

As the data show, there is a subtle trend towards recovery in network excitability which
becomes robust and significant in SRS and manifests as a large increase in spontaneous KAR
excitation and KA-induced gamma oscillations. CA1 (figure 3.3. A) and CA3 (figure 3.3. B) both
produce robust response to KAR activation, with CA1 producing a 2779.0 + 815.4% (n =9, p
= ns) increase in gamma power in RISE compared to AMC (1575.0 £ 538.8%, n = 9). A similar
story emerges in CA3, with RISE animals producing a 3852.0 + 2576.0% (n = 8, p = ns)

increase in gamma power compared to a 1407.0 + 410.4% (n = 8) increase in AMC.

Overall, this demonstrates a loss of both spontaneously generated (figure 3.1.) and KA-
induced (figure 3.2., 3.3.) gamma oscillations and network excitability in the hippocampus
weeks 4 — 6 in RISE animals compared to AMC, with the most significant loss in network
excitability being week 5 post-induction. Network excitability appears to recover to that of AMC
once animals have reached the SRS stage, therefore showing there are continual network and
receptor changes occurring throughout epileptogenesis which likely drives the progression of
the disorder and eventual presentation of clinical seizures. In previous work (Needs et al.,
2019) we shows a similar robust return of network excitation at the SRS stage, however,
western blots from SRS hippocampi strongly indicated that GluA1 — 3 protein levels remained
low, suggesting that recovery of network function is not simply due to upregulation of AMPAR

subunit expression. This issue is further explored below.
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Figure 3.3. Normalised percentage change response to kainic acid in the
hippocampus throughout epileptogenesis for AMC and RISE.

Connected column mean graphs of weeks 2, 3, 4, 5, 6 and SRS (>3 months) post-induction.
(A) % change of gamma power from spontaneous to KA-induced oscillations for CA1. (B)
% change of gamma power from spontaneous to KA-induced oscillations for CA3. A
manual band-pass of 15 — 49 Hz was used to isolate gamma oscillations. Red (left)
represents CA1 and blue (right) represents CA3. Error bars show SEM. * denotes p < 0.05
and ** denotes p < 0.01 (Mann-Whitney test).

3.2.3. Exploring the latent period of epileptogenesis - week 5 post-induction

The work above on spontaneous gamma oscillations (figure 3.1.) and KA-induced gamma
oscillations (figures 3.2. and 3.3.) shows obvious and significant deficits in gamma oscillations
by 5 weeks post-induction. The next section of this chapter will be delving more deeply into the
local field changes which occur in week 5 post-induction in CA1 (figure 3.4.) and CAS (figure

3.5.) of the hippocampus.

Figure 3.4. shows the response to the KA-challenge in AMC animals (figure 3.4 A) and RISE
animals (figure 3.4. B) in CA1. In AMC, there is a clear increase in gamma power following
bath application of 200nM KA. Figure 3.4. Ai shows an example FFT with its corresponding
raw trace (figure 3.4. Aii). A highly synchronous gamma peak forms of ~30Hz following KAR
activation. Peak raw gamma power saw an increase from 1.3 + 0.4 pV? (figure 3.4. Aiii, n = 7)
for spontaneous oscillations to 26.1 £ 8.4 uV2 (n = 7, p < 0.05) following bath application of KA.
There were however no significant differences in peak gamma frequency between
spontaneous and KA (figure 3.4. Aiv, 29.4 £ 1.1 Hz for spontaneous and 32.4 + 1.3 Hz for KA,

p = ns).

In RISE animals 5 weeks post-induction, low power, incoherent oscillations emerge (figure 3.4.
Bi, Bii) showing lower powered gamma oscillations both pre- and post-bath application of KA.

However, this KA-induced gamma oscillation which is produced still oscillates at a similar
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frequency to AMC, showing no deficits in the speed of the gamma oscillation produced. Peak
raw gamma power saw an increase from 0.2 £ 0.04 uV? (figure 3.4. Biii, n = 10) for spontaneous
oscillations to 1.6 + 0.5 yVv2 (n = 10, p < 0.01) following bath application to KA. Despite peak
gamma power being considerably smaller in comparison to AMC (figure 3.4. Aiii), bath
application of KA caused a highly significant increase in gamma power in RISE. This is likely
due to the persistent inability for CA1 to produce any robust spontaneous gamma oscillation
at 5 weeks post-induction in RISE animals. As the baseline is so low, any increase would be
very large due to the simple fact of dividing a larger number by a minuscule one. Meaning, any
KAR activation following bath application with KA will cause a substantial increase in the overall
oscillation. Like AMC, there is no significant difference in peak gamma frequency between
spontaneous and KA in CA1 (figure 3.4. Biv, 29.9 + 1.1 Hz for spontaneous and 29.9 + 1.6 Hz
for KA, p = ns).

Equally, figure 3.5. shows the response to the KA-challenge in AMC animals (figure 3.5. A)
and RISE animals (figure 3.5. B) in CA3. In AMC, there is a huge increase in gamma power
following bath application of 200nM KA. Figure 3.5. Ai shows an example FFT with its
corresponding raw trace (figure 3.5. Aii). A highly synchronous gamma peak forms again
~30Hz following KAR activation. Peak raw gamma saw an increase from 12.7 + 4.6 uV2 (figure
3.5. Aiii, n = 8, p < 0.01) for spontaneous oscillations to 157.0 + 48.2 uyv2 (n = 8, p < 0.01).
There were no significant differences in peak gamma frequency between spontaneous and KA
(figure 3.5. Aiv, 30.8 + 1.2 Hz for spontaneous and 31.8 + 1.1 Hz for KA, p = ns).

Conversely, in RISE animals 5 weeks post-induction, there is little evidence of coherent
oscillations either pre- or post-bath application of KA (figure 3.5. Bi, Bii). Figure 3.5. Bi shows
an example FFT with no defined gamma peak, showing defective network synchrony.
However, like CA1, despite peak gamma being substantially smaller in comparison to AMC
(figure 3.5. Aiii), bath application of KA caused a highly significant increase in gamma power
in RISE. Again, this is likely due to the persistent inability for CA3 to produce any robust
spontaneous gamma oscillation at 5 weeks post-induction. Bath application of KA caused an
increase in gamma power from 0.6 £ 0.3 yV? (figure 3.5. Biii, n = 10) t0 9.9 £ 4.2 yV2 (n = 10,
p < 0.01). Like AMC, there is no significant difference in peak gamma frequency between
spontaneous and KA in CA3 (figure 3.5. Biv, 33.1 £ 2.1 Hz for spontaneous and 30.8 + 1.0 Hz
for KA, p = ns).

Taken together, this local field potential work on the different stages of epileptogenesis points
to significant gamma power changes both in spontaneous conditions and in response to an
excitatory network challenge with KA. This deficit is most prominent by week 5 of the latent
period but appears to recover once RISE animals enter the SRS stage. The next section of

this chapter looks to explore this recovery seen during the SRS stage of epileptogenesis.
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Figure 3.4. Exploring CA1 - week 5 post-induction of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing spontaneous oscillations (black) and in the presence of 200nM KA (green).
(Aii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for both
spontaneous and KA. (Aiv) bar chart showing peak gamma frequency for spontaneous and KA. (Bi) RISE example FFT showing spontaneous oscillations
(black) and in the presence of 200nM KA (red). (Bii) one second raw trace from the same experiment (IIR filtered to a band-pass of 15 — 49 Hz). (Biii) bar
chart showing raw gamma power for both spontaneous and KA. (Biv) bar chart showing peak gamma frequency for spontaneous and KA. Error bars show
SEM. * denotes p < 0.05 and ** denotes p < 0.01 (Wilcoxon matched-pairs signed rank test).
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Figure 3.5. Exploring CA3 - week 5 post-induction of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing spontaneous oscillations (black) and in the presence of 200nM KA (green).
(Aii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for both
spontaneous and KA. (Aiv) bar chart showing peak gamma frequency for spontaneous and KA. (Bi) RISE example FFT showing spontaneous oscillations
(black) and in the presence of 200nM KA (blue). (Bii) one second raw trace from the same experiment (IR filtered to a band-pass of 15 — 49 Hz). (Biii)
bar chart showing raw gamma power for both spontaneous and KA. (Biv) bar chart showing peak gamma frequency for spontaneous and KA. Error bars

show SEM. ** denotes p < 0.01 (Wilcoxon matched-pairs signed rank test).
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3.2.4. Network excitability and the transition from the latent period to SRS

Reduced network excitability during the latent period appears to be central to the progression
of epileptogenesis. However, as previous work on the RISE model has shown, there is
‘recovery’ in network excitability once animals enter the SRS stage. Figure 3.6. looks to explore
this further by comparing the peak raw gamma power of the latent period (week 6 post-
induction) and the SRS stage for both spontaneous (figure 3.6. Ai and Aii) and KA-induced

(figure 3.6. Bi and Bii) gamma oscillations in the hippocampus.

In spontaneous conditions, CA1 saw a peak raw gamma power of 0.7 + 0.2 pV? (figure 3.6. Ai,
n = 15) during the latent period which seemingly increased to 4.7 + 2.2 yV2 (n = 15, p < 0.05)
once animals had transitioned into presentation of clinical seizures. CA3 showed a similar
change, with spontaneous gamma oscillations producing a peak raw power of 2.7 £ 1.0 yV?
(figure 3.6. Aii, n = 16) during the latent period which increased to 71.7 £ 22.9 yV2 (n =15, p <

0.001) once animals entered the SRS stage.

Similarly, in KA conditions, CA1 saw a peak raw gamma power of 2.2 + 0.5 puV? (figure 3.6. Bi,
n = 8) during the latent period which increased to 67.1 £ 26.1 yV2 (n = 7, p < 0.001) once
animals entered the SRS stage. Likewise, in CA3, KA-mediated gamma oscillations produced
a peak raw power of 3.4 + 1.3 uV?2 (figure 3.6. Bii, n = 8) during the latent period which increased
substantially to 991.6 + 496.0 uyV2 (n = 7, p < 0.001) once animals entered the SRS stage.

This demonstrates in both CA1 and CA3, there are substantial increases in both spontaneous
and KA-induced network excitability once animals enter the SRS stage of epileptogenesis.
This could be vital for our understanding of the progression of epileptogenesis and how an
individual may transition from the seizure-free latent period into the presentation of clinical
seizures. The rest of this chapter will focus on the synaptic changes occurring during

epileptogenesis.
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Figure 3.6. Comparison of network excitability during the latent period and SRS in
spontaneous and KA conditions in RISE animals.

Bar graphs showing raw peak gamma power (uV?) between the latent period (6 weeks
post-induction) and the SRS stage of epileptogenesis. (Ai) raw gamma power of
spontaneous gamma oscillations in CA1, (Aii) raw gamma power of spontaneous gamma
oscillations in CA3, (Bi) raw gamma power of KA gamma oscillations in CA1, and (Bii) raw
gamma power of KA gamma oscillations in CA3. A manual band-pass of 15 — 49 Hz was
used to isolate gamma oscillations. Red/orange represents CA1, and blue/purple
represents CA3. Error bars show SEM. * denotes p < 0.05 and *** denotes p <0.001 (Mann-
Whitney test).

3.2.5. Changes in synaptic excitability during epileptogenesis

The experiments described up to this point are entirely consistent with our previous work
(Needs et al., 2019) showing that the collapse in network excitability in the latent period is
accompanied by reduced expression of GIuA1, GIuA2 and GIuA3 AMPAR subunits as
measured by Western blotting. Up to this point, however, there was no functional evidence
that synaptic AMPAR expression was altered. Voltage-clamp experiments were conducted to
investigate the changes to sEPSCs in AMC and RISE across the progression of
epileptogenesis in the hippocampus using the standard whole-cell patch method (chapters 2.2,
2.3.2). Like LFP experiments, timepoints during the latent period (weeks 2, 3, 4, 5 and 6 post-
induction) and SRS (>3 months post-induction) were taken. Parameters studied to assess the
effect of epileptogenesis on sEPSCs were amplitude (pA), decay time constant (tau, ms) and

interevent interval (IEl, ms) (figure 3.7.). Due to the fragility of neurons in CA3 following

N.A.Marley, PhD Thesis, Aston University 2023 60



epileptogenesis, which is likely due to chronic inflammation, patch clamp recordings were only

possible in the CA1 subregion of the hippocampus.

As can be seen in figure 3.7. A, the amplitude of sEPSCs trends towards decreasing
amplitudes during the latent period of epileptogenesis but is only significantly different by week
6 post-induction. At week 6, the mean median amplitude of RISE sEPSCs was 8.3 £ 0.5 pA (n
= 8), compared to 13.9 + 2.3 pA (n =4, p £ 0.05) for AMC. Remarkably, there appears to be a
significant increase in amplitude once RISE animals enter the SRS stage of epileptogenesis,
with the RISE mean median amplitude being 16.4 + 1.5 pA (n = 8) compared to 9.8 £ 1.4 pA
(n =15, p<0.05) for AMC. This means there is a reduction of excitatory neurotransmission as
the latent period progresses, with an increase in amplitude and excitatory neurotransmission
seen once animals enter the SRS stage of epileptogenesis and are presenting with clinical

seizures. This follows the trends seen in the LFP experiments (figures 3.1. — 3.6.).

sEPSC decay analysis of epileptogenesis (figure 3.7. B) found a trending increase in decay
tau during the latent period of epileptogenesis that is only significant by week 5. At week 5, the
mean median decay tau of SEPSCs is significantly slower in RISE animals (7.1 + 1.1 ms, figure
3.6. B, n = 9) compared with AMC animals (3.6 £ 0.8 ms, n =5, p £0.05). This is also the case
for 6 weeks post-induction, with the decay of SEPSCs in RISE animals being 9.7 + 1.7 ms (n
= 7) compared to 4.7 £ 0.9 ms (n = 5, p < 0.05) for AMC. This shows there is a change in

sEPSC receptor kinetics as the latent period progresses.

Finally, there appears to be no significant difference between AMC and RISE in the IEI of
sEPSCs across all timepoints of epileptogenesis (figure 3.7. C), meaning the frequency of

sEPSCs are relatively stable throughout epileptogenesis.

Overall, this indicates there is a reduction in synaptic neurotransmission and excitability by
week 6 of the latent period and an increase in excitatory neurotransmission once animals enter

SRS, with a notable change in decay kinetics during the later stages of the latent period.
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Figure 3.7. Changes in synaptic excitability during epileptogenesis.
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Connected column mean graphs of sEPSC results for (A) mean median amplitude, (B)
mean median decay tau, and (C) mean median IEI. Black lines indicate AMC and red lines

indicate RISE. Error bars show SEM. * denotes p < 0.05 (Mann-Whitney test).
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Figure 3.7. demonstrates how synaptic changes during epileptogenesis appear to arise
significantly by week 6 post-induction. As such, figure 3.8. will be exploring this further, looking

at week 6 post-induction (figure 3.8. A) and the SRS stage of epileptogenesis (figure 3.8. B).

During week 6 post-induction, there is a significant reduction in mean median amplitude of
sEPSCs, reducing from 13.9 + 2.7 pA (figure 3.8. Ai,n =4) for AMCt0 8.3+ 0.5pA(n=8,p <
0.05). This is converse to the SRS stage of epileptogenesis, where there is an increase in
amplitude of sEPSCs from 9.8 + 1.4 pA (figure 3.8. Bi, n = 5) for AMC to 16.4 + 1.5 pA (n = 8,
p £0.05). This reduction in sEPSC amplitude for week 6 post-induction is visible in the example
raw trace (figure 3.7. Aiv), while the increase in sSEPSC amplitude during SRS can be seen in
figure 3.8. Biv. Meaning, there is a significant increase in the size of SEPSCs from week 6 post-
induction to SRS.

There is also a significant increase in mean median decay of sEPSCs during week 6 post-
induction. AMC shows a 4.8 £ 0.9 ms decay tau (figure 3.8. Aii, n = 5) compared to 9.7 + 1.8
ms decay tau for RISE (n = 7, p < 0.05). There is however no significant different in sEPSC
decay kinetics between AMC and RISE during the SRS stage of epileptogenesis (figure 3.8.
Bii, AMC: 6.9+ 1.2ms,n=5; RISE: 6.0 £ 0.3 ms, n =10, p = ns). This shows there are changes
in decay kinetics during week 6 of the latent period which recover once the animals enter the

SRS stage of epileptogenesis and are presenting with clinical seizures.

Both week 6 and the SRS stage of epileptogenesis display increased but non-significant
changes in the IElI of sEPSCs (figure 3.8. Aiii, Biii), meaning there is little change in the
frequency of the sEPSCs.

Together, these data suggest there is a reduction in excitatory synaptic neurotransmission at
6 weeks post-induction which increases beyond AMC once animals enter the SRS stage of
epileptogenesis. This fits with the above data exploring local field potential network dynamics

in the hippocampus.
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Figure 3.8. sEPSC changes during week 6 post-induction and the SRS stage of
epileptogenesis.

