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Summary

Epilepsy is a common chronic neurological disorder that affects approximately 1% of
the population. The disease is characterized by an enduring predisposition of the brain
to generate seizures: episodes of aberrant neuronal hyperactivity and synchronization.
Despite extensive research and development of new drugs, still 30% of patients with
epilepsy are drug-resistant. Moreover, current treatments only address the symptoms of
the disorder rather than targeting the underlying mechanisms. Thus, novel treatments
for epilepsy is highly warranted.

Gene therapy is suggested to be a promising novel approach to target drug-resistant
epilepsy, especially in the common case of refractory temporal lobe epilepsy (TLE),
where the seizures start in a defined focus located in the temporal lobe. Targeted gene
therapy offers the opportunity of delivering therapeutic agents, that would be
unsuitable for systemic administration directly into the seizure focus, thereby possibly
being more effective in suppressing seizures and causing less adverse effects than
conventional anti-seizure drugs. Two such therapeutic agents, that are proposed to
inhibit seizures in epilepsy, are neuropeptide Y (NPY) and glial cell-line derived
neurotrophic factor (GDNF).

NPY has been extensively studied for its inhibitory role in epilepsy. Accumulating
evidence suggest that NPY interaction with presynaptic Y2 receptors decreases Ca*™*
influx through voltage gated calcium channels, thereby inhibiting glutamate release,
which is a critical component in seizure activity. Indeed, in-vivo gene therapy with NPY
mediated by adeno-associated virus (AAV) vectors has been shown to decrease the
frequency of spontaneous recurrent seizures (SRSs). In line with this, it is hypothesized
that a simultaneous overexpression of both the ligand and the receptor could have a
synergistic effect on seizure suppression.

To address this question, first a proof-of-principle study was performed in the
intrahippocampal (i.h.) kainic acid (KA) rat model of post status epilepticus (SE) SRSs.
This model of epilepsy is suggested to share pathophysiological similarities with human
TLE, e.g., the occurrence of SRSs and hippocampal sclerosis. Two separate vectors were
administered unilaterally in the presumed seizure focus, aided by magnetic resonance
imaging performed before the surgery. The stochastically occurring SRSs were
examined by continuous video-electroencephalogram (EEG) monitoring. which
showed that combinatorial NPY and Y2 receptor gene therapy overexpressed by two
viral vectors resulted in a suppressing effect on seizures, reducing the frequency in the
majority of animals.

To further investigate these findings and to increase the translational potential of the
combinatorial gene therapy, a following efficacy study was performed with a single
vector carrying the genetic sequence for both NPY and the Y2 receptor. This study was
preceded with a screening of AAV vector candidates and a dose-response study. Because



of its high potential in inhibiting acute KA induced seizures, an AAV1-NPY-IRES-Y2
construct administered in a concentration of 10'* genomic particles (gp) / ml was
selected to be investigated in the efficacy study.

Single vector combinatorial NPY and Y2 receptor had an inhibiting effect on SRSs
when administered to the hippocampus ipsilateral to the KA injection. Specifically, the
responder rate (>50% reduction of SRS frequency) was 31.3%, whereas no animals in
the control group had this level of reduction. Moreover, a modulation of seizure
clustering was observed, indicating that both the latency between SRSs and clusters of
SRSs were prolonged in the animals that received combinatorial NPY and Y2 receptor
gene therapy.

GDNEF is another biomolecule demonstrated to modulate seizures in multiple models
of epilepsy. Bilateral ex-vivo gene therapy, based on encapsulated cell biodelivery (ECB)
of GDNF has been shown to ameliorate the pathology in the pilocarpine model.
However, whether unilateral implantation of an ECB device into the seizure focus,
which is a clinically likely scenario, is sufficient to reduce SRS frequency is unclear.

To address this question, another efficacy study was performed in the i.h. KA post-SE
rat model. Unilateral ECB of GDNF reduced the occurrence of SRSs compared to
control, with a responder rate of 50%. In addition, 5 out of 6 animals displayed a
general reduction in SRS frequency, while the control group had the reverse
relationship, with 6 out of 7 rats exhibiting disease progression. This indicates that the
unilateral ECB of GDNF in the seizure focus can result in disease modification.