(A) Week 6 post-induction, and (B) SRS stage. (Ai) Min to max graph showing mean median
amplitude (pA) of sEPSCs during week 6 post-induction. (Aii) Min to max graph showing
mean median decay tau (ms) during week 6 post-induction. (Aiii) Min to max graph showing
mean median IEl (ms) during week 6 post-induction. (Aiv) Example raw trace of AMC (left,
black) and RISE (right, red) at 6 weeks post-induction. (Bi) Min to max graph showing mean
median amplitude (pA) of SEPSCs during SRS stage. (Aii) Min to max graph showing mean
median decay tau (ms) during SRS stage. (Aiii) Min to max graph showing mean median
IEI (ms) during SRS stage. Black lines indicate AMC and red lines indicate RISE. Error bars
show SEM. * denotes p < 0.05 (Mann-Whitney test).
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Further exploration of these synaptic changes which occur in RISE animals between the latent
period (week 6 post-induction) and the SRS stage of epileptogenesis can be seen in figure
3.9. A substantial increase in hippocampal CA1 peak amplitude of sEPSCs is seen following
the transition into SRS, with the latent period demonstrating a mean amplitude of 8.3 + 0.5 pA
(figure 3.9. A, n = 8) which increases to 14.5 £+ 1.8 pA (n = 10, p < 0.05) as animals begin
displaying clinical seizures. The decay tau demonstrates a significant decrease as
epileptogenesis evolves, with animals in the latent period demonstrating a mean decay tau of
9.9 £ 1.7 ms (figure 3.9. B, n = 7) which decreases to 6.0 £ 0.3 ms (n = 10, p < 0.05) as animals
begin displaying clinical seizures. However, there is no significant difference in the frequency
of sSEPSCs between the latent period and SRS stage of epileptogenesis (figure 3.9. C; 6 weeks:
211.0 £48.1 ms, n =8; SRS: 174.5 + 46.3 ms, n = 10; p = ns). Overall, this demonstrates that
following the evolution of epileptogenesis into SRS, there are significant increases in peak
amplitude and decreases in the decay of SEPSCs, with non-significant changes in the
frequency of the excitatory events in the hippocampal CA1 subregion. This could be vital in
advancing out understanding of how animals can transition from the seizure-free latent period

into developing behavioural and electrographic seizures.
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Figure 3.9. Comparison of sEPSCs between the latent period (6 weeks post-
induction) and the SRS stage of epileptogenesis in RISE animals

Bar graphs showing mean amplitude (pA, A), mean decay tau (ms, B), and IEI (ms, C) for
RISE animals during the latent period (6 weeks post-induction) and the SRS stage of
epileptogenesis in the hippocampal CA1 subregion. Red represents the latent period and
orange represents SRS. Error bars show SEM. * denotes p < 0.05 (Mann-Whitney test).
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Finally, cumulative frequency graphs were produced (figure 3.10.) to highlight the change in
sEPSC peak amplitude from 6 weeks post-induction (figure 3.10. A) to the SRS stage of
epileptogenesis (figure 3.10. B). A clear shift from the left to the right is shown, meaning there
is a considerable increase in the amplitude of SEPSC events once RISE animals enter SRS.
This shift could be significant for the progression of epileptogenesis and the presentation of

clinical seizures.
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Figure 3.10. Cumulative frequency graphs of sEPSC amplitude during week 6 post-
induction and the SRS stage of epileptogenesis.

Cumulative frequency graphs of sEPSC amplitude for 6 weeks post-induction (A) and
SRS (B). Black lines indicate AMC and red lines indicate RISE.

Combined, the LFP and whole-cell voltage-clamp data shows there are significant network and
cellular changes which occur during the latent period of epileptogenesis, particularly by weeks
5 — 6 post-induction. Overall, it appears there is a loss of network excitability in the
hippocampus. Once animals enter the SRS stage of epileptogenesis, it appears there is
recovery in some of these mechanisms, with some increasing beyond AMC. This shows two
things — (1) there are continual cellular and network changes which are occurring, meaning
epileptogenesis is a dynamic and evolving process, and (2) this increase in network and

cellular excitability is likely associated with the clinical manifestation of seizures.

3.3. Discussion

This hypo-excitability in both spontaneous and KA-induced neurotransmission in the
hippocampus during the latent period was noted in previous work studying the RISE model of

epileptogenesis (Modebadze et al., 2016, Needs et al., 2019), with Needs et al. documenting
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significant losses of certain AMPAR subunits (GluA1, GIuA2 and GIluA3) and the NMDAR
subunit GIuN2A. The above work fits with this idea of loss of vital glutamatergic
neurotransmission, possibly AMPARSs, leads to a loss of network excitability (figure 3.1. —figure

3.6.) and synaptic excitability (figure 3.7. — figure 3.9.).

Paradoxically, how could there be an increase in network excitability during SRS once animals
present with clinical seizures if there is a persistent loss in excitatory neurotransmission,
particularly AMPARs? The answer may lie in homeostatic plasticity. Homeostatic synaptic
plasticity is the ability for neurons to stabilise their own excitability so that firing rates remain
constant to prevent hyper- or hypo-excitability. A candidate mechanism for homeostatic
plasticity (synaptic scaling and intrinsic excitability) involves the calcium/calmodulin-dependent
protein kinase type IV (CaMKIV) which is Ca?* sensitive. Increased neuronal activity and influx
of Ca?* leads to increased activity of CaMKIV, resulting in a homeostatic down-scale of
excitatory synaptic strength and intrinsic excitability. Conversely, reduced neuronal activity and
influx of Ca?* leads to reduced activity of CaMKIV and the resulting up-scale of excitatory
synaptic strength and intrinsic excitability. Activated CaMKIV regulates transcription via
phosphorylation of cAMP responsive element binding protein (CREB), which alters trafficking
and accumulation of synaptic AMPARSs to scale the synaptic strength and intrinsic excitability

of neurons to its target firing rate (Joseph and Turrigiano, 2017, Turrigiano, 2008).

As such, when activity decreases (like in the loss of AMPARS) excitation between pyramidal
cells in the hippocampus is boosted and feedback inhibition is reduced, therefore increasing
pyramidal cell firing rates. This aims to maintain the excitatory-inhibitory balance (Turrigiano
and Nelson, 2004). Although non-significant, figure 3.7. C shows a trending increase in IEl as
the latent period progresses into weeks 4 and 5, meaning there is a decrease in firing rates.
This appears to recover to AMC once RISE animals reach the SRS stage, possibly showing a
homeostatic regulation in intrinsic excitability of pyramidal cells in the hippocampus despite

persistent loss of AMPAR neurotransmission.

A study examining the KA rodent model of epileptogenesis also found parallel reductions in
the AMPAR subunits GIuA1 and GIuA2 when studying the chronic process of TLE (Egbenya
et al., 2018), again pointing to hypo-excitability driving epileptogenesis. But how could this loss
of excitation lead to the development of seizures? This could be explained by studying the
autoimmune condition anti-AMPAR encephalitis. Auto-antibodies generated against AMPARs
lead to internalisation of the receptor complex and temporal lobe seizures. There is a reduction
in excitatory currents in hippocampal pyramidal cells, and a corresponding ‘homeostatic’
decrease in inhibitory currents with overall increased intrinsic excitability. Peng et al.
hypothesises that pyramidal cells will maintain a constant firing rate even in response to
chronic inactivity, which may mean firing at a higher intrinsic rate while receiving less synaptic
input, therefore leading to the generation of epileptic activity (Dalmau et al., 2017, Day et al.,
2023, Haselmann et al., 2018, Peng et al., 2015).
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Finally, given the consistent frequency of the gamma oscillations, it is possible that all neuron
types, particularly GABAergic inhibitory interneurons, are still present in the hippocampus.
Evidence for this comes from the non-significant changes in peak gamma frequency in the
hippocampus for CA1 (figure 3.4. Biv) and CA3 (figure 3.5. Biv) both in spontaneous and KA-
induced conditions. The role inhibitory interneurons play in the generation of gamma
oscillations is well established (Buzsaki and Wang, 2012), meaning there is no significant loss
of inhibitory interneurons at this stage and that the loss of network and cellular excitability is

likely due to a loss of excitatory, glutamatergic receptors.

Overall, it is clear there are significant losses in hippocampal excitability during the latent period
of epileptogenesis, which are most prevalent by weeks 5 — 6 post-induction. The network and
synaptic activity appears to recover coincidentally with the appearance of SRS, but the intrinsic
mechanisms for the generation of epileptic activity are still to be elucidated. In conjunction with
previous research studying TLE using the RISE model, it is hypothesised that a specific loss
of AMPARs drives this hypo-excitability and eventual progression to clinical seizures. An
avenue for future research studying epileptogenesis using the RISE model could be to record
miniature EPSCs (MEPSCs). In the presence of tetrodotoxin, neurons are unable to generate
action potentials. However, presynaptic release of neurotransmitter vesicles is probabilistic
and will therefore occasionally be released into the synapse, leading to activation of
postsynaptic receptors and the generation of a mEPSC. Recording of mEPSCs would allow
for analysis of synaptic scaling of AMPARSs during epileptogenesis. Chronic down-scaling of
AMPARs leads to a paradoxical increase in mMEPSC amplitude and prolonged AMPAR half-
life, consequently modulating the size of the mEPSC and reducing receptor turnover (O’Brien
et al., 1998).
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Chapter 4 Local field and synaptic effects of tianeptine in vitro
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4.1. Introduction

Chapter 3 demonstrates how the latent period of epileptogenesis has significant reductions in
network and synaptic excitability. Given previous research using the RISE model, this is
hypothesised to be caused by a reduction in AMPAR neurotransmission. However, network
excitability appears to recover to control values as the networks progress towards spontaneous
recurrent seizures. But what if it were possible to alter the progression into clinical seizures,
using the changes in latent period as a disease target? One potential approach would be to try
and restore AMPAR excitation during the latent period and hence to subvert the process of

epileptogenesis that is driven by network quiescence.

The atypical tricyclic antidepressant tianeptine (7-[(3-chloro-6-methyl-5,5-dioxo-11H-
benzo[c][2,1]benzothiazepin-11-yl)aminolheptanoate), also known as Stablon, is used as a

treatment for major depressive disorder and anxiety.

Chronic administration of tianeptine has been found to increase GluA1 phosphorylation in both
the frontal cortex and hippocampus, with a more pronounced effect in the CA3 subregion of
the hippocampus than in CA1. Tianeptine also reduced stress-induced dendritic atrophy and
modulates excitatory synaptic neurotransmission in CA3 of chronically stress rats (Kole et al.,
2002, Magarinos et al., 1999, Svenningsson et al., 2007).

Phosphorylation of two sites (Ser831 and Ser845) on the GluA1 subunit of postsynaptic
AMPARs is thought to affect the functional properties of AMPARSs. Phosphorylation of the
Ser831 residue on GluA1 by calcium/calmodulin-dependent protein kinase Il/protein kinase C
(CaMKII/PKC) results in increased channel conductance (Derkach et al., 1999, Jenkins and
Traynelis, 2012). Conversely, phosphorylation of the Ser845 residue on GIluA1 by protein
kinase A (PKA) results in altered AMPAR ftrafficking by increasing GluA1-containing AMPAR
localisation in the postsynaptic membrane and decreasing AMPAR internalisation (Lee et al.,
2000, Liu et al., 2009, Man et al., 2007). Overall, phosphorylation of these two sites results in
increased AMPAR neurotransmission and this may underlie tianeptine’s antidepressant

properties.

Unlike typical antidepressants, such as selective serotonin re-uptake inhibitors (SSRIs),
tianeptine does not bind to adrenergic, dopaminergic or serotonergic receptors or transporters
(Kato and Weitsch, 1988). Instead, tianeptine is thought to potentiate AMPARSs by activation
CaMKIl and PKA via various signalling cascades associated with synaptic plasticity (the p38,
p42/44 mitogen-activated protein kinase (MAPK) and the c-Jun N-terminal kinase (JNK)
pathway), and decreased surface diffusion of AMPARSs by activation of CaMKII which leads to
phosphorylation of AMPAR auxiliary subunit stargazin, with the resulting AMPAR-stargazin
interaction forming a complex with PDZ scaffold proteins such as postsynaptic density 95

(PSD-95). This leads to immobilisation and anchoring of AMPARs in the postsynaptic
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membrane, meaning tianeptine increases both AMPAR channel conductance, and trafficking

and stabilisation in the postsynaptic membrane (Szegedi et al., 2011, Zhang et al., 2013).

As such, given our current understanding of epileptogenesis using the RISE model of TLE,
tianeptine was identified as a drug with therapeutic potential for altering the progression of
epileptogenesis by increasing AMPAR conductance and synaptic localisation, with hope of
stopping/slowing progression into clinical seizures. This results chapter aims to characterise
the in vitro LFP and sEPSC effects of acute tianeptine on hippocampal pyramidal cells using
the same timepoints as studied for epileptogenesis in chapter 3 (AMC weeks 2 — 6, p35 — 63

and >3 months, >p90), and the chronic response to tianeptine in vitro.

4.2. Results

4.2.1. Effect of acute tianeptine on spontaneous local field hippocampal gamma

oscillations

In advance of any experiments to explore the use of tianeptine as a disease-modifying drug
during epileptogenesis, we decided firstly to characterise its basic effects on neuronal network
function. Horizontal hippocampal-entorhinal slices were prepared from AMC Wistar rats at the
timepoints mentioned above using the standard LFP method (chapter 2.5). To investigate the
effects of acute 10uM tianeptine on hippocampal gamma oscillations, both spontaneous and
KA-induced gamma oscillations in both CA1 and CA3 were assessed. 10uM tianeptine was
used as previous research has shown this concentration enhances the GluA1-dependent initial
phase of LTP (Szegedi et al., 2011). Peak raw power analysis was used to examine the effect
of tianeptine on spontaneous LFP gamma. A band-pass of 15 — 49 Hz was used to isolate

gamma frequencies.

Following stabilisation of spontaneous gamma band activity for at least 30 minutes, 10uM
tianeptine was added for a further 30 minutes minimum. As can be seen in figure 4.1., acute
bath application of 10uM tianeptine onto spontaneous gamma oscillations in CA1 produces a
robust increase in raw gamma power across all AMC timepoints studied. At 2 weeks AMC,
there is an increase from 2.2 + 1.3 yV? for spontaneous gamma oscillations (figure 4.1. A, n =
8) to 3.4 £ 1.4 pV? following acute application of tianeptine (n =8, p < 0.01). At 3 weeks AMC,
there is an increase from 4.0 + 1.8 yV? for spontaneous gamma oscillations (figure 4.1. B, n =
9)to 17.1 £ 6.0 pV? following acute application of tianeptine (n =9, p < 0.01). At 4 weeks AMC,
there is an increase from 10.8 + 4.8 uV? for spontaneous gamma oscillations (figure 4.1. C, n
= 8) to 25.1 £ 8.0 pV? following acute application of tianeptine (n = 8, p < 0.01). At 5 weeks
AMC, there is an increase from 10.6 + 7.9 uV? for spontaneous gamma oscillations (figure 4.1.
D, n = 8) to 51.4 + 32.0 uV? following acute application of tianeptine (n = 8, p < 0.01). At 6
weeks AMC, there is an increase from 5.7 + 2.8 pyV? for spontaneous gamma oscillations

(figure 4.1. E, n = 10) to 21.4 £ 10.5 uV? following acute application of tianeptine (n = 10, p <
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0.01). And finally, at the latest timepoint for AMC (‘late AMC’ — equivalent to the age at
appearance of SRS), there is an increase from 1.8 = 0.4 pV? for spontaneous gamma
oscillations (figure 4.1. F, n = 9) to 6.2 + 1.5 yV? following acute application of tianeptine (n =
9, p < 0.01). The largest increase in spontaneous gamma oscillations in CA1 was week 5 AMC
(figure 4.1. D), which saw a 484.9% increase in hippocampal power following application of

tianeptine.

A similar story emerges with CA3. Figure 4.2. shows acute bath application of 10uM tianeptine
onto spontaneous gamma oscillations in CA3. At 2 weeks AMC, there is an increase from 27.7
+17.0 pV2for spontaneous gamma oscillations (figure 4.2. A, n = 9) to 56.3 + 39.4 pV? following
acute application of tianeptine (n = 9, p < 0.01). At 3 weeks AMC, there is an increase from
50.1 + 24.2 pV? for spontaneous gamma oscillations (figure 4.2. B, n = 9) to 164.3 £ 51.5 yVv2
following acute application of tianeptine (n =9, p<0.01). At4 weeks AMC, there is an increase
from 120.3 + 31.6 yV? for spontaneous gamma oscillations (figure 4.2. C, n = 7) to 744.6
301.8 pV? following acute application of tianeptine (n = 7, p < 0.05). At 5 weeks AMC, there is
an increase from 57.6 + 16.3 uV? for spontaneous gamma oscillations (figure 4.2. D, n = 8) to
276.6 £ 123.5 uV? following acute application of tianeptine (n = 8, p < 0.01). At 6 weeks AMC,
there is an increase from 182.6 + 78.2 uV? for spontaneous gamma oscillations (figure 4.2. E,
n =7) to 505.4 + 263.1 uV? following acute application of tianeptine (n = 7, p < 0.05). And
finally, at late AMC, there is an increase from 59.9 + 38.1 pV? for spontaneous gamma
oscillations (figure 4.2. F, n = 10) to 180.2 + 121.9 uV? following acute application of tianeptine
(n =10, p =£0.01). The largest increase in spontaneous gamma oscillations in CA3 was week
4 AMC (figure 4.2. C), which saw a 619.0% increase in hippocampal power following

application of tianeptine.

Overall, figures 4.1. and 4.2. demonstrate the ability for tianeptine to increase the gamma
power of spontaneous gamma oscillations across all timepoints studied in both CA1 and CA3,

respectively.
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Figure 4.1. Effect of tianeptine on spontaneous gamma oscillations in CA1.

Bar charts showing raw gamma power (uV?) in spontaneous conditions (black) and
following bath application of 10uM tianeptine (green). (A) 2 weeks AMC, (B) 3 weeks AMC,
(C) 4 weeks AMC, (D) 5 weeks AMC, (E) 6 weeks AMC, and (F) late AMC. Error bars show
SEM. ** denotes p < 0.01 (Wilcoxon matched-paired signed rank test).
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Figure 4.2. Effect of tianeptine on spontaneous gamma oscillations in CA3.

Bar charts showing raw gamma power (uV?) in spontaneous conditions (black) and
following bath application of 10uM tianeptine (green). (A) 2 weeks AMC, (B) 3 weeks AMC,
(C) 4 weeks AMC, (D) 5 weeks AMC, (E) 6 weeks AMC, and (F) late AMC. Error bars show

SEM. * denotes p < 0.05, and ** denotes p < 0.01 (Wilcoxon matched-paired signed rank
test).
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4.2.2. Effect of acute tianeptine on KA-induced local field hippocampal gamma

oscillations

Since AMPAR trafficking in and out of the synapse is activity-dependent (Henley and
Wilkinson, 2013), it is important to test the effects of tianeptine in conditions where AMPARSs
will be activated during a high degree of synaptic drive. We next tested the effect of acute
tianeptine on hippocampal gamma oscillations that were generated with 200nM KA in both
CA1 (figure 4.3.) and CA3 (figure 4.4.) across the same timepoints as above (AMC weeks 2 —

6 and >3 months).

Following stabilisation of spontaneous gamma band activity for at least 30 minutes, 200nM KA
was added for a further 30 minutes minimum. Once stabilisation in KA was achieved, 10uM
tianeptine was also added for 30 minutes. As can be seen in figure 4.3., 10uM tianeptine
effectively potentiated KA-induced gamma oscillations in CA1 at all timepoints investigated
(figure 4.3. A — F). At 2 weeks AMC, there is an increase from 88.4 + 46.4 uV? for KA gamma
oscillations (figure 4.3. A, n = 13) to 234.3 £ 129.7 uV? following acute application of tianeptine
(n=13, p=0.001). At 3 weeks AMC, there is an increase from 28.5 + 10.4 uV? for KA gamma
oscillations (figure 4.3. B, n = 8) to 153.3 + 101.7 uV? following acute application of tianeptine
(n =8, p<0.01). At 4 weeks AMC, there is an increase from 37.7 £ 14.4 uV? for KA gamma
oscillations (figure 4.3. C, n = 7) to 155.4 £ 62.9 uV? following acute application of tianeptine
(n=7, p<0.05). At 5 weeks AMC, there is an increase from 209.6 + 158.7 puV? for KA gamma
oscillations (figure 4.3. D, n = 9) to 367.7 + 255.9 pV? following acute application of tianeptine
(n=9, p=<0.01). At 6 weeks AMC, there is an increase from 43.2 + 16.2 pV? for KA gamma
oscillations (figure 4.3. E, n = 8) to 135.9 + 50.2 pV? following acute application of tianeptine
(n = 8, p <0.01). At late AMC, there is an increase from 25.4 + 8.4 yV? for KA gamma
oscillations (figure 4.3. F, n = 9) to 143.8 + 57.6 uV? following acute application of tianeptine
(n=29, p=<0.01). the largest increase in KA-induced gamma oscillations in CA1 was late AMC
(figure 4.3. F), which saw a 566.1% increase in hippocampal power following application of

tianeptine.

A similar story emerges with CA3. At 2 weeks AMC, there is an increase from 1520.0 + 626.7
pV? for KA gamma oscillations (figure 4.4. A, n = 16) to 4060.0 + 1495.0 uV? following acute
application of tianeptine (n = 16, p < 0.001). At 3 weeks AMC, there is an increase from 2242.0
+ 1328.0 pV? for KA gamma oscillations (figure 4.4. B, n = 11) to 5209.0 + 2950.0 uV? following
acute application of tianeptine (n = 11, p < 0.001). At 4 weeks AMC, there is an increase from
237.5 + 51.6 pV? for KA gamma oscillations (figure 4.4. C, n = 9) to 934.7 + 298.5 pV? following
acute application of tianeptine (n = 9, p < 0.01). At 5 weeks AMC, there is an increase from
2654.0 + 1898.0 pV? for KA gamma oscillations (figure 4.4. D, n = 11) to 4526.0 + 3002.0 pV?
following acute application of tianeptine (n = 11, p < 0.001). At 6 weeks AMC, there is an
increase from 478.7 + 207.1 pV? for KA gamma oscillations (figure 4.4. E, n = 11) to 902.1 +
287.2 pV? following acute application of tianeptine (n = 11, p < 0.001). And finally, at late AMC,
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there is an increase from 805.3 + 336.1 uV? for KA gamma oscillations (figure 4.4. F, n = 8) to

2310.0 + 1106.0 pV? following acute application of tianeptine (n = 9, p < 0.01). The largest

increase in KA-induced gammas oscillations in CA3 was 4 weeks AMC (figure 4.3. C), which

saw a 393.6% increase in hippocampal power following application of tianeptine.
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Figure 4.3. Effect of tianeptine on KA-induced gamma oscillations in CA1.

Bar charts showing raw gamma power (uV?) in KA conditions (black) and following bath
application of 10uM tianeptine (green). (A) 2 weeks AMC, (B) 3 weeks AMC, (C) 4 weeks
AMC, (D) 5 weeks AMC, (E) 6 weeks AMC, and (F) late AMC. Error bars show SEM. *
denotes p =< 0.05, ** denotes p <0.01, and *** denotes p < 0.001 (Wilcoxon matched-paired

signed rank test).
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Figure 4.4. Effect of tianeptine on KA-induced gamma oscillations in CA3.

Bar charts showing raw gamma power (uV?) in KA conditions (black) and following bath
application of 10uM tianeptine (green). (A) 2 weeks AMC, (B) 3 weeks AMC, (C) 4 weeks
AMC, (D) 5 weeks AMC, (E) 6 weeks AMC, and (F) late AMC. Error bars show SEM. **
denotes p < 0.01, and *** denotes p < 0.001 (Wilcoxon matched-paired signed rank test).

N.A.Marley, PhD Thesis, Aston University 2023 77



Overall, this demonstrates acute tianeptine can potentiate both spontaneous and KA-induced
gamma oscillations in both CA1 and CA3 in the hippocampus of control animals, therefore
increasing network excitability. Further consolidation of this is found in figure 4.5. which shows
the combined % change of both CA1 and CAS3 following application of tianeptine in

spontaneous conditions (figure 4.5. A) and in the presence of KA (figure 4.5. B).

Figure 4.5. A shows the combined percentage increase from spontaneous gamma oscillations
to tianeptine, with a 422.3 + 52.4% increase in CA1 (n = 52) and 656.7 + 268.7% in CA3 (n =
50, p = ns). Likewise, figure 4.5. B shows the combined percentage increase from KA-induced
gamma oscillations to tianeptine, with a 479.3 + 87.2% increase in CA1 (n = 54) and 420.0 £
96.9% in CA3 (n =66, p = ns). This demonstrates tianeptine can potentiate both CA1 and CA3

to the same degree in both spontaneous and KA conditions.
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Figure 4.5. Combined percentage increase following tianeptine application in
spontaneous and KA conditions.

Bar charts showing % change of raw gamma power (uV?) follow tianeptine application in
spontaneous conditions (A) and KA conditions (B). Red bars indicate CA1, and blue bars
indicate CA3. Error bars show SEM (Mann-Whitney test).

4.2.3. Effect of acute tianeptine on synaptic neurotransmission in CA1

Whole-cell voltage-clamp experiments were conducted to investigate the effect acute 10uM
tianeptine has on sEPSCs of control hippocampal CA1 pyramidal cells. The standard patch
method was used (chapters 2.2, 2.3.2). Like LFP experiments, timepoints to match the
equivalent ages during the latent period (weeks 2, 3, 4, 5 and 6 post-induction) and SRS (>3

months post-induction, named ‘late AMC’) were taken. Parameters studied to assess the effect
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of tianeptine on sEPSCs were amplitude (pA), decay time constant (tau, ms) and interevent

interval (IEl, ms). To maintain consistency, only CA1 pyramidal cells were studied.

For sEPSC amplitude, there is a trending increase in the size of sEPSCs once 10uM tianeptine
is bath applied onto slices (figure 4.6. A). This was only significantly different at 2 weeks AMC,
with baseline events showing a mean median peak amplitude of 10.0 £ 1.1 pA (n = 6) which

increases to 13.6 £ 1.8 pA (n = 6, p < 0.05) once tianeptine is added.

Both decay tau (figure 4.6. B) and IEI (figure 4.6. C) found no significant differences between
baseline and the addition of tianeptine across all timepoints studied. Meaning, tianeptine likely

does not affect the kinetics or frequency of sSEPSCs, respectively.

N
(3.}
|

== Baseline
== 10uM Tianeptine

*

>
Amplitude (pA)

= =N
o O ©O U1 ©
1 | | 1

w

—— Baseline
== 10uM Tianeptine

Decay tau (ms)

—— Baseline
=== 10uM Tianeptine

Figure 4.6. Changes in synaptic excitability by tianeptine.

Connected column mean graphs of sEPSC results for (A) mean median amplitude, (B)
mean median decay tau, and (C) mean median IEI. Black lines indicate baseline and green
lines indicate 10uM tianeptine. Error bars show SEM. * denotes p < 0.05 (Wilcoxon
matched-pairs signed rank test).
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4.3. Discussion

4.3.1. Pitfall in the whole-cell voltage clamp experiments

Overall, figures 4.1. — 4.5. demonstrate the ability for tianeptine to increase network activity
and neurotransmission in vitro. This effect was more pronounced in LFP experiments (figures
4.1. — 4.5.) than in whole-cell patch clamp recordings (figure 4.6.). This is likely due to the
smaller number of repeats done for patch clamp experiments due to time constraints. As there
is a clear trend emerging for peak amplitude following tianeptine application (figure 4.1. A),
future work may look to explore the effects of tianeptine further with larger data sets, therefore
improving the reliability of the results. Other studies investigating the acute effects of tianeptine
on EPSCs of hippocampal pyramidal cells have found a two-fold increase in peak amplitude
and an increase in decay time (Kole et al., 2002, Pillai et al., 2012). Meaning, it is likely figure

4.6. was unable to highlight this increase in EPSC effectively.

4.3.2. Mechanisms by which tianeptine potentiates oscillations

However, when studying the effects of tianeptine on local field network activity, a highly
significant and robust increase is observed across both CA1 and CA3 in both spontaneous
and KA-induced conditions across all timepoints studied. Current understanding of the
mechanisms of tianeptine fit with increased network activity, with phosphorylation of certain
sites on the GluA1 AMPAR subunit and increased phosphorylation of intracellular kinases
(e.g., CaMKIll) leading to AMPAR potentiation and increased function in the hippocampus
(McEwen et al., 2010). Thus, increased insertion/anchoring and conductance of post-synaptic
AMPARs in the hippocampus will increase gamma oscillations both with and without the

presence of KA.

Phosphorylation of just one of the two target serine residues on the GluA1 subunit of AMPARs
has been found to regulate AMPAR-mediated synaptic activity. Specific activation of PKC by
phorbol esters results in phosphorylation of Ser831, and specific activation of PKA by either
forskolin or 3-isobutyl-1-methylxanthine (IBMX) results in phosphorylation of the Ser845. This
resulted in increased synaptic activity via functional modulation of AMPARSs (Blackstone et al.,
1994, Roche et al., 1996). As mentioned above, phosphorylation of Ser831 is associated with
increased AMPAR channel conductance (Derkach et al., 1999, Jenkins and Traynelis, 2012),
while phosphorylation of Ser845 is associated with increased AMPAR trafficking and
stabilisation in the post-synaptic membrane, and decreased AMPAR internalisation (Lee et al.,
2000, Liu et al., 2009, Man et al., 2007).

Tianeptine can modulation both serine residues on the GluA1 AMPAR subunit, therefore
increasing overall AMPAR neurotransmission in the hippocampus, and resulting increased
local field activity (Szegedi et al., 2011, Zhang et al., 2013). This modulation of intracellular
kinase activity by tianeptine is confirmed by Kole et al., who found this increased EPSC activity

by tianeptine is neutralised in the presence of the broad-spectrum kinase inhibitor
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staurosporine. Staurosporine primarily effects PKC activity but has been noted to also
modulate PKA and CaMKII activity (Kole et al., 2002, Tamaoki et al., 1986).

Centrally, if tianeptine can potentiate local field network activity in vitro via AMPAR
neurotransmission, then AMPAR antagonists should attenuate neurotransmission. The use of
different AMPAR antagonists have been found to reduce hippocampal neurotransmission,
including the selective, non-competitive AMPAR antagonists CP 465022 (Menniti et al., 2003),
the competitive AMPAR/KAR antagonists CNQX and DNQX (Andreasen et al., 1989), the
selective, non-competitive AMPAR antagonists GYKI 52466 (Tarnawa et al., 1992), and the
non-selective GluA1 and GIuA3 AMPAR subunit antagonist Philanthotoxin 74 (Lu et al., 2009).
Thus, showing the effect potentiation and attenuation of AMPARs have on increasing and

decreasing local field and synaptic activity respectively.

It is also worth noting that studies have demonstrated that tianeptine is a full agonist of the mu
opioid receptor (MOR). Widely expressed in the hippocampus, MOR is a Gi/o-coupled
receptor, with presynaptic activation altering neuron excitability via suppression of presynaptic
release of GABA. Activation of MOR requires a smaller concentration than that of
glutamatergic receptors, meaning Gassaway et al. hypothesises that tianeptine’s modulation
of the glutamatergic system may occur indirectly, via opioid receptor signalling. For example,
activation of MOR on CA1 inhibitory interneurons results in decreased activity, therefore
disinhibiting CA1 glutamatergic neurons, resulting in enhanced excitability. As such, it cannot
be ignored the role MORs may be playing in potentiating both spontaneous and KA-mediated
gamma oscillations in the hippocampus (Gassaway et al., 2014, Samuels et al., 2017,
Svoboda et al., 1999). An option for ruling out the role MOR activation may play in gamma
oscillation potentiation using tianeptine would be to coapply a MOR antagonist (e.g.,

naloxone).

Overall, acute application of tianeptine results in rapid and dynamic increases in local field and
synaptic activity in the hippocampus. Understanding the physiological effects of tianeptine has
therapeutic application in disorders which may be associated with reductions in AMPAR-

mediated neurotransmission.
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Chapter 5 The effect of tianeptine during epileptogenesis in vitro
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5.1. Introduction

In chapter 3, it has been shown there is a reduction in network excitability in the hippocampus
ex vivo in both spontaneous and KA-induced conditions during epileptogenesis, particularly
during the latent period (weeks 5 — 6 post-induction). Previous work studying epileptogenesis
using the RISE model hypothesises this reduction in network excitability is due to a specific
loss of AMPAR-mediated neurotransmission. Interestingly, there continues to be a loss of
AMPARs even once animals enter the SRS stage of epileptogenesis. Suggesting, this
hypoexcitability during the latent period is possibly associated with the progression of
epileptogenesis (Needs et al., 2019). Chapter 4 then investigated the hippocampal
physiological response to bath applied 10uM tianeptine in vitro and confirmed the idea that
tianeptine modulates network activity via postsynaptic AMPAR neurotransmission (McEwen et
al., 2010).

Epilepsy is described as an imbalance of excitation and inhibition (E/I balance). Notably,
epilepsy has been associated with an increase in excitation and/or decrease in inhibition,
leading to the emergence of hyperexcitability and hypersynchronous seizures. As such, the
majority of the anti-epileptic drugs available are aimed at restoring E/I balance, therefore
reducing seizure intensity and frequency (e.g., carbamazepine and topiramate) (Shao et al.,
2019). Our understanding of epileptogenesis from the RISE model looks to challenge this idea.
It is hypothesised that a loss of AMPAR neurotransmission in the hippocampus, i.e., loss of
excitation, will lead to the development of epileptic seizures. This introduces the question: is it
possible to modify AMPAR neurotransmission, and therefore slow/prevent the progression to
clinical seizures? As described in chapter 4, a drug with anti-epileptogenic potential could be
tianeptine. Given the ability for tianeptine to increase AMPAR channel conductance while
increasing postsynaptic AMPAR insertion and stabilisation (McEwen et al., 2010), tianeptine

could be used as a way of normalising this E/I imbalance by increasing neuronal excitability.

As such, chapter 5 will look to combine these two ideas by exploring the effect of tianeptine on
local field and synaptic activity in the hippocampus of both RISE animals and AMC during
epileptogenesis in vitro. Like chapters 3 and 4, timepoints exploring the latent period (weeks 2
— 6 post-induction) and the SRS (>3 months post-induction) stages of epileptogenesis were
explored. The effect of tianeptine was again explored in both spontaneous and KA-induced

conditions.

5.2. Results

5.2.1. The effect of tianeptine on spontaneous network activity for AMC and RISE

Horizontal hippocampal-entorhinal slices were prepared of AMC and RISE-induced rats during
timepoints for the latent period (weeks 2, 3, 4, 5, and 6 post-induction) and SRS (>3 months

post-induction) using the standard LFP method (chapter 2.5.). Healthy brain slices are known
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to readily generate spontaneous gamma oscillations in both CA1 and CA3 region of the
hippocampus. Like chapters 3 and 4, two analysis parameters were examined to assess the
differences in network excitability — peak raw power and area under the curve (AUC). A band-

pass of 15 — 49 Hz was used to isolate gamma frequencies.

Following stabilisation of spontaneous gamma band activity for at least 30 minutes, 10uM
tianeptine was added for a further 30 minutes minimum. Figure 5.1. shows the normalised %
change (increase) following acute bath application of 10uM tianeptine in AMC and RISE
animals across all timepoints studied. Data is normalised to baseline conditions (pre-
tianeptine). In CA1 (figure 5.1. Ai, Bi) there are trending decreases in network excitability in
RISE animals as the latent period progresses following application of tianeptine when
employing both raw power and AUC analyses. For raw power analysis (figure 5.1. Ai), AMC
saw a 2.7- to 4-fold increase in network activity in spontaneous gamma oscillations in CA1
following bath application of tianeptine across all timepoints studied. This differs from RISE
animals, with a trending decrease in response to tianeptine as the latent period progresses,
and normalisation back to control as animals reach the SRS stage of epileptogenesis.
Significantly, week 6 post-induction has the largest difference in response to tianeptine, with
AMC showing a 404.3 £ 89.4% (n = 10 increase in spontaneous gamma oscillations in CA1
following acute application of tianeptine, compared to 180.6 £ 82.1% (n =7, p < 0.05) in RISE
animals. For AUC analysis (figure 5.1. Bi), a similar story emerges with RISE animals showing
the weakest response to acute tianeptine application at week 6 post-induction. AMC shows a
319.4 £ 54.3% (n = 11) increase in spontaneous gamma oscillations in CA1 following acute
application of tianeptine, compared to 176.8 + 53.0% (n = 7, p < 0.05) in RISE animals. These
data suggest that, although spontaneous gamma oscillations can respond to tianeptine and
increase network excitability in RISE animals during the latent period, this response is

defective and follows the trend of decreased network excitability during epileptogenesis.