Finally, reasons for the lack of progress in developing novel treatments for drug resistant
epilepsy has been attributed to issues with the pathophysiological relevance of models,
lack of reproducibility and statistical power. To attempt to remedy these shortcomings
in the field of pre-clinical epilepsy research, the European Union funded project:
Targets and biomarkers for epileptogenesis (EPITARGET) developed common data
elements (CDEs) with the purpose of harmonizing experimental procedures and
promote standardisation in reporting. Also, the CDEs were implemented as an online
data dictionary to enhance shareability. The experience gained from the above-
mentioned efficacy studies contributed to this process.

Taken together, the work presented in this thesis have added to the translational value
of gene therapy for TLE, and thus, may have advanced gene therapy for epilepsy closer
to the clinic.



Populirvetenskaplig sammanfattning

Epilepsi dr en neurologisk sjukdom som drabbar ungefir 1% av befolkningen. Svenska
Epilepsisillskapet har uppskattat att det idag finns ca. 81 000 personer med diagnosen
i Sverige. Sjukdomen manifesterar med epileptiska anfall i varierande svarighetsgrad
och orsakas av en overaktivitet av nervsignaler i hjirnan. Beroende pa vilken region i
hjdrnan som ir involverad i éveraktiviteten fir epilepsianfallen olika karakedr. I virsta
fall utvecklas de till episoder med kramper och medvetsloshet.

Trots artionden av forskning och utveckling av nya anti-epileptiska
behandlingsmetoder har ca. en tredjedel av patienterna idag en bristande
anfallskontroll. En majoritet av dessa (2/3) har fokal epilepsi, d.v.s, en typ av epilepsi
dir anfallen utgar fran en specifik region i hjirnan, ofta hippocampus. Fokal epilepsi
behandlas med anti-epileptiska mediciner som vid héga doser kan ge biverkningar.
Medicinerna minskar retbarheten och 6veraktiviteten i det omrade dir epilepsianfallen
startar, men paverkar dven hjirnans normala funktion och leder darfor till dasighet och
inldrningssvarigheter. Behovet av nya behandlingsformer for fokal epilepsi 4r saledes
stort.

Det har linge diskuterats om genterapi skulle kunna utgéra en mojlig behandling av
fokal epilepsi. Genterapi ir ett begrepp som omfattar metoder att paverka genuttrycket
i kroppens celler. Genom att tillféra nya gener med t.ex. virala vektorer kan man fa
celler i hjirnan att producera imnen som har en himmande effekt pd den neurala
overaktiviteten. En av fordelarna med genterapi r att administration av behandlingen
kan ske lokalt i den region som orsakar epilepsianfallen. I och med att cellerna sjilva
producerar det terapeutiska dmnet och att det sker i ett avgrinsat omrade, finns en
mojlighet att denna metod ir effektivare i att minska mingden epilepsianfall och leder
till firre biverkningar.

Neuropeptid Y (NPY) dr ett imne som férekommer normalt i hjirnan. I vivnad frin
patienter med epilepsi har man kunnat se att produktionen av NPY okar, och dessutom
har man i experimentella forsok kunnat visa act NPY minskar retbarheten som leder till
epilepsianfall i hjarnvivnad. Mycket tyder ddrfor pé att denna peptid ér ett kroppseget
forsvar mot epilepsianfall. Med genterapi kan man férstirka produktionen av NPY och
dven dess receptor Y2 och dirigenom eventuellt utnyttja detta for behandling av fokal
epilepsi.

I denna avhandling beskrivs arbetet med att utvirdera den anfallshimmande effekten
av simultant 6veruttryck av NPY och Y2 receptorn genom genterapibehandling med
virala vektorer. En viral vektor for in nya gener i kroppens celler, som sedan kan borja
producera dmnet som generna kodar for.
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Studierna inleds med att underséka om en djurmodell av epilepsi aterspeglar
sjukdomsforloppet i minniska, och det konstateras att rittorna fir spontana
epilepsianfall med 6kande frekvens i likhet med det humana tillstindet.