Moreover, in CA3 (figure 5.1. Aii, Bii), a similar story emerges. For raw power analysis (figure
5.1. Aii), a trending decrease in response to tianeptine application into the latent period is
observed in RISE animals. Compared to CA1, this becomes significant slightly earlier, by week
5 post-induction. For AMC, there is a 396.4 + 89.3% (n = 7) increase in spontaneous gamma
oscillations in CA3 following tianeptine application. For RISE, this is reduced to a 151.8 %
55.0% (n =10, p <0.01) increase in RISE animals. This continues into 6 weeks post-induction,
with AMC showing a 285.3 + 66.1% (n = 8) increase in spontaneous gamma oscillations
following tianeptine application, compared to 97.2 + 16.6% (n = 6, p < 0.01) change in RISE
animals. Interestingly, CA3 6 weeks post-induction was the first time tianeptine had an
opposing effect and decreased spontaneous gamma activity by 2.8%. For AUC analysis (figure
5.1. Bii), a trending decrease in tianeptine responsiveness into the latent period is also
observed. This also becomes first significant at 5 weeks post-induction, with AMC showing a
399.6 £ 70.5% (n = 7) increase in spontaneous gamma activity compared to 178.6 + 24.1% (n

=10, p=0.01) in RISE animals. This continues into week 6 post-induction, with AMC showing
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a 252.1 £ 40.6% (n = 8) increase in spontaneous gamma activity compared to 111.9 £ 14.5%
(n =6, p £0.01) in RISE animals. Meaning, network excitability and responsiveness to
tianeptine is blunted in CA3 in RISE animals during the latent period compared to AMC. In raw

power analysis, but not AUC analysis, there is a small decrease in spontaneous network

activity in CA3, meaning tianeptine decreases network excitability at 6 weeks post-induction.
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Figure 5.1. Comparison of tianeptine response on spontaneous network excitability
in the hippocampus throughout epileptogenesis for AMC and RISE.

Connected column mean graphs of weeks 2, 3, 4, 5, 6 and SRS (>3 months) post-induction.
(A) Graphs Ai and Aii show normalised % change from baseline to tianeptine of raw peak
power (MV?) for CA1 and CA3, respectfully. (B) Graphs Bi and Bii show % change of AUC
analysis for CA1 and CA3, respectfully. A manual band-pass of 15 — 49 Hz was used to
isolate gamma oscillations. Red (left) represents CA1 and blue (right) represents CA3. Error
bars show SEM. * denotes p < 0.05 and ** denotes p < 0.01 (Mann-Whitney test).
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5.2.2. The effect of tianeptine on spontaneous network activity for AMC and RISE - 6

weeks post-induction

As shown by figure 5.1., both CA1 and CA3 show significant deficits in response to tianeptine
in spontaneous conditions in RISE animals by 6 weeks post-induction. The next section of this
chapter will be delving more deeply into the spontaneous local field changes which occur in
week 6 post-induction in CA1 (figure 5.2.) and CA3 (figure 5.3.) of the hippocampus following

application of tianeptine.

Figure 5.2. shows the response to tianeptine in spontaneous conditions in AMC animals (figure
5.2. Ai — Aiv) and RISE animals (figure 5.2. Bi — Biv) in CA1. In AMC, there is a clear increase
in gamma power following bath application of 10uM tianeptine. Figure 5.2. Ai shows an
example FFT with its corresponding raw trace (figure 5.2. Aii). A highly synchronous gamma
peak forms ~30Hz following application of tianeptine. Peak raw gamma power saw an increase
from 5.7 + 2.8 uV? (figure 5.2. Aiii, n = 10) for spontaneous gamma oscillations to 21.2 + 10.5
pV? (n =10, p < 0.01) following the addition of tianeptine. Peak gamma frequency also saw a
significant change, with the spontaneous gamma rhythm oscillating at 30.7 £ 1.2 Hz (figure
5.2. Aiv, n = 10) and decreasing to 27.0 + 0.7 Hz (n = 10, p < 0.01) following application of

tianeptine.

However, in RISE animals 6 weeks post-induction, smaller, less coherent gamma oscillations
emerge following bath application of tianeptine in CA1. Figure 5.2. Bi shows an example FFT
with its corresponding raw trace (figure 5.2. Bii). There is no defined gamma peak followed
application of tianeptine, showing defective network synchrony (despite showing small but
coherent gamma oscillations during spontaneous conditions). There is also the emergence of
this slower frequency element oscillating at ~5Hz. Peak raw gamma power saw no change
following bath application of tianeptine (spontaneous gamma saw 0.9 + 0.4 yV2, n =7; 10uM
tianeptine saw 1.0 £ 0.3 yV?, p = ns, figure 5.2. Biii). Similarly, peak gamma frequency also
saw no change following bath application of tianeptine (spontaneous gamma saw 22.9 + 1.2

Hz, n = 8; 10uM tianeptine saw 22.1 £ 2.5 Hz, n = 8, p = ns, figure 5.2. Biv).

Equally, figure 5.3. shows the response to tianeptine in AMC animals (figure 5.3. Ai — Aiv) and
RISE animals (figure 5.3. Bi — Biv) in CA3 at 6 weeks post-induction. In AMC, there is a
sustained increase in gamma power following bath application of 10uM tianeptine. Figure 5.3.
Ai shows an example FFT with its corresponding raw trace (figure 5.3. Aii). Again, a highly
synchronised gamma peak forms ~30Hz following application of tianeptine in CA3. Peak raw
gamma power saw an increase from 182.6 + 78.2 uV? (figure 5.3. Aiii, n = 7) for spontaneous
gamma oscillations to 505.4 + 263.1 uV2 (n = 7, p < 0.05) following the addition of tianeptine.
Peak gamma frequency also saw a significant change, with the spontaneous gamma rhythm
oscillating at 31.7 £ 1.2 Hz (figure 5.3. Aiv, n = 7) and decreasingto 284+ 1.3 Hz(n=7,p <

0.05) following application of tianeptine.

N.A.Marley, PhD Thesis, Aston University 2023 86



However, in RISE animals 6 weeks post-induction, low amplitude, low coherent gamma
oscillations emerge following bath application of tianeptine in CA3 also. Figure 5.3. Bi shows
an example FFT with its corresponding raw trace (figure 5.3. Bii). Although still possible to
identify the peak, tianeptine produces broadband gamma oscillations in spontaneous
conditions in CA3. Peak raw gamma saw no change following bath application of tianeptine
(spontaneous gamma saw 2.4 £ 1.7 yV?, n = 6; 10uM tianeptine saw 1.9+ 1.3 yV2,n =6, p =
ns, figure 5.3. Biii). Similarly, peak gamma frequency also saw no change following bath
application of tianeptine (spontaneous gamma saw 29.4 + 4.2 Hz, n = 6; 10uM tianeptine saw
24.0+ 2.7 Hz, n =6, p = ns, figure 5.3. Biv).
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Figure 5.2. Exploring the effect of tianeptine in CA1 - week 6 post-induction of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing spontaneous oscillations (black) and in the presence of 10uM tianeptine
(green). (Aii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for
both spontaneous and tianeptine. (Aiv) bar chart showing peak gamma frequency for spontaneous and tianeptine. (Bi) RISE example FFT showing
spontaneous oscillations (black) and in the presence of 10uM tianeptine (red). (Bii) one second raw trace from the same experiment (lIR filtered to a band-
pass of 15 — 49 Hz). (Biii) bar chart showing raw gamma power for both spontaneous and tianeptine. (Biv) bar chart showing peak gamma frequency for
spontaneous and tianeptine. Error bars show SEM. ** denotes p < 0.01 (Wilcoxon matched-pairs signed rank test).
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Figure 5.3. Exploring the effect of tianeptine in CA3 - week 6 post-induction of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing spontaneous oscillations (black) and in the presence of 10uM tianeptine
(green). (Aii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for
both spontaneous and tianeptine. (Aiv) bar chart showing peak gamma frequency for spontaneous and tianeptine. (Bi) RISE example FFT showing
spontaneous oscillations (black) and in the presence of 10uM tianeptine (red). (Bii) one second raw trace from the same experiment (lIR filtered to a band-
pass of 15 — 49 Hz). (Biii) bar chart showing raw gamma power for both spontaneous and tianeptine. (Biv) bar chart showing peak gamma frequency for
spontaneous and tianeptine. Error bars show SEM. * denotes p < 0.05 (Wilcoxon matched-pairs signed rank test).

N.A.Marley, PhD Thesis, Aston University 2023 89



Taken together, these data confirm spontaneous local field gamma oscillations at 6 weeks
post-induction are heavily defective in RISE animals. Furthermore, it appears acute bath
application of 10uM tianeptine is unable to recover spontaneous oscillations in both CA1 and
CA3, with both peak power and the frequency showing deficits. The next section of this thesis
will explore the effects of acute tianeptine application onto gamma oscillations already

‘oscillating’ in the presence of 200nM KA.

5.2.3. The effect of tianeptine on KA-induced network activity for AMC and RISE

Like the spontaneous experiments above, horizontal hippocampal-entorhinal slices were
prepared from AMC and RISE-induced rats during timepoints for the latent period (weeks 2, 3,
4, 5, and 6 post-induction) and SRS (>3 months post-induction) using the standard LFP
method (chapter 2.5.). Healthy brain slices are known to readily generate spontaneous gamma
oscillations in both CA1 and CA3 region of the hippocampus, with bath application of 200nM
KA potentiating these gamma oscillations. Two analysis parameters were examined to assess

the differences in network excitability — peak raw power and area under the curve (AUC).

Following stabilisation of spontaneous gamma band activity for at least 30 minutes, 200nM KA
was added for a further 30 minutes minimum. Following stabilisation of KA-induced gamma
band activity, 10uM tianeptine was bath applied for a further 30 minutes. Figure 5.4. shows the
normalised % change from baseline to tianeptine following acute bath application of 10uM
tianeptine in AMC and RISE animals already oscillating in 200nM KA. In CA1 (figure 5.4. Aj,
Bi) there is a trend towards decreased network excitability and responsiveness to tianeptine in
RISE animals as the latent period progresses when employing both raw power and AUC
analyses. For raw power analysis (figure 5.4. Ai), AMC saw a 2.7 — 5.5-fold increase in network
activity in KA-induced gamma oscillations in CA1 following application of tianeptine across all
timepoints studied. This differs from RISE animals, with a trending decrease in response to
tianeptine as the latent period progresses, and ‘normalisation’ back to control as animals reach
the SRS stage of epileptogenesis. There are significant differences between AMC and RISE
at weeks 4 and 6 post-induction. At 4 weeks post-induction, AMC demonstrates a 420.0 +
66.4% (n = 7) increase compared to a marginal 104.1 £ 30.0% (n = 12, p < 0.001) increase in
KA-induced gamma oscillations following acute bath application of tianeptine. Likewise, at 6
weeks post-induction, AMC demonstrates a 441.8 £+ 133.7% (n = 6) increase compared to
150.5 £ 28.0% (n = 8, p < 0.05) increase in RISE animals in KA-induced gamma oscillations
following acute bath application of tianeptine. Interestingly, this response to tianeptine is
regained once animals enter the SRS stage of epileptogenesis in CA1 (AMC increases by
556.9 £ 213.5%, n = 6; RISE increases by 432.0 + 116.5%, n =9, p = ns).

For AUC analysis of CA1 (figure 5.4. Bi), a similar story emerges with RISE animals showing
reductions in network excitability and responsiveness to tianeptine as the latent period
progresses, with ‘recovery’ once animals reach SRS. For AUC analysis, AMC saw a 1.6 — 3.1-
fold increase in network activity in KA-induced gamma oscillations in CA1 following application
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of tianeptine across all timepoints studied. Significant differences between AMC and RISE are
demonstrated at weeks 4, 5, and 6 post-induction. At 4 weeks post-induction, AMC
demonstrates a 221.4 £ 43.0% (n = 7) increase following tianeptine application. This differs
hugely to RISE, which saw an overall decrease to 80.0 £ 17.6% (n = 12, p < 0.01) following
tianeptine application — this is a 20% decrease in AUC compared to KA-only conditions. At 5
weeks post-induction, AMC demonstrates 190.4 £ 15.1% (n = 8) increase compared to a small
101.1 £ 28.3% (n = 8, p = 0.01) increase in RISE following tianeptine application. Likewise, at
6 weeks post-induction, AMC demonstrates 317.6 £ 107.6% (n = 6) increase compared to a
marginal 124.1 + 21.3% (n =9, p < 0.01) increase in RISE following tianeptine application. As
seen with raw power analysis, this response to tianeptine is regained once animals enter the
SRS stage of epileptogenesis in CA1 (AMC increases by 264.1 £ 73.0%, n = 6; RISE increases
by 232.8 £41.7%, n =9, p = ns).

Overall, this demonstrates network excitability and responsiveness to tianeptine is dampened
in the CA1 subregion of the hippocampus in RISE animals. This first emerges by 4 weeks post-
inductions and continues into week 6 post-induction. It appears that responsiveness to

tianeptine is regained once animals enter the SRS stage of epileptogenesis.

In CA3 (figure 5.4. Aii, Bii) there are trending decreased in network excitability and
responsiveness to tianeptine in RISE animals as the latent period progresses when employing
both raw power and AUC analyses. Significantly, unlike CA1, there does not appear to be
recovery in response to tianeptine once animals enter the SRS stage of epileptogenesis. For
raw power analysis (figure 5.4. Aii), AMC saw a 2.5 — 3.6-fold increase in network activity in
KA-induced gamma oscillations in CA3 following application of tianeptine across all timepoints
studied. This differs from RISE animals, with a trending decrease in response to tianeptine as
the latent period progresses, and continuation of this decrease even once animals reach SRS.
There are significant differences between AMC and RISE at weeks 4, 5, 6 and SRS post-
induction. At 4 weeks post-induction, AMC has a 359.3 + 76.0% (n = 9) increase in KA-induced
gamma oscillations following application of tianeptine, compared to a decrease of 89.8 £ 28.8%
(n=10, p=<0.001) for RISE. This is a decrease in raw power of 10.2% at week 4 post-induction.
By 5 weeks post-induction, AMC continues to respond effectively to tianeptine with a 255.7 +
26.2% (n = 11), comparatively to RISE which appears to decrease further following application
of tianeptine (85.0 £ 21.5%, n = 10, p < 0.001), showing a 15.0% decrease in peak gamma
power. This develops further into 6 weeks post-induction, with AMC showing a 300.0 £ 54.5%
(n =11) increase in KA-induced gamma oscillations following tianeptine application, compared
to a declining 78.4 + 23.0% (n = 8, p = 0.01) change in RISE. Week 6 post-induction shows
the largest reduction in raw gamma power in RISE animals, with a 21.6% reduction compared
to peak gamma power in KA-only conditions. Finally, contrastingly to CA1, this lack of response
to tianeptine continues into the SRS stage of epileptogenesis in CA3. For AMC, there is a

291.1 £ 73.0% (n = 8) increase in peak gamma power following application of tianeptine. For
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RISE animals, there is a marginal 103.3 £ 14.7% (n = 8, p < 0.01) increase, meaning there is

no real change following application of tianeptine onto KA-induced gamma oscillations.

For AUC analysis (figure 5.4. Bii), AMC saw a 1.7 — 2.6-fold increase in network activity in KA-
induced gamma oscillations in CA3 following application of tianeptine across all timepoints
studied. This differs from RISE animals, with a trending decrease in response to tianeptine as
the latent period progresses, and continuation of this decrease even once animals reach SRS.
There are significant differences between AMC and RISE at weeks 4, 5, 6 and SRS post-
induction. At 4 weeks post-induction, AMC has a 264.6 £ 42.1% (n = 7) increase in KA-induced
gamma oscillations following application of tianeptine, compared to a decrease of 72.0 £ 17.3%
(n=11, p<0.001) for RISE. This is a decrease in AUC of 28.0% at week 4 post-induction. By
week 5 post-induction, AMC continues to respond effectively to tianeptine with a 188.1 £ 19.4%
(n = 10), comparatively to RISE which appears to decrease further following application of
tianeptine (67.1 £ 14.4%, n = 10, p < 0.001), showing a staggering 32.9% decrease in gamma
AUC. This continues into 6 weeks post-induction, with AMC showing a 235.2 + 39.2% (n = 9)
increase in AUC following tianeptine application, compared to a reduction to 72.2 + 20.9% (n
=8, p<0.01) in RISE animals. This is another reduction of 27.8% in AUC following application
of tianeptine. Finally, as also shown in peak raw power analysis, reductions in responsiveness
to tianeptine in RISE animals continues into the SRS stage of epileptogenesis. AMC
demonstrates a 173.4 + 36.0% (n = 8) increase following tianeptine application, compared to
94.2 + 12.9% (n = 8, p < 0.05) reduction in RISE. Although this is still a decrease of 5.8%
compared to KA-only conditions, this is an improvement when compared to reductions seen

during the latent period following application of tianeptine.

To conclude, figure 5.4. shows acute application of 10uM tianeptine to ex vivo epileptic brain
slices already oscillating with KA results in reduced responsiveness to tianeptine from week 4
post-induction in both CA1 and CA3, and even declines in overall peak raw gamma and AUC.
Interestingly, there appears to be ‘recovery’ in CA1 once animals enter the SRS stage of
epileptogenesis which is not replicated in CA3. This may be significant in our understanding of
epileptogenesis and what drives this transition from the seizure-free latent period into the

presentation of clinical seizures (SRS).
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Figure 5.4. Comparison of tianeptine response on KA-induced network excitability in
the hippocampus throughout epileptogenesis for AMC and RISE.

Connected column mean graphs of weeks 2, 3, 4, 5, 6 and SRS (>3 months) post-induction.
(A) Graphs Ai and Aii show % change of raw peak power (uV?) for CA1 and CAS3,
respectfully. (B) Graphs Bi and Bii show % change of AUC analysis for CA1 and CA3,
respectfully. A manual band-pass of 15 — 49 Hz was used to isolate gamma oscillations.
Red (left) represents CA1 and blue (right) represents CA3. Error bars show SEM. * denotes
p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 (Mann-Whitney test).