Ibland flera kandidater viljs en viral vektor av serotyp 1, med en gensekvens som
placerar NPY fore Y2 i produktionsordningen, baserat dess forméga att himma akuta
kramper. Denna vektor anvinds direfter i en lingtidsstudie, dir administrationen av
behandlingen individualiserades efter varje rattas unika forutsittning med hjilp av
magnetréntgen, liksom behandlingen #r tinkt att anvindas i minniska. Resultaten
visade pd en anfallshimmande effekt av vektorn som 6veruttryckte NPY och Y2
receptor, med en minskning av spontana epilepsianfall som var storre dn 50% i ungefir
en tredjedel av de behandlade djuren.

En annan typ av genterapi dr baserad pid modifierade celler inkapslade i ett
semipermeabelt membran. Celler modifieras med genterapi till att verproducera ett
terapeutiskt dmne och placeras i en kapsel som kan implanteras i vivnaden som
genererar epileptiska anfall. Det semipermeabla membranet tilliter naringsimnen och
terapeutiska dmnen att passera, men héller de modifierade cellerna avskilda fran
patientens vivnad. I denna avhandling beskrivs dven arbetet med att undersoka om
cellkapslar som utsondrar en tillvixtfakcor som kallas glial cell-line derived neurotrophic
factor (GDNF) har en anfallhimmande effeke. Erfarenheterna fran karakeeriseringen av
epilepsimodellen som beskrevs ovan anvindes dven hir for att utforma studien pa ett
sitt som ska 6ka mojligheterna dill att resultaten kan 6verforas till minniska. Frin
resultaten drogs slutsatsen att cellkapslar som utsondrar GDNF minskar méingden
epilepsianfall i modellen.

Att utvecklingen av nya behandlingsmetoder gir langsamt sigs bero pa flera
samverkande faktorer. En av faktorerna har varit svarigheter att 6verféra vetenskapliga
framsteg till fungerande behandlingar i sjukvirden. Modellerna och de experimentella
studierna man har genomfért i djur har saknat likhet med sjukdomen i minniska, och
resultaten har varit svéra att replikera.

En del av arbetet i denna avhandling har handlat om att harmonisera de experimentella
protokollen mellan olika forskningsgrupper. Milet med med denna harmonisering 4r
att resultat som tagits fram i en forskningsgrupp litt ska kunna jimforas med resultat
fran en annan grupp. Forhoppningen ir att detta arbete ska underlitta framtida
multicenterstudier, dir flera forskningsgrupper samarbetar for att gora forskningen
starkare.

Sammanfattningsvis visar resultaten i denna avhandling pa tydliga anfallshimmande
effekter av biade kombinatorisk NPY och Y2 receptor genterapi och cellkapsel
behandling med GDNF. Resultaten ir speciellt intressanta eftersom studierna ir
genomforda pa ett sitt som ska oka sannolikheten att fynden kan oversittas till
behandling i minniska.
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Introduction

Epilepsy and seizures

Epilepsy has accompanied humanity throughout history, the first descriptions of
seizures dating back to Mesopotamia and ancient Egypt. It was believed that the disease
was related to spirits or daemons that took possession of the sufferer, probably due to
the dramatic features of the seizures. Indeed, the name ¢pilepsy is derived from the Greek
verb “to take hold of”. The ancient Greeks considered the disease to be connected to the
gods and called it “the sacred disease” (Magiorkinis et al., 2010). However, the notion
that epilepsy was of divine origin did not go unchallenged. The father of medicine,
Hippocrates (c. 460 — 370 BC), wrote in his book “On the Sacred Disease” that:

It is not, in my opinion, any more divine or sacred than other diseases, but has a
natural cause, and its supposed divine origin is due to men’s inexperience, and to their
wonder at its peculiar character.