5.2.4. The effect of tianeptine on KA-induced network activity for AMC and RISE — SRS

stage of epileptogenesis

As shown by figure 5.4., there appears to be ‘recovery’ in response to tianeptine in KA
conditions in the CA1 subregion of the hippocampus once animals have reached the SRS
stage of epileptogenesis. This contrasts with CA3, where there is little to no change following
application of tianeptine. The next section of this chapter will be delving more deeply into the
KA-mediated local field changes which occur during SRS in CA1 (figure 5.5.) and CA3 (figure

5.6.) of the hippocampus following application of tianeptine.
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Figure 5.5. shows the response to tianeptine in KA conditions in AMC animals (figure 5.5. Ai —
Aiv) and RISE animals (figure 5.5. Bi — Biv) in CA1. In AMC, there is a clear increase in gamma
power following bath application of 10uM tianeptine. Figure 5.5. Ai shows an example FFT with
its corresponding raw trace (figure 5.5. Aii). A highly synchronous gamma peak forms ~25Hz
following application of tianeptine. Peak raw gamma power saw an increase from 25.4 + 8.4
pV? (figure 5.5. Aiii, n = 9) for KA-induced gamma oscillations to 143.8 + 57.6 yV? (n =9, p <
0.01) following the addition of tianeptine. Peak gamma frequency also saw a significant
change, with the KA-mediated gamma rhythm oscillating at 27.9 + 1.1 Hz (figure 5.5. Aiv, n =
9) and decreasing to 23.9 £ 0.9 Hz (n = 9, p < 0.01) following application of tianeptine.

A similar trend emerges for RISE animals during the SRS stage of epileptogenesis. As seen
in figure 5.5. Bi and Bii, CA1 is still able to produce robust gamma responses following bath
application of both KA and tianeptine. Peak raw gamma power saw an increase from 244.7 +
187.1 puV?2 (figure 5.5. Biii, n = 9) to 621.4 + 302.2 yV? (n = 9, p < 0.05) following application of
tianeptine. Peak gamma frequency also saw a significant change, with the KA-mediated
gamma rhythm oscillating at 31.1 £ 0.7 Hz (figure 5.5. Biv, n = 9) and decreasing to 25.7 £ 1.6
Hz (n =9, p < 0.05) following application of tianeptine.

Overall, this shows that despite a lack of response to tianeptine in KA conditions during the
latent period of epileptogenesis (figure 5.4.), CA1 can ‘recover’ and regain network excitability
during the SRS stage of epileptogenesis, with both the power and frequency of the gamma

rhythm being comparable to AMC.

In contrast, it appears the tianeptine response in KA-mediated conditions continues to be
defective into the SRS stage of epileptogenesis in CA3. Figure 5.6. shows the response to
tianeptine in KA conditions in AMC animals (figure 5.6. Ai — Aiv) and RISE animals (figure 5.6.
Bi — Biv). In AMC, there is an obvious increase in gamma power following bath application of
10uM tianeptine. Figure 5.6. Ai shows an example FFT with its corresponding raw trace (figure
5.6. Aii). A highly synchronous gamma peak forms ~2-Hz following application of tianeptine.
Peak raw power saw an increase from 805.3 + 336.1 pV? (figure 5.6. Aliii, n = 8) for KA-induced
gamma oscillations to 2310.0 + 1106.0 yV? (n = 8, p < 0.01) following the addition of tianeptine.
Peak gamma frequency also saw a significant decrease, from 30.0 + 1.1 Hz (figure 5.6. Aiv, n

= 8) in KA-only conditions to 25.3 £ 1.5 Hz (n = 8, p < 0.01) following the addition of tianeptine.

This differs from the tianeptine response in KA-mediated conditions in the CA3 subregion of
the hippocampus in RISE animals. As seen in figure 5.6. Bi and Bii, CA3 is able to produce a
substantial and robust increase in gamma power following application of 200nM KA, but there
are minimal changes in the peak gamma power once tianeptine is introduced. This is confirmed
when analysing peak raw power, which saw no significant change following application of
tianeptine (peak raw power for KA was 3947.0 + 2986.0 uV?, n = 8; peak raw power for
tianeptine was 4763.0 + 3415.0 yV?, n = 8, p = ns). Interestingly, despite this lack of change in

network excitability following application of tianeptine, the speed of the gamma rhythm is
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maintained, with the KA-mediated gamma rhythm oscillating at 31.1 £ 0.7 Hz (figure 5.6. Biv,
n = 8) and decreasing to 25.9 + 1.0 Hz (n = 8, p < 0.01) following application of tianeptine.

Fundamentally, this tells us both CA1 and CA3 can respond effectively following bath
application of 200nM KA during the SRS stage of epileptogenesis. However, following
application of 10uM tianeptine, only CA1 can increase network excitability further.
Furthermore, the speed of the gamma rhythm is maintained in both CA1 and CA3 even
following application of tianeptine. This tells us there are specific deficits in network excitability
in CA3 during SRS which may be significant in our understanding of what drives

epileptogenesis and the presentation of clinical seizures.
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Figure 5.5. Exploring the effect of tianeptine in CA1 — SRS stage of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing KA oscillations (black) and in the presence of 10uM tianeptine (green).
(Aii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for both KA
and tianeptine. (Aiv) bar chart showing peak gamma frequency for KA and tianeptine. (Bi) RISE example FFT showing KA oscillations (black) and in the
presence of 10uM tianeptine (red). (Bii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Biii) bar chart showing
raw gamma power for both KA and tianeptine. (Biv) bar chart showing peak gamma frequency for KA and tianeptine. Error bars show SEM. * denotes p
< 0.05 and ** denotes p < 0.01 (Wilcoxon matched-pairs signed rank test).
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Figure 5.6. Exploring the effect of tianeptine in CA3 — SRS stage of epileptogenesis.

(A) represents AMC and (B) represents RISE. (Ai) AMC example FFT showing KA oscillations (black) and in the presence of 10uM tianeptine (blue). (Aii)
one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Aiii) bar chart showing raw gamma power for both KA and
tianeptine. (Aiv) bar chart showing peak gamma frequency for KA and tianeptine. (Bi) RISE example FFT showing KA oscillations (black) and in the
presence of 10uM tianeptine (blue). (Bii) one second raw trace from the same experiment (lIR filtered to a band-pass of 15 — 49 Hz). (Biii) bar chart
showing raw gamma power for both KA and tianeptine. (Biv) bar chart showing peak gamma frequency for KA and tianeptine. Error bars show SEM. **
denotes p < 0.01 (Wilcoxon matched-pairs signed rank test).
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5.2.5. Network excitability and the transition from the latent period to SRS

Understanding the network dynamics which result in the transition from the latent period to the
presentation of the first clinical seizure is imperative to preventing this transition to SRS. Figure
5.7. looks to summarise the effects of tianeptine on both spontaneous and KA-induced gamma
oscillations in both CA1 and CA3 during the latent period (6 weeks post-induction) and the

SRS stage of epileptogenesis.

In CA1, there are significant increases in network excitability following the transition from the
latent period to SRS. Bath application of 10uM tianeptine onto spontaneous gamma
oscillations results in an increase of raw gamma power from 180.6 + 82.2% (figure 5.7. Ai, n =
7) during the latent period to 280.7 + 47.7% (n = 7, p < 0.05) during SRS. Similarly, RISE
animals already oscillating with KA increase from 150.5 + 28.0% (figure 5.7. Aii, n = 8) during
the latent period, compared to 432.0 £ 116.5% (n = 9, p < 0.05) during SRS following
application of tianeptine. Meaning, overall network activity in CA1 is reduced during the latent
period (6 weeks post-induction) which appears to recover once animals reach the SRS stage

of epileptogenesis.

In CA3, there are only significant increases in network excitability following the transition from
the latent period to SRS when tianeptine is applied to spontaneously oscillating brain slices.
Bath application of 10uM tianeptine onto spontaneous gamma oscillations results in an
increase of raw gamma power from 97.2 + 16.6% (figure 5.7. Bi, n = 6) during the latent period,
to 178.7 £ 23.7% (n = 7, p < 0.05) during SRS. Meaning, similar to CA1, there is an increase
in network responsiveness and activity when tianeptine is applied to spontaneous gamma
oscillations. However, this is not replicated when epileptic brain slices were pre-incubated with
200nM KA. There is a non-significant change between the latent period (6 weeks post-
induction) and SRS when tianeptine is applied to brain slices already oscillating with KA. During
the latent period, there is a decrease in peak power to 78.4 + 23.0% (figure 5.7. Bii, n = 8)
which is a reduction by 21.6% prior to tianeptine application. During the SRS stage of
epileptogenesis, there is a small but non-significant increase to 103.3 + 14.7% (n = 8, p = ns)
following application of tianeptine. This shows that there is little improvement in network
excitability between the latent period and SRS in CA3, and likely the introduction of KA prior
to tianeptine has already pushed network excitability to its maximal rate. This could be
fundamental in our understanding of network excitability and seizure initiation during

epileptogenesis.
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Figure 5.7. Comparison of network excitability during the latent period and SRS
following tianeptine application in spontaneous and KA conditions.

Bar graphs showing % change of raw peak power (uV?) between the latent period (6 weeks
post-induction) and the SRS stage of epileptogenesis. (Ai) % change of tianeptine when
applied to spontaneous gamma oscillations in CA1, (Aii) % change of tianeptine when
applied to KA-induced gamma oscillations in CA1, (Bi) % change of tianeptine when applied
to spontaneous gamma oscillations in CA3, and (Bii) % change of tianeptine when applied
to KA-induced gamma oscillations in CA3. A manual band-pass of 15 — 49 Hz was used to
isolate gamma oscillations. Red/orange represents CA1, and blue/purple represents CA3.
Error bars show SEM. * denotes p < 0.05 (Mann-Whitney test).

5.2.5. The effect of tianeptine on synaptic activity during epileptogenesis

Whole-cell voltage-clamp experiments were conducted to investigate the changes to sEPSCs
in AMC and RISE across the progression of epileptogenesis in the hippocampus using the
standard patch method (chapters 2.2, 2.3.2). Like LFP experiments, timepoints during the
latent period (weeks 2, 3, 4, 5 and 6 post-induction) and SRS (>3 months post-induction) were
taken. Parameters studied to assess the effect of acute tianeptine application during
epileptogenesis on sEPSCs were amplitude (pA), decay time constant (tau, ms) and interevent
interval (IEl, ms). To maintain consistency and due to the fragility of neurons in CA3 following
epileptogenesis, which is likely due to chronic inflammation, patch clamp recordings were only

possible in the CA1 subregion of the hippocampus.
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As can be seen in figure 5.8., there appears to be little difference in the response to tianeptine
when comparing AMC and RISE across amplitude. However, for IEl of sSEPSC in RISE animals
(figure 5.8. C), there does seem to be a trending decrease in the frequency of sEPSCs as the
latent period progresses, with ‘recovery’ again once animals reach the SRS stage of
epileptogenesis when comparing to AMC. As described in chapter 4, it is likely the small data
sets used for the effects of tianeptine on sEPSC are accounting for this lack of significance

seen in the LFP data. As such, future work should look to use larger data sets.
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Figure 5.8. Changes in synaptic excitability by tianeptine in AMC and RISE.

Connected column mean graphs showing normalised % change of baseline to bath
application of tianeptine sEPSC results for (A) mean median amplitude, (B) mean median
decay tau, and (C) mean median IEI. Black lines indicate AMC and red lines indicate RISE
following application of 10uM tianeptine.
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5.3. Discussion

Studying the effects of tianeptine on network excitability in the hippocampus during
epileptogenesis has shown us several significant network changes which may be central to
the progression of epileptogenesis. Firstly, there appears to be a reduction in network
excitability and response to tianeptine during the latent period in both spontaneous and KA-
induced gamma oscillations. This deficit also extended to the frequency of the gamma
oscillation. Secondly, although there is an overall boost in network excitability to KA during the
SRS stage of epileptogenesis, only CA1 can increase further upon application of tianeptine.
This discussion chapter looks to consider these polar changes in network excitability and how

they may trigger the transition from the latent period to the presentation of clinical seizures.

5.3.1. Network excitability and the response to tianeptine during the latent period

As demonstrated in figure 5.1. — 5.4, the response to tianeptine becomes defective during the
latent period in both spontaneous and KA-induced conditions. This is most consistent by week
6 post-induction, showing acute bath application of 10uM tianeptine was unable to rescue the
network excitability in RISE animals. This is exhibited most obviously in figures 5.2. (Biii) and
5.3. (Biii) where there is no change in raw peak power to the already compromised gamma

oscillations following bath application of tianeptine in CA1 and CA3, respectively.

Our understanding of the hippocampal receptor protein changes which occur during the latent
period have come from studying the RISE model of epileptogenesis. There are significant
reductions in the GluA1, GIuA2 and GIuA3 AMPAR subunits. In approximate terms, there is a
~80% reduction in the protein expression of the GluA1 subunit during the latent period of RISE
animals compared to AMC. Also, there is ~50% reduction in the postsynaptic excitatory
scaffolding protein PSD-95 (Needs et al., 2019). Hence, during the latent period, hippocampal
neurons produce fewer GluA1-mediated AMPARs and lack the appropriate scaffold proteins
to anchor the remaining AMPARSs into the postsynaptic membrane, therefore resulting in
reduced network excitability. As such, given the current understanding of the mode of action
of tianeptine, it was thought tianeptine would be able to recover this deficit in network

excitability.

Tianeptine is known to increase single channel conductance of AMPARSs while also increasing
AMPAR trafficking from extra-synaptic regions to the post-synaptic scaffold and decreasing
AMPAR internalisation (Derkach et al., 1999, Lee et al., 2000, Man et al., 2007). Tianeptine
also activates CaMKII which leads to phosphorylation the AMPAR auxiliary subunit stargazin,
resulting in this AMPAR-stargazin interaction forming a complex with PDZ scaffold proteins
(such as PSD-95) and increase anchoring in the postsynapse (Szegedi et al., 2011, Zhang et
al., 2013). However, as shown in figures 5.1. — 5.4. tianeptine is either unable to increase
network excitability in RISE animals during the latent period (no effect) or causes a reduction

in overall network excitability compared to baseline activity.
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The fact tianeptine is unable to change network excitability during the latent period could be
because hippocampal neurons are simply not producing the protein necessary to assemble
functional AMPARs (Needs et al., 2019). But, why in some cases would tianeptine cause a
reduction in network excitability during the latent period in RISE animals? One possible

explanation could be due to receptor desensitisation.

Glutamate-induced AMPAR desensitisation is a reduction in response to a sustained stimulus.
In baseline conditions, AMPARSs will undergo a two-step confirmational change which reduces
AMPAR conductance. Desensitisation also increases synaptic diffusion, with ~50% of
AMPARs continually cycling between postsynaptic and extra-synaptic locations. This
increased lateral diffusion allows for exchange of desensitised receptors with naive ones in the
synapse, therefore allowing for sustainment of high-frequency synaptic transmission. The
speed of this AMPAR diffusion is made possible by reduced interactions with the AMPAR
auxiliary subunit stargazin. Stargazin, as mentioned above, is involved in AMPAR stabilisation
in the PSD via its interaction with scaffolding proteins (e.g., PSD-95) (Bowie and Lange, 2002,
Constals et al., 2015, Robert and Howe, 2003, Traynelis et al., 2010).

In this scenario, it is possible tianeptine is increasing lateral diffusion into the postsynaptic
membrane initially. However, these AMPARs are unable to be anchored effectively in the
postsynaptic membrane due to lack of scaffolding proteins during the latent period, resulting
in desensitisation and lateral movement back to extra-synaptic locations, therefore decreasing
network excitability further. Therefore, it is thought that this study of examining network
excitability using tianeptine during the latent period is investigating the differences in

localisation (postsynaptic vs extrasynaptic) of the remaining AMPARSs during epileptogenesis.

Alternatively, it is possible that this acute bath application of tianeptine doesn’t allow for
effective incubation of tianeptine to have the desired effect on AMPAR trafficking and
anchoring. Tramarin et al. studied re-recruitment and stabilisation of AMPARs in a model
characterised by a mutation in the X-linked cyclin-dependent kinase-like 5 (CDKL5) gene
which results in infantile seizures, impaired cognition and motor skills, and autistic features.
Tianeptine was incubated for 7 days, and the authors found complete normalisation and
restoration of both GluA1 and GluA2 AMPAR subunits into the cell membrane. Tianeptine was
also able to restore lost accessory protein PSD-95 (Tramarin et al., 2018). Meaning, future
work may look to incubate hippocampal slices ex vivo with tianeptine over a longer time period,

or even dose RISE animals throughout different points within epileptogenesis.

Finally, another interesting phenomenon noted during the latent period is the non-significant
change in peak gamma frequency seen in CA1 and CA3 in RISE animals following tianeptine
when compared to AMC (figure 5.2. Biv, figure 5.3. Biv). The PING model of gamma
oscillations states inhibitory interneurons generate GABAa-induced IPSPs onto the perisomatic
region of pyramidal cells, which results in shunting inhibition. Following decay of this IPSP,

pyramidal cells can fire again, resulting in cyclic behaviour. The decay of this IPSP determines
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the frequency of this oscillation, which typically runs in the gamma frequency range (Buzsaki
and Wang, 2012). Even under spontaneous conditions, the gamma frequency is varied and
incoherent which does not recover in the presence of tianeptine. It is hypothesised the
incoherent synchrony of gamma oscillations is due to the lack of excitatory feedforward inputs
from pyramidal cells onto inhibitory interneurons. Defective excitatory drive to interneurons will
result in defective feedback inhibition, therefore incoherent gamma oscillations will develop.
Tianeptine was unable to recover the excitatory drive by pyramidal cells, therefore having no

effect on the frequency of the oscillation.

5.3.2. Network excitability and the response to tianeptine during the SRS stage of

epileptogenesis

As demonstrated in figures 5.5. — 5.7., there appears to be an overall increase in network
excitability in RISE animals during the SRS stage of epileptogenesis which increases further
following acute bath application of 10uM tianeptine in all conditions except for CA3 that is
already oscillating in KA-induced conditions (figures 5.4., 5.6.). In spontaneous conditions for
both CA1 and CA3, application of tianeptine results in a comparable increase in network
excitability to that of AMC (‘recovery’ in network activity). The same is also true for CA1 on KA-
induced gamma oscillations. Despite GIuA1, GIuA2 and GIuA3 AMPAR subunits in the
hippocampus remaining substantially low once animals move into the SRS stage of
epileptogenesis (Needs et al., 2019), there is increased network excitability. As described in
chapter 3, this may be due to homeostatic plasticity. Pyramidal cells will stabilise their own
excitability to maintain firing rates to prevent hyper- or hypo-excitability, therefore increasing
their own intrinsic excitability (Turrigiano and Nelson, 2004). This increased response following
tianeptine fits with the protein expression profile documented by Needs et al., who reported a
3-fold increase in PSD-95 compared to AMC during SRS. Meaning, it is likely that tianeptine
was able to increase lateral diffusion and postsynaptic anchoring of the little available

AMPARSs, therefore increasing overall network activity.

Accordingly, why would CA3 be unable to increase network activity further with tianeptine when
already oscillating in KA during the SRS stage of epileptogenesis? We have hypothesised that
CA3 has already hit maximal network excitability in the presence of KA (which is why tianeptine
is able to increase network activity in spontaneous conditions), meaning all available AMPARs
are occupied and participating in the EPSC. There are two major sources of CA3-specific
excitation to pyramidal cells — recurrent synapses and mossy fibre inputs (Le Duigou et al.,
2014). This means bath application of 200nM KA will result in a larger excitatory local field

output — a consistent observation when comparing peak power between CA1 and CA3.
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5.3.3. This excitatory-inhibitory imbalance and the consequence for the transition to
SRS

Epilepsy is described as an imbalance of excitation and inhibition (E/I (im)balance). Notably,
epilepsy has been associated with an increase in excitation and/or decrease in inhibition,
leading to the emergence of hyperexcitability and hypersynchronous seizures (Shao et al.,
2019). This results chapter agrees with this observation of increased excitation once animals
present with electrographic and clinical seizures, but the receptor and network changes which

drive this process prior to the first seizure may be paradoxical to this.

Following the initial precipitating insult, those who have entered epileptogenesis will advance
into the seizure-free latent period. As shown throughout this chapter, there are consistent
reductions in spontaneous and KA-mediated network excitability which do not recover with
acute bath application of 10uM tianeptine. This would assume hippocampal networks are
tipped in favour of inhibition, which would explain why seizures are not present during the latent

period.

At some point, there is an increase in network excitability as pyramidal cells begin to adjust
their intrinsic excitability to homeostatically regulate their firing rate (Turrigiano and Nelson,
2004). This will shift the balance in favour of excitation. As shown in figures 5.4. and 5.6.,
although CA3 can regain some network excitability and coherence following transition into
SRS, there is a limit in network excitability compared to CA1. Conversely, CA1 can readily
respond to KAR activation and increase further upon application of tianeptine once in SRS
(figure 5.4. and 5.5.). This mismatch in maximal network excitability in CA1 and CA3 may
cause reductions in functional connectivity between CA1 and CA3, therefore underlying the
generation and foci of seizures and explaining the transition to SRS. /n vitro and in vivo studies
of spontaneous epileptiform activity in the hippocampus commonly identifies CA1 as the
propagation site (Bikson et al., 2018, Feng and Durand, 2003, Jefferys and Haas, 1982, Shuai
et al., 2003, Yaari et al., 1983).

Under normal conditions, rhythmic activity can be generated intrinsically in CA3 which
propagates to CA1. The predominant synaptic input to CA1 interneurons was excitatory from
CA3 pyramidal cells, meaning CA3 pyramidal cells rhythmically recruit CA1 interneurons. The
firing of local CA1 pyramidal cells is controlled by their connected interneurons by feedforward
inhibition. Phase-coupling of CA1 pyramidal cells shows a dominance of inhibition over
excitation, meaning this feedforward inhibition is what drive rhythmogenesis in CA1
(Zemankovics et al., 2013). Hypothetically, loss of this excitatory drive from CA3 pyramidal
cells to CA1 interneurons would remove this inhibitory drive to local CA1 pyramidal cells,

possibly leading to the emergence of hyperexcitability and hypersynchronous seizures.

Future work should look to explore this reduced protein expression and postsynaptic

localisation of AMPARSs even during the SRS stage of epileptogenesis and explore if modified
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AMPAR protein expression during the latent period normalised the excitatory-inhibitory
imbalance. Furthermore, more work exploring the functional connectivity of CA1-CA3
throughout epileptogenesis should be conducted, particularly as animals begin transition into

electrographic and behavioural seizures.
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Chapter 6 Seizure-like activity in vitro
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6.1. Introduction

So far, chapters 3 — 5 have studied the local field and synaptic neuronal activity changes which
occur throughout the progression of epileptogenesis. Consistently, there are reductions in local
field and synaptic excitability during the latent period which recover once animals enter the
SRS stage of epileptogenesis, despite now displaying the seizure phenotype. Another option
for assessing brain slice excitability is to study acute seizure-like activity in vitro. There are
various methods used to study SLA in vitro which involves either modification of the slice
environment to promote a hyperactive, pro-convulsive state (e.g., 0 Mg?* aCSF, high K* aCSF)
or bath application of a pro-convulsant (e.g., 4-aminopyridine, kainic acid). Acute seizure
models allow us to study seizure development and progression, and the effects of anti-epileptic

drugs (e.g. carbamazepine, valproate) (Zhang et al., 1995).

6.1.1. 0 Mg?* model of acute seizures

Magnesium-free medium has been used to induce SLA in hippocampal slices for several
decades now (Anderson et al., 1986, Walther et al., 1986). This in vitro model of acute seizures
has clinical relevance in humans as deficits in Mg?* can increase seizure susceptibility (Arnold
et al., 1983, Nuytten et al., 1991) and Mg?* injections are effective in treating seizures
associated with eclampsia (Duley et al., 2010). The mechanisms by which a reduction in Mg?*
can induce SLA involves facilitation of NMDARs by neuronal depolarisation and decreased
surface charge screening near voltage-gated ion channels leading to a hyperpolarising shift

(Isaev et al., 2012). This leads to increased excitability and initiation of SLA.

At resting membrane potentials, a voltage-dependent block by Mg?* prevents current flow
through NMDARSs. Only significant depolarisation via other ionotropic glutamatergic receptors
(e.g., AMPARS) allows for relief from this Mg?* block, and entry of Ca?* and Na* can occur
through NMDARs (Nikolaev et al., 2012). In the presence of Mg?*, it is difficult to evoke NMDAR
EPSCs at membrane potentials close to rest (-60 mV), however, upon depolarisation-induced
relief of the Mg?* at depolarised potentials, NMDAR currents are easily evoked. Indeed,
protocols in which the neuronal membrane is held at +20 mV to reveal ‘silent’ NMDAR are
widely used. In contrast, in absence of Mg?*, NMDARSs can evoke EPSCs at all depolarising
voltages. This reflects the voltage-sensitivity of NMDARSs in the presence of Mg?* (Mayer et
al., 1984). As such, removal of bath Mg?* will lead to increased activation of NMDARs and
influx of Na* and Ca?*, therefore resulting in increased postsynaptic activation and the possible
development of SLA (Malenka and Nicoll, 1999). Equally, investigation of SLA generated by
Mg?*-medium in vitro found replacement of depleted Mg?* with Ca?* did result in a slight
decrease in the amplitude of SLA but not complete abolition, suggesting other factors (e.g.,
surface charge screening) are also involved in the mechanism by which Mg?* modulates

hyperactivity via NMDARs (Jones and Heinemann, 1988).
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Another proposed mechanism for the generation of SLA following removal of Mg?* is
decreased surface charge screening. Under physiological conditions, a negative local
electrical field is generated by the cell membrane (e.g., by sialic acid, phosphates, charged
lipids and negatively charged amino acids). This negative cell surface attracts a layer of
positive ions (Stern layer). As positive ions are large, the cell surface charge is not completely
neutralised so more positive ions (with a few negative ions) are attracted (Gouy-Chapman
layer). Two types of electrostatic interactions can occur — (1) at the cell surface, positive ions
will bind to the cell surface when hydration has been removed and become immobile, and (2)
more distal, hydrated positive ions can screen the cell surface and repel opposing charges,
remaining mobile and unbound. Removal of bath Mg?* leads to alterations in the Stern and
Gouy-Chapman layers and reduced screening/shielding of the membrane. This can shift the
voltage dependences of voltage-gated ion channels towards hyperpolarised potentials, leading
to increased ion channel activation and the generation of SLA (Bara et al., 1989, Isaev et al.,
2012).

To study brain slice excitability via seizure susceptibility using the in vitro 0 Mg?* model of acute
seizure, ex vivo extraction of AMC and RISE animals were taken at the same timepoints as
above to explore the latent period (weeks 2, 3, 4, 5, and 6 post-induction) and the SRS stage
of epileptogenesis (>3 months). Slices were placed onto the rigs and were recorded in normal
aCSF for 30 minutes to examine ‘baseline’ activity. This was then switched to the Mg?*-free
aCSF for 3 hours. Several parameters were measured to explore seizure susceptibility over
those 3 hours: (1) percentage of slices to seize overall, (2) time to first seizure (seconds), (3)
total number of seizures (count), (4) duration of seizures (seconds) and (5) inter-seizure

interval (I1SI, seconds).

6.2. Results

6.2.1. Typical seizure generation in the hippocampus

Horizontal hippocampal-entorhinal slices were prepared from AMC and RISE-induced rats
during timepoints for the latent period (weeks 2, 3, 4, 5, and 6 post-induction) and SRS (>3
months post-induction) using the standard LFP method (chapter 2.5.). As mentioned above,
slices were placed onto the rigs and were recorded in normal aCSF for 30 minutes to examine
‘baseline’ activity. This was then switched to the Mg?*-free aCSF for 3 hours. Several
parameters were measured to explore seizure susceptibility over those 3 hours: (1) percentage
of slices to seize overall, (2) time to first seizure (seconds), (3) total number of seizures (count),

(4) duration of seizures (seconds) and (5) inter-seizure interval (ISI, seconds).

Figure 6.1. shows an example of a single typical looking seizure generated in 0 Mg?* conditions
in CA1 of a RISE animal in the SRS stage of epileptogenesis. Repetitive high frequency, high

power bursting activity of 210 seconds is seen initially (‘seizure’) which terminates into a period
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of post-ictal depression (PID). Most seizures showed a hypersynchronous onset with a few
pre-ictal spikes. This follows a period of lower frequency discharging after revival of neuronal
activity (‘post-ictal spiking’, PIS) back to baseline. Although common, PIS was not always

present after seizures.

Seizure PID PIS
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Figure 6.1. An example of a single seizure in CA1 in vitro.

An example of a typical single seizure generated in CA1 of a RISE animal in the SRS stage
of epileptogenesis. Periods of post-ictal depression (PID) and post-ictal spiking (PIS) also
shown. Expansion of the seizure and PIS shown below.

6.2.2. AMC vs RISE - seizure susceptibility using the in vitro 0 Mg?* model of epilepsy

The first parameter studied was the total percentage of brain slices to have a minimum of one
seizure during the 3 hours in 0 Mg?*. Figure 6.2. A shows the combined percentages across
all timepoints studied for the latent period (weeks 2, 3, 4, 5, and 6) and the SRS stage of
epileptogenesis. For AMC, there was a combined 36.7 £ 2.5% (n = 6) slices which displayed
at least one seizure while in 0 Mg?* compared to 59.4 + 3.9% for RISE animals (n = 6, p <
0.01). A week-by-week break down can be seen in figure 6.2. B, with AMC showing a range in
percentages of slices showing seizures between 25.0% - 41.7%. Consistently for each week,
RISE animals showed increased percentages of slices which developed into seizures following
removal of Mg?*. Interestingly, there seems to be a decrease in seizure susceptibility as the
latent period progresses, with week 2 showing 65.0% of slices to seize which decreased to

42.3% at 6 weeks post-induction. This increased again to 66.7% as animals entered the SRS
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stage of epileptogenesis. This shows that following removal of Mg?*, RISE animals were more
likely to develop seizures in vitro and even showed a slight resistance to seizure generation as

the latent period progresses.
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Figure 6.2. Percentages of slices to seize for AMC and RISE.

(A) A bar chart showing the combined percentages of slices to seize following removal of
Mg?* in vitro for AMC (black) and RISE (green) across all timepoints studied. (B) Week-by-
week breakdown of percentages of slices to seize following removal of Mg?* in vitro for
AMC and RISE. Error bars show SEM. ** denotes p < 0.01 (Mann-Whitney test).

The next parameter studied was time to first seizure. This was calculated by measuring the
time between bath application of the 0 Mg?* aCSF to the generation of the first seizure. Figure
6.3. shows the week-by-week time course for both AMC to RISE. In the early stages of the
latent period, the time to first seizure for RISE is shorter than AMC. At 2 weeks, time to first
seizure was 4168.0 £ 462.5 s (n = 24) for RISE and 6624.0 + 837.8 s (n =9, p <0.05) for AMC.
Although non-significant, this trend continues into week 3 (AMC: 6469.0 £ 1075.0 s, n = 9;
RISE: 5610.0 £ 704.6 s, n = 12, p = ns). By 4 weeks, time to first seizure was 6220.0 + 389.5
s (n = 29) for RISE and 8487.0 + 183.7 s (n = 5, p = 0.05) for AMC. By week 5, it appears AMC
and RISE have almost identical time to first seizure (AMC: 7478.0 + 458.3 s, n = 6; RISE:
7802.0 £ 501.3, n = 20, p = ns) meaning seizure susceptibility in RISE animals in the latent
period is like that of AMC. As RISE animals enter the SRS stage of epileptogenesis, we see a
large difference in the time to first seizure. For RISE animals, time to first seizure is 3930.0 +
546.1 s (n = 15) compared to 8284.0 £ 491.1 s (n = 10, p < 0.001) for AMC. This means RISE

animals can generate SLA in 0 Mg?* conditions much faster than AMC.
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Following the trend of RISE, it is clear there is an increase in time to first seizure as the latent
period progresses which decreases again as animals enter SRS. This likely also reflects the

reduction of SLA seen in the latent period.
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Figure 6.3. Time to first seizure for AMC and RISE.

Connected column mean graph showing time to first seizure (s) for AMC (black) and RISE
(green) in 0 Mg?* conditions. Error bars show SEM. * denotes p < 0.05 and *** denotes p <
0.001 (Mann-Whitney test).

The next parameters studied were the total number (count) and duration of seizures following
removal of Mg?* for 3 hours. Figure 6.4. shows both seizure count (figure 6.4. A) and duration
of seizures (figure 6.4. Bi, Bii). For total seizure count, a clear trend forms for RISE animals
with a decreasing total number of seizures in 0 Mg?* at the latent period progresses which
appears to increase as animals enter the SRS stage of epileptogenesis. A significant difference
in total number of seizures is only present during SRS, with AMC averaging 1.6 + 0.3 seizures
(n =10) during the 3 hours in 0 Mg?* compared to 6.5 + 1.1 seizures (n = 15, p < 0.01) for RISE
animals. This shows the increased seizure susceptibility demonstrated by RISE animals in 0

Mg?* conditions while in the SRS stage of epileptogenesis.

For seizure duration, the length of seizures displayed in 0 Mg?* is very consistent in AMC
throughout all timepoints studied. This differs from RISE, with seizure duration being longest
during the early stages of the latent period which decreases to a similar duration to AMC by
week 4. From week 5, RISE animals display a stable duration of seizure length. As shown in
figure 6.4. Bi, at 2 weeks, seizure duration in 0 Mg?* conditions averages 58.6 + 7.8 s (n = 24)
for RISE animals and 14.8 £ 1.4 s (n = 10, p < 0.001) for AMC. At 3 weeks, seizure duration
for RISE animals is 41.0 £ 9.0 s (n = 12) compared to 15.6 £ 2.7 s (n = 9, p < 0.05) for AMC.

Interestingly, by 4 weeks post-induction, there appears to be little difference in seizure duration
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between AMC and RISE (AMC: 17.1+£2.9s,n=5; RISE: 19.0£1.9s,n =29, p = ns). However,
by 5 weeks post-induction, seizure duration in 0 Mg?* conditions averages 30.3 + 3.5 s (n =
19) for RISE animals and 16.6 £ 1.7 s (n = 6, p < 0.05) for AMC. At 6 weeks post-induction,
seizure duration for RISE animals is 32.2 £ 7.7 s (n = 19) compared to 13.2+1.0s (n=28, p
< 0.05) for AMC. Finally, during SRS, seizure duration for RISE animals is 31.4 £ 3.5s (n =
15) compared to 12.7 £ 2.0 s (n = 10, p < 0.001) for AMC. A comprehensive week-by-week

breakdown of seizure duration is also shown in figure 6.4. Bii.

Overall, this shows that following removal of Mg?*, both total seizure count and seizure duration
follow a trend of decreases as the latent period progresses before large increases in both count

and duration once RISE animals enter the SRS stage of epileptogenesis.
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Figure 6.4. Total seizure count and seizure duration for AMC and RISE.

(A) Connected column mean graph showing total number of seizures (count) during the 3
hours following removal of Mg?* throughout the latent period and SRS. (Bi) Connected
column mean graph showing seizure duration during the 3 hours following removal of Mg?*
throughout the latent period and SRS. (Bii) Table with the week-by-week breakdown of
seizure duration for AMC and RISE. Black lines indicate AMC and green lines indicate
RISE. Error bars show SEM. * denotes p < 0.05, ** denotes p < 0.01 and *** denotes p <
0.001 (Mann-Whitney test).
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The final parameter studied was inter-seizure interval (ISI). This was defined as the time
between each seizure event, meaning ISI was only possible if at least two seizures were
present over the 3 hours in 0 Mg?*. Due to the lack of seizures at weeks 4 and 5 for AMC
animals, ISI was not possible. Figure 6.5. A shows the ISI for RISE animals only. The shortest
ISI was 2 weeks post-SE, with RISE animals averaging 304.6 + 30.5 s (n = 88). The longest
ISI was 5 weeks post-SE, with RISE animals averaging 2641.0 £ 467.4 s (n = 8). By SRS, ISI
had decreased slightly to 1001.0 £ 77.1 s (n = 35). Figure 6.5. B shows the combined ISI
across all timepoints studied for AMC and RISE (minus weeks 4 and 5 AMC). Significantly,
when in 0 Mg?*, AMC displayed a longer ISI (1110.0 £ 63.7 s, n = 66) than RISE animals (854.0
1+ 54.8 s, n =209, p<0.001), indicating that RISE animals displayed increased susceptibility

to generating seizures which reduced time in between.
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Figure 6.5. Inter-seizure interval for AMC and RISE.

(A) Connected column mean graph showing ISl following removal of Mg?* throughout the
latent period and SRS for RISE animals only. (B) A bar chart showing combined IS| values
for AMC (black) and RISE (green) following removal of Mg?*. Error bars show SEM. ***
denotes p < 0.001 (Mann-Whitney test).

6.2.3. Seizure initiation zone

An interesting and consistent phenomenon observed was the region of seizure initiation within
the hippocampus. This was easily identifiable as seizures would often begin in one region
before appearing in the other hippocampal subregion with a short delay of several
milliseconds. Typically, hippocampal seizures would begin in the CA1 subregion before
appearing in CA3. This is demonstrated in figure 6.6. which shows the percentages of brain
slices with CA1 as the seizure initiator region. Studying all timepoints across the latent period
and SRS combined, CA1 was the seizure initiator region in 79.8 £ 6.1% of brain slices in AMC

and 66.0 £ 5.8% in RISE animals (p = ns). A week-by-week breakdown is shown in figure 6.6.
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B. This shows that following removal of Mg?*, seizures would typically begin in CA1 before
arising in CA3 in both AMC and RISE animals.
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Figure 6.6. Seizure initiation percentages in CA1.

(A) A bar chart showing combined percentages of CA1 as the seizure initiator region in the
hippocampus for AMC (black) and RISE (green) following removal of Mg?* throughout the
latent period and SRS. (B) A table showing the week-by-week breakdown of these
percentages. Error bars show SEM.

6.2.4. Comparing seizure susceptibility between the latent period and SRS stage of

epileptogenesis

Finally, seizure susceptibility was studied between the latent period (week 6 post-induction)
and the SRS stage of epileptogenesis to assess the differences as RISE animals transition
from the seizure-free latent period to presenting with clinical seizures. Like above, time to first
seizure, total number of seizures (count), seizure duration and ISI were explored over the 3

hours following removal of Mg?*.

Figure 6.7. A shows the time to first seizure between 6 weeks post-induction and SRS. At 6
weeks, RISE animals display a time to first seizure of 6407.0 + 326.1 s (n = 20) compared to
3930.0 +546.1 s (n =15, p<0.001) once animals enter SRS. This shows seizure susceptibility
is reduced during the latent period as it takes much longer for brain slices to produce SLA in 0
Mg?* conditions than during SRS.

Figure 6.7. B shows total seizure count between 6 weeks post-induction and SRS. At 6 weeks,
RISE animals produce 2.5 £ 0.4 (n = 20) total seizures during 3 hours in 0 Mg?* compared to
6.5+ 1.1 (n=15, p<0.01) once animals enter SRS. This shows seizure susceptibility is much
higher once animals enter the SRS stage of epileptogenesis, meaning there is resistance to

producing SLA during the latent period.

Figure 6.7. C shows seizure duration between 6 weeks post-induction and SRS. At 6 weeks,

RISE animals generated seizures lasting 31.0 + 7.4 s (n = 20) which were similar duration to
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SRS at 31.4 £ 3.5 s (n = 15, p = ns). This shows seizure duration following removal of Mg?*
did not change as animals progresses from the latent period into the SRS stage of

epileptogenesis.

Finally, figure 6.7. D shows the ISI between 6 weeks post-induction and SRS. At 6 weeks,
RISE animals showed an ISI of 1399.0 £ 148.9 s (n = 16) during 3 hours in 0 Mg?* compared
to 1001.0+£77.1 s (n =35, p<0.01) once animals enter SRS. This shows that following removal
of Mg?*, the latency between each seizure event is larger during the latent period than during

SRS, meaning seizure susceptibility is increased during the SRS stage of epileptogenesis.

Overall, this fits with the idea that the latent period has reduced susceptibility to generating
seizures and SLA. As animals progress into SRS, seizure susceptibility is massively increased
in terms of total count and frequency of seizures. However, it appears there is no change in

seizure duration which stays consistent regardless of timepoint within epileptogenesis.
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Figure 6.7. Comparing seizure susceptibility between 6 weeks post-induction and
SRS in slices from RISE animals.

Bar graphs comparing seizure susceptibility following 3 hours in 0 Mg?* conditions for week
6 post-induction (red) and the SRS stage of epileptogenesis (orange). (A) time to first
seizure (s), (B) total seizure count, (C) seizure duration (s), and (D) inter-seizure interval
(ISI, s). Error bars show SEM. ** denotes p < 0.01 and *** denotes p < 0.001 (Mann-Whitney
test).

To conclude, studying seizure susceptibility using the 0 Mg?* model of epilepsy has shown that

seizure susceptibility in RISE animals is hugely increased in comparison to AMC. It appears
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there is reduced seizure susceptibility in RISE animals during the latent period which increases
again as animals enter the SRS stage of epileptogenesis. Finally, it is possible that the CA1

subregion is the seizure initiator within the hippocampus.

6.3. Discussion

Chapter 6 demonstrates increased experimental seizure susceptibility using the in vitro 0 Mg?*
model of epilepsy across several measures when animals have already entered
epileptogenesis using the RISE model of epilepsy compared to controls. There is also an
interesting pattern of decreased seizure susceptibility during the latent period which represents

the altered network, synaptic and cellular changes which result in this seizure-free phase.

One limitation of this chapter is the lack of effective AED testing. One advantage of using the
in vitro 0 Mg?* model of epilepsy is to study the effect of AED following seizure induction. Given
the above work in chapters 4 and 5 studying tianeptine and its effect on oscillations throughout
epileptogenesis (anti- epileptogenic drug), work was began studying tianeptine as an AED.
However, due to time constraints, not enough data was gathered for presentation in this thesis.
As such, there is hope that work will continue to give a better idea of the potential therapeutic

role tianeptine could play in the treatment of epileptic seizures.

6.3.1. Increased seizure susceptibility following RISE induction

Previous studies examining the susceptibility to pro-convulsants following induction of
epileptogenesis have found different results regarding seizure susceptibility. Blanco et al.
induced epileptogenesis using the lithium-pilocarpine method. One month later, Wistar rats
were given an AED (e.g., phenytoin, phenobarbital or valproic acid) and then subjected to a
pro-convulsive state (either using pentylenetetrazol, PTZ, or maximal electroshock, MES). The
authors found pre-treatment with an AED was effective in preventing seizure induction in the
group subjected to MES, however this was not the case for PTZ. Only control animals had
seizure control when given PTZ, and seizure severity was increased in the epileptic (lithium-
pilocarpine) group. Meaning, initiation of epileptogenesis puts the brain in a state of
vulnerability to seizure induction (Blanco et al., 2009). PTZ treatment in genetically epilepsy-
prone rats (GEPRs) also found shorter latency and greater seizure severity to tonic seizure

induction compared to control animals (Browning et al., 1990).

Conversely, Nehlig et al. found epileptogenesis initiated by lithium-pilocarpine at P10 does not
affect long-term susceptibility to seizures. PTZ, picrotoxin and kainic acid were used to promote
a convulsive state once animals were in adulthood, however the authors found induction of
epileptogenesis using the lithium-pilocarpine method does not lead to spontaneous seizures
and did not increase the sensitivity to convulsants at adulthood. However, this is likely due to

age of induction as P10 rats were used. Meaning, induction of epileptogenesis in the immature
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brain will affect the trajectory of epileptogenesis and resulting reduced susceptibility to seizures
(Nehlig et al., 2002).

Interestingly, Zhang et al. also conducted similar experiments by inducing epileptogenesis
using the lithium-pilocarpine method on P10 rats and found prolonged SE does not lead to the
development of SRS during adulthood. However, the authors did report increased
susceptibility to KA-induced seizures following induction. The differing results between these
two studies is likely due to methodological differences (e.g., brain region studied, or

administration route of kainic acid) (Zhang et al., 2004).

Interestingly for this thesis, Zhang et al. hypothesises that a specific loss of the AMPAR subunit
GIuA2 in hippocampal dentate granule cells of adult animals who experienced prolonged SE
at P10 may cause an increase in calcium influx and higher channel conductance leading to
greater susceptibility to KA-induced seizures in adulthood (Zhang et al., 2004). Sanchez et al.
also found increased seizure susceptibility into adulthood and decreased GIuA2 subunit
expression in CA1 following global hypoxia-induced epileptogenesis (Sanchez et al., 2001).
Similarly, reduced seizure thresholds to chemical convulsants and electrical stimulation was

also present in a study exploring febrile seizures in rats (Dube et al., 2000).

Overall, these studies explain how initiation of epileptogenesis, regardless of aetiology, will
likely lead to increased susceptibility to seizure induction which fits with the above work in this
chapter. However, this is dependent upon on the pro-convulsive methods adopted, with some

being more likely than others to induce a seizure state.

6.3.2. Seizure initiation zones

An interesting phenomenon observed was the hippocampal subregion in which seizures would
arise from. Commonly, particularly during the early stages of epileptogenesis, this appeared
to be CA1. Other studied have also found similar results when using the 0 Mg?* model of
epilepsy. Isaev et al. found removal of Mg?* resulted in SLA in the hippocampal CA1 subregion
in 67% of slices (Isaev et al., 2012). Furthermore, Lewis et al. found seizures originated in CA1
which would spread and invade CA3, but interictal bursts originated in CA3 which would
propagate to CA1 and were found to have a suppressant effect on seizures within CA1 (Lewis
et al., 1990)

Rates of seizure induction within CA1 did decrease once RISE animals had reached the SRS
stage of epileptogenesis, however these were still ~50% (figure 6.6. B). Modebadze et al.
studied the RISE model and found the seizure initiation region to be the medial entorhinal
cortex following development of SRS. However, the authors note that given the reduced nature
of the slice preparation, it is difficult to make robust statements concerning the location of the
primary epileptogenic zone, though, it is possible that the zone of seizure initiation may not be

stable during epileptogenesis (Modebadze et al., 2016).
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Codadu et al. also argues epileptiform activity begins in neocortical and entorhinal networks
before invading the hippocampus. However, the hippocampus then acts as a pacemaker,
entraining other brain regions to their discharge pattern (Codadu et al., 2019). As this work
only explored epileptiform activity within the hippocampus, it is difficult to conclude the exact
seizure initiation region. As mentioned, it is possible that this changes as epileptogenesis
develops. Future work should consider conducting dual recordings of the hippocampus and
entorhinal cortex to examine the primary epileptogenic zone(s) and patterns of epileptiform

activity within the temporal lobe.
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Chapter 7 A potential in vitro model of epileptogenesis
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7.1. Introduction

Animal models of disease have been vital in aiding researchers to investigation disease
process’ and investigate potential therapeutics (pre-clinical). However, a disadvantage of
animal models, such as the RISE model of epilepsy, is the chronic nature of the model.
Meaning it often takes weeks or even months before any data is available. An acute, in vitro
model was developed for studying the receptor movement which aims to mimic the receptor
changes believed to occur as epileptogenesis progresses in the RISE model. This would allow
us to study epileptogenesis on an acute scale which may enable more rapid screening of

potential therapeutics.

The RISE model of epilepsy hypothesises epileptogenesis is driven by a chronic loss of
AMPAR neurotransmission (Needs et al., 2019). On an acute scale, AMPAR internalisation
can be triggered by bath application of AMPAR agonist s-AMPA. In vitro LFP experiments were
conducted on horizontal hippocampal-entorhinal slices prepared from control Wistar rats (100
—130g) using the standard LFP method (chapter 2.5.). To begin with, gamma oscillations were
generated by bath applying 200nM KA (‘control’) for 30 minutes. Following stabilisation of this
KA-induced gamma band activity, 50uM D-AP5 was added block to NMDARs and prevent
NMDAR-dependent LTP. After 30 minutes, 10uM corticosterone was added to prime excitatory
synapses for synaptic potentiation (Mikasova et al., 2017). 30 minutes later 1uM s-AMPA is
added to induce AMPAR internalisation, and the slices were allowed to sit in this AMPAR
agonism for at least one hour. This s-AMPA mediated AMPAR internalisation was a rapid
process, with a substantial collapse in the gamma band activity within 3 minutes. Following 1
hour of s-AMPA mediated AMPAR internalisation, a fresh cylinder of aCSF with 200nM KA
and 50uM D-AP5 was recirculated (‘wash’) for 30 min, before 10uM tianeptine was bath
applied for a final 30 minutes to re-insert those internalised AMPARs. Manipulation of receptor
trafficking in this manner was used to mimic an acute version of the RISE model of epilepsy,

with tianeptine used as the therapeutic drug of potential.

7.2. Results

Figures 7.1. — 7.4. show the in vitro receptor shuttling experiments conducted to mimic an
acute version of the RISE model of epilepsy with tianeptine used as the therapeutic drug of
potential. Figure 7.1. shows the time course of an example experiment in hippocampal
subregions CA1 (figure 7.1. A) and CAS (figure 7.1. B). Following bath application of D-AP5
and corticosterone, there were small increases in hippocampal power in both CA1 and CA3.
Overall power is completely diminished following application of s-AMPA. There was little
recovery in the oscillation once the wash is applied. However, following application of

tianeptine, there was recovery of the oscillation back to control (pre-s-AMPA) levels).
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Figure 7.1. Example receptor shuttling (AMPAR internalisation) experiments in CA1
and CA3.

Time course experiments examining AMPAR internalisation and recovery with 10uM
tianeptine. Baseline oscillations were generated with 200nM KA, then bath application of
the following drugs: 50uM D-AP5 > 10uM corticosterone > 1uM s-AMPA > wash (new
cylinder of aCSF with 200nM KA and 50uD-AP5) > 10uM tianeptine. (A) CA1 (red), (B)
CA3 (blue).

Further analysis of this can be seen in figure 7.2. Percentage change was calculated and
plotted similar to figure 7.1.. Most notably, the timescale aims to demonstrate the rapid loss of
power following application of s-AMPA (approximately 3 minutes). Figure 7.2. B shows the
percentage increase following tianeptine application after the slices had been washed with a
new cylinder of aCSF. There were no significant difference in the increase in power between
CA1 and CA3, with CA1 increasing by 966.8 + 331.5% (n = 7) following bath application of
tianeptine, and CA3 increasing by 772.8 + 218.7% (n = 10). This shows that despite loss of
AMPAR neurotransmission, tianeptine was able to substantially increase the raw power of

gamma oscillations in the hippocampus.
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Figure 7.2. Percentage changes throughout the receptor shuttling experiment

(A) Time course following the percentage changes of raw power following bath application
of each drug used to track receptor shuttling changes (KA, D-AP5, corticosterone, s-AMPA,
and tianeptine). Percentage changes were calculated from control. The time course is
representative of full drug effect. (B) Percentage increase between ‘wash’ and ‘tianeptine’
for CA1 and CA3. Red indicates CA1 and blue indicates CA3. Error bars show SEM.
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Finally, a deeper analysis of the change in raw power and frequency of CA1 and CA3 can be
found in figure 7.3. and figure 7.4., respectively. An example FFT for CA1 is shown in figure
7.3. Ai demonstrating the diminished oscillations following application of s-AMPA. Little revival
was seen in the wash period, with a much faster oscillation produced. Following application of
tianeptine, a much more robust gamma oscillation is produced with a more defined peak ~30
Hz. Raw power analysis is seen in figure 7.3. B, with s-AMPA producing a peak gamma
oscillation of 9.2 + 7.3 yV? (n = 7). A small increase during the wash period produces a peak
gamma oscillation of 12.2 + 3.3 uV2 (n = 7). However, following bath application of tianeptine,
there was a substantial increase in the peak gamma power to 158.0 + 79.4 uyV2 (n = 7). A
significant difference between peak power for s-AMPA and tianeptine is shown (p < 0.01).
Finally, analysis of the peak gamma frequency (figure 7.3. C) throughout each drug application
reveals an interesting spike in frequency following application of s-AMPA t0 49.6 + 1.8 Hz (n =
7).

Similarly, an example FFT for CA3 is shown in figure 7.4. Ai. Again, diminished oscillations are
seen following application of s-AMPA with little recovery into the wash period. Application of
tianeptine produced a coherent, large gamma oscillation. Raw power analysis shows an
increase in power from 61.6 + 27.0 yV2 in s-AMPA, to 412.5 + 27.0 yV? during the wash, and
finally to 2320.0 + 857.5 uV? (n = 10) following application of tianeptine. A significant difference
between peak power for s-AMPA and tianeptine is shown (p < 0.001). Finally, as seen in CA1,
analysis of the peak gamma frequency (figure 7.4. C) throughout each drug application reveals
an interesting spike following application of s-AMPA to 46.6 + 2.9 Hz (n = 10). Recovery to
gamma frequency of control is seen following application of tianeptine (33.5 + 0.8 Hz for control

compared to 33.2 + 0.7 Hz for tianeptine).

Overall, this in vitro model of the receptor shuttling may be useful as an acute model for

studying epileptogenesis, with the potential to test target drugs in the treatment of TLE.
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Figure 7.3. Receptor shuttling (AMPAR internalisation) in CA1.

(Ai) Example FFT showing peak gamma oscillations in s-AMPA, wash and tianeptine
conditions. (Aii) Corresponding raw traces in each condition. (B) Bar chart of peak raw
power in each condition. (C) Before-and-after graph of peak gamma frequency in each
condition throughout the full experiment. Red indicates s-AMPA, orange indicates wash and
yellow indicates tianeptine. Error bars show SEM. ** denotes p < 0.01 (Friedman one-way

ANOVA test).
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Figure 7.4. Receptor shuttling (AMPAR internalisation) in CA3.

(Ai) Example FFT showing peak gamma oscillations in s-AMPA, wash and tianeptine
conditions. (Aii) Corresponding raw traces in each condition. (B) Bar chart of peak raw
power in each condition. (C) Before-and-after graph of peak gamma frequency in each
condition throughout the full experiment. Blue indicates s-AMPA, purple indicates wash and
pink indicates tianeptine. Error bars show SEM. *** denotes p < 0.001 (Friedman one-way
ANOVA test).
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7.3. Discussion

AMPA stimulation results in rapid AMPAR internalisation, with AMPARs then entering a
recycling endosome system. Internalisation of postsynaptic AMPARs depresses excitatory
neurotransmission (Lin et al., 2000). AMPAR internalisation (endocytosis) and insertion
(exocytosis) modulates synaptic strength, leading to LTD and LTP, respectively. AMPARs
move between the postsynaptic membrane and the cytoplasm via lateral movement to the
extrasynaptic membrane. A reduction in synaptic strength (LTD) involves AMPAR sorting to
lysosomes. Blocking of NMDARs with D-AP5 allows for NMDAR-independent AMPAR
internalisation, which targets AMPARs to late endosomes and lysosomes for degradation,
therefore preventing reinsertion into the membrane (Ehlers, 2000, Parkinson and Hanley,
2018). Furthermore, the use of corticosterone allows for increased AMPAR surface mobility
and movement, therefore resulting in increased AMPAR trafficking (Groc et al., 2008). As such,
the use of D-AP5, s-AMPA and corticosterone aims to mimic the increased trafficking and then

chronic loss of AMPARSs seen in the RISE model of epilepsy.

AMPAR internalisation following agonism is a rapid process. Lissin et al. found AMPAR
agonism using 100uM glutamate applied onto rat hippocampal cultures resulted in rapid
internalisation and redistribution of AMPARSs within 5 minutes (Lissin et al., 1999). Similarly,
Ehlers reports application of s-AMPA and D-AP5 results in nearly complete internalisation of
surface AMPAR within 10 minutes and sorting to late endosomes which are then degraded by
lysosomes (Ehlers, 2000). This shows that activation of AMPARSs results in rapid activity-

dependent changes in synaptic localisation.

As well as rapid internalisation, the frequency of the remaining oscillation was massively
increased following bath application of s-AMPA. Glutamate, an agonist of AMPARs, has also
been found to increase the frequency of gamma rhythms (Ainsworth et al., 2016). The
frequency of the local population oscillation is proportional to the output from excitatory
neurons (Atallah and Scanziani, 2009), meaning increased activation by AMPAR agonists will

increase the frequency of the gamma oscillation.

Following internalisation of AMPARS, there is little recovery once the wash was applied, which
likely reflects the degradation pathways internalised AMPARs would have entered (Ehlers,
2000). However, upon application of tianeptine, there was recovery in the power and
synchrony of the oscillations in the hippocampus back to pre-agonist control levels. This is
likely due to the target phosphorylation sites of tianeptine. Tianeptine is known to target two
sites (Ser831 and Ser845) on the GluA1 AMPAR subunit. AMPAR trafficking (exocytosis) and
re-insertion to the postsynaptic membrane is usually mediated by PKA and CaMKII.
Phosphorylation of these sites by either kinases or tianeptine will result in increased trafficking
and re-insertion into the postsynaptic membrane, resulting in increased EPSPs (Derkach et
al., 1999, Jenkins and Traynelis, 2012, Lee et al., 2000, Liu et al., 2009).
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This acute, in vitro experiment suggests that despite chronic internalisation of AMPARSs (LTD),
it is possible to re-insert lost AMPARSs with tianeptine. Of course, it is worth noting that AMPAR
internalisation using this method only works on an acute scale, and chronic internalisation (like
hypothesised in the RISE model of epilepsy) may result in more permanent modifications to
AMPAR expression. For example, Bonini et al. reports that chronic AMPAR activation with low
dose 10uM glutamate to rat primarily cortical cell cultures selectively results in downregulation
of the RNA levels of AMPAR subunits GluA2-4 (Bonini et al., 2015). Meaning, although this in
vitro model may have use in studying epileptogenesis and the patterns of receptor shuttling on
an acute scale, it may not accurately represent the chronic losses of AMPARs seen in the

RISE model of epilepsy.
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Chapter 8 General discussion and future work
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8.1. Introduction

Epileptogenesis is defined as the chronic pathogenic process by which a normal brain is
transformed to an epileptic brain, capable of generating spontaneous seizures. Several crucial,
progressive steps which develop over a period of weeks, months or sometimes years have
been identified - following the initial precipitating assault/injury (e.g., trauma, status
epilepticus), the brain undergoes a period of ‘silence’ where molecular, cellular and network
changes occur. This is known as the latent period and is thought to be responsible for
progression to subsequent spontaneous recurrent seizures (SRS) (Williams et al., 2009,
Wong, 2009).

The latent period has become a focal point of epilepsy research due to its potential use as a
therapeutic target before patients progress into symptomatic epilepsy. Animals models have
been vital in allowing epilepsy researchers to explore the mechanisms of epileptogenesis,
particularly during the latent period, and investigate potential therapeutic options for preventing
progression. Throughout this thesis, the RISE model of epilepsy was used due its high
morbidity, low mortality rates which shows consistent features of epileptogenesis in humans
(such as a lack of gross damage to the brain, progressive network alteration within the temporal
lobe, electrophysiological features like in vitro recordings of human brain tissue, and 40% -

100% of animals in any cohort (mean 69%) progressing into SRS) (Modebadze et al., 2016).

Previous work studying epileptogenesis using the RISE model only explored specific but
sparse timepoints within the progression of epilepsy, therefore only giving transient snapshots
of epileptogenesis. As such, it was of upmost interest to characterise the synaptic and network
changes which occur during the early stages of epileptogenesis. As previous research has
shown no receptor or network changes had occurred within one week of induction of
epileptogenesis (Modebadze et al., 2016), we looked to explore from 2 weeks post-induction.
Week-by-week analysis of the latent period continued to 6 weeks post-induction, and animals

which were shown to be eliciting clinical seizures (SRS) were also investigated.

Network excitability, a measure of glutamatergic receptor activation, was explored in both
spontaneous conditions and following in vitro bath application of 200nM KA in the
hippocampus. Next, atypical antidepressant tianeptine was also explored as a potential anti-
epileptogenic drug for altering the progression of epileptogenesis. And finally, seizure

susceptibility following RISE induction was also investigated.

8.2. Changes in brain excitability throughout epileptogenesis

Chapter 3 modelled the progression of epileptogenesis in vitro. Epilepsy is described as an
imbalance of excitation and inhibition (E/I balance). Notably, epilepsy has been associated
with an increase in excitation and/or decrease in inhibition, leading to the emergence of

hyperexcitability and hypersynchronous seizures. As such, the majority of the anti-epileptic
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drugs available are aimed at restoring E/I balance, therefore reducing seizure intensity and

frequency (e.g., carbamazepine and topiramate) (Shao et al., 2019).

Our understanding of epileptogenesis from the RISE model looks to challenge this idea.
Previous studies of the RISE model have looked to explore the hippocampal receptor protein
changes which occur throughout epileptogenesis. During the latent period, there are significant
reductions in the GluA1, GIuA2 and GIuA3 AMPAR subunits. In approximate terms, there is a
~80% reduction in the protein expression of the AMPAR subunit GluA1 during the latent period
of RISE animals compared to AMC. Also, there is ~50% reduction in the postsynaptic
excitatory scaffolding protein PSD-95. There were also significant decreases in NMDAR
subunits GIuN1 and GIuN2A, and the KAR subunit GluK5. Meaning, there are decreases in
receptor subunit expression across all glutamatergic ionotropic receptor groups. The levels of
these glutamatergic receptor subunits remained low as animals entered the SRS stage of
epileptogenesis except for KAR subunits GluK2 and GluK5, NMDAR subunit GIluN1 and the
postsynaptic excitatory scaffolding protein PSD-95. Notably, this profound loss of AMPARs

continued into SRS despite animals now presenting with clinical seizures (Needs et al., 2019).

Chapter 3 showed that throughout the latent period, there were reductions in hippocampal
network excitability in both spontaneous and KA-induced conditions. This reached a nadir at
around weeks 5 — 6 post-induction when comparing RISE animals to AMC. These observations
fit with the loss of vital glutamatergic neurotransmission, particularly via AMPARSs, leading to a

loss of network excitability (Needs et al., 2019).

However, there appears to be recovery in network excitability as animals move into the SRS
stage of epileptogenesis. How is there an increase in network excitability despite a chronic
reduction in AMPAR neurotransmission? It is hypothesised this is due to a homeostatic
regulation in intrinsic excitability of hippocampal pyramidal cells. Neurons will stabilise their
own excitability to maintain a consistent firing rate to prevent hyper- or hypo-excitability.
Chronic reductions of AMPAR neurotransmission will likely lead to reduced neuronal activity
and Ca?" influx. This leads to reduced activity of CAMKIV and the resulting up-scale of
excitability synaptic strength and intrinsic excitability. Activated CaMKIV regulates transcription
via phosphorylation of cAMP responsive element binding protein (CREB), which alters
trafficking and accumulation of synaptic AMPARSs to scale the synaptic strength and intrinsic
excitability of neurons to its target firing rate (Joseph and Turrigiano, 2017, Turrigiano, 2008).

Therefore, increasing overall network excitability in the hippocampus.

This work was further consolidated after conducting the whole-cell voltage clamp experiments
as sEPSC amplitude significantly increased as animals transitioned from the latent period to
the SRS stage of epileptogenesis. However, future work should focus on exploring the levels
of AMPAR protein expression during the latent period and SRS, and may look to explore
homeostatic scaling during these periods by conducting miniature EPSC (mEPSC)

experiments. In the presence of tetrodotoxin, neurons are unable to generate action potentials.
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However, presynaptic release of neurotransmitter vesicles is probabilistic and will therefore
occasionally be released into the synapse, leading to activation of postsynaptic receptors and
the generation of a mEPSC. Recording of mMEPSCs would allow for analysis of synaptic scaling
of AMPARSs during epileptogenesis. Chronic down-scaling of AMPARSs leads to a paradoxical
increase in mMEPSC amplitude and prolonged AMPAR half-life, consequently modulating the

size of the mEPSC and reducing receptor turnover (O’'Brien et al., 1998).

8.3. Can tianeptine modulate the progression of epileptogenesis?

The atypical tricyclic antidepressant tianeptine is used as a treatment for major depressive
disorder and anxiety. Tianeptine is thought to primarily work via increased insertion/anchoring
and conductance of postsynaptic AMPARSs in the hippocampus, therefore increasing gamma
oscillations (Lee et al., 2000, Liu et al., 2009, Man et al., 2007). Although thought to have little
effect on adrenergic, dopaminergic or serotonergic receptors or transporters (Kato and
Weitsch, 1988), studies have also demonstrated tianeptine is a full agonist of the mu opioid
receptor which can also enhance network excitability via disinhibition of GABAergic inhibitory

neurons (Gassaway et al., 2014, Samuels et al., 2017).

Bath application of tianeptine onto RISE animals throughout epileptogenesis produced
interesting results. Firstly, there appears to be a reduction in network excitability and response
to tianeptine during the latent period in both spontaneous and KA-induced gamma oscillations.
This deficit also extended to the frequency of the gamma oscillation. Secondly, although there
is an overall boost in network excitability to KA during the SRS stage of epileptogenesis, only

CA1 could increase further upon application of tianeptine.

It is hypothesised that, given our understanding of AMPAR subunit expression during the latent
period using the RISE model of epilepsy (Needs et al., 2019), hippocampal neurons produce
fewer GluA1-mediated AMPARs and lack the appropriate scaffold proteins to anchor the
remaining AMPARs into the postsynaptic membrane, therefore resulting in unchanged network
excitability in the presence of tianeptine. If hippocampal neurons are simply not producing the
protein necessary to assemble functional AMPARSs, tianeptine cannot allow for effective
insertion/anchoring of postsynaptic AMPARSs. This questions the validity of tianeptine as an

anti-epileptogenic drug.

Furthermore, in some cases, tianeptine resulted in an overall reduction in network excitability
during the latent period of RISE animals. This could be explained by desensitisation —
glutamate-induced AMPAR desensitisation results in increase synaptic diffusion of AMPARS.
Approximately 50% of AMPARs continually cycle between postsynaptic and extra-synaptic
locations. This increased lateral diffusion allows for exchange of desensitised receptors with
naive ones in the synapse, therefore allowing for sustainment of high-frequency synaptic

transmission. The speed of this AMPAR diffusion is made possible by reduced interactions
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with the AMPAR auxiliary subunit stargazin. Stargazin is involved in AMPAR stabilisation in
the PSD via its interaction with scaffolding proteins (e.g., PSD-95) (Bowie and Lange, 2002,
Constals et al., 2015, Robert and Howe, 2003, Traynelis et al., 2010).

In this scenario, it is possible tianeptine is increasing lateral diffusion into the postsynaptic
membrane initially. However, these AMPARSs are unable to be anchored effectively in the post-
synaptic membrane due to lack of scaffolding proteins during the latent period, resulting in
desensitisation and lateral movement back to extra-synaptic locations, therefore decreasing
network excitability further. Therefore, it is thought that this study of examining network
excitability using tianeptine during the latent period was investigating the differences in
localisation (postsynaptic vs extrasynaptic) of the remaining AMPARSs during epileptogenesis.
Future work could look to explore the movement of AMPARSs between post- and extrasynaptic
locations by conducting receptor mapping experiments. This would allow us to track AMPAR
organisation throughout epileptogenesis (Wamsley and Palacios, 1982, Zilles and Amunts,
2009).

Alternatively, it is possible that this acute bath application of tianeptine doesn’t allow for
effective incubation of tianeptine to have the desired effect on AMPAR trafficking and
anchoring. Tramarin et al. studied re-recruitment and stabilisation of AMPARs in a model
characterised by a mutation in the X-linked cyclin-dependent kinase-like 5 (CDKL5) gene
which results in infantile seizures, impaired cognition and motor skills, and autistic features.
Tianeptine was incubated for 7 days, and the authors found complete normalisation and
restoration of both GluA1 and GluA2 AMPAR subunits into the cell membrane. Tianeptine was
also able to restore lost accessory protein PSD-95 (Tramarin et al., 2018). Meaning, future
work may look to incubate hippocampal slices ex vivo with tianeptine over a longer time period,

or even dose RISE animals throughout different points within epileptogenesis.

Finally, to back up the above results of LFP data, future work may look to repeat the whole-
cell patch clamp data conducted towards the end of chapter 4. Patch clamp data in chapter 4
aimed to explore the effects of tianeptine on synaptic neurotransmission. This produced
inconclusive data which is likely due to the small number of repeats done due to time
constraints. This meant that comparing the effects of tianeptine on RISE animals to AMC in
chapter 5 also resulted in inconclusive findings. As such, future work may look to explore the
effects of tianeptine further with larger data sets, therefore improving the reliability of the
results. Given the results of previous research, it is likely there should have been a two-fold
increase in peak amplitude and an increase in decay time following acute bath application of
tianeptine time (Kole et al., 2002, Pillai et al., 2012). Meaning, it is likely figure 4.6. was unable
to highlight this increase in EPSC effectively.
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8.4. Increased seizure susceptibility using the RISE model of epilepsy

The 0 Mg?* model of epilepsy offers an in vitro option for studying brain slice excitability by
exploring experimental seizure susceptibility. This allows for analysis of seizure generation,
propagation, and patterns, as well as for testing of potential AEDs. Using several parameters
for analysis, the RISE model was found to have increased seizure susceptibility across all
parameters employed when compared to AMC (percentage of slices to seize overall, time to
first seizure (seconds), total number of seizures (count), duration of seizures (seconds) and
inter-seizure interval (ISI, seconds)). This shows that induction of epileptogenesis using the
RISE model puts the brain in a vulnerable state which is more prone to experimental seizure
generation. However, it was found seizure susceptibility was reduced as RISE animals entered

the later stages of the latent period, highlighting this seizure-free phase of epileptogenesis.

Of course, one limitation of this chapter was the lack of effective AED testing. As mentioned,
the in vitro 0 Mg?* model of epilepsy offers a way of screening potential AEDs on an acute
scale. Chapters 4 and 5 explored the potential therapeutic role tianeptine could play as an anti-
epileptogenic drug. Work was commenced exploring tianeptine as an AED, however, due to
time constraints, not enough data was gathered for presentation in this thesis. As such, there
is hope that work will continue to give a better idea of the potential therapeutic role tianeptine

could play in the treatment of epileptic seizures.

8.6. Conclusion

Overall, this thesis has demonstrated that epileptogenesis is a chronic, dynamic process which
results in changes in brain excitability and seizure susceptibility. Fundamentally, there is an
imbalance between excitation and inhibition in the brain, with a loss of excitation appearing to

drive epileptogenesis.

Brain slice excitability varies throughout epileptogenesis. As the latent period progresses, there
are reductions in brain slice excitability. Once animals enter the SRS stage of epileptogenesis,
this appears to recover to that of control despite animals now presenting with clinical and
behavioural seizures. Similarly, although seizure susceptibility is increased overall compared
to AMC, there is a reduction as RISE animals enter the latent period. 10uM tianeptine was
used as a potential anti-epileptogenic drug with the aim to modify the progression of
epileptogenesis, however the effectiveness of tianeptine as an anti-epileptogenic drug remains
inconclusive. Although seemingly effective at recovering the oscillation at some points
throughout epileptogenesis, tianeptine had little effect when applied during the later stages of
the latent period. Future work should aim to further explore the mechanisms of reduced brain
slice excitability and reduced seizure susceptibility during the latent period and should look to
screen potential anti-epileptogenic and anti-epileptic drugs, including tianeptine, as therapeutic

options.
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