(Hippocrates and Jones, 1967)

It is important to point out, that despite that two and a half millennium has passed
between Hippocrates and our days, people that suffer from epilepsy still experience
stigma and encounter prejudice related to the disease. Thus, Hippocrates proved to be
astonishingly perspicacious in his text on epilepsy. He addressed the origin of the
disease to be the brain, but also suggested fasting as a treatment of the early stage of the
disease. Parallels can be drawn to the modern ketogenic diet that has been shown to
ameliorate the disease in some cases (Magiorkinis et al., 2014). Moreover, the natural
cause that Hippocrates referred to is still not fully explained.

Epilepsy is present all over the world and is represented in all age-categories which
makes it the third largest neurological disorder globally in terms of burden of disease,
second only to Alzheimer’s disease and headache disorders (GBD 2017 DALYs and
HALE Collaborators, 2018). The world health organization (WHO) approximates the
total number of people suffering from epilepsy in the world to be 50 million, which
correlates well with a recent systematic assessment (Beghi et al., 2019; WHO, 2000).
The prevalence is approximated to be 0.6 — 0.7 % by a large meta-analysis study that
investigated 197 prevalence studies (Fiest et al., 2017).
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People with epilepsy experience lower quality of life, not only because of the disease
itself and the stigma that is attached to it, but also from the adverse effects of the drugs
used to counteract the seizures. The patient’s relationship with the anti-seizure drugs is
often difficult, and there may be a conflict between seizure control and cognitive
function (Eddy et al., 2011). It is reported that the top two most important adverse
effects of anti-seizure drugs are negative impact on overall energy levels and school
performance (Fisher et al., 2000). Epilepsy is also associated with higher mortality than
in reference populations. Both the risk of sudden unexplained death in epilepsy
(SUDEP) and suicide is elevated in individuals with epilepsy (Jallon P., 2004).

Importantly, despite decades of research and development of drugs counteracting
epilepsy, still about one third of the patients experience seizures (Brodie et al., 2012;
Picot et al., 2008). Thus, there is an urgent need for novel treatments, which is the one
of the subjects in this thesis.

The definition of seizures and epilepsy

Epilepsy is a very heterogenous disease and should not be considered an entity, but
rather a variety of disorders, characterised by underlying pathologies that make the
brain prone to generating epileptic seizures (Engel Jr., 1995; Fisher et al., 2005). The
epileptic seizure is the main symptom of epilepsy and was conceptionally defined by
the international league against epilepsy (ILAE) in 2005:

An epileptic seizure is a transient occurrence of signs and/or symptoms due to
abnormal excessive or synchronous neuronal activity in the brain.

(Fisher et al., 2005)
Thus, epilepsy is defined around seizures:

Epilepsy is a disorder of the brain characterized by an enduring predisposition to
generate epileptic seizures, and by the neurobiologic, cognitive, psychological, and
social consequences of this condition. The definition of epilepsy requires the
occurrence of at least one epileptic seizure.

(Fisher et al., 2005)

This definition has been interpreted as, for someone to have epilepsy, they must have
two unprovoked seizures separated by more than 24 hours. However, to further refine
the definition of epilepsy and adopt it to the clinical situation, more criteria were added
in 2014. Focus was shifted to the probability of the patient having an epileptic seizure.
As a consequence, a patient can currently be diagnosed with epilepsy after one seizure,
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given that the clinician evaluates the probability for second recurrent seizure to be high
(> 60% over the next 10 years) (Fisher et al., 2014).

This latest refinement of the definition emphasises the enduring state of the disorder.
With epilepsy follows a lasting propensity to generate seizures, which implies that the
disease is chronic and that there are pathological alterations in the brain, of any nature,
that make it different from a healthy one. Hence, it is important to make a distinction
between epilepsy and seizures that occur secondary to another cause in a healthy brain,
e.g., severe exhaustion, fever, alcohol withdrawal or in direct association with a head
trauma (Fisher et al., 2014). Indeed, 10% of the population will experience at least one

epileptic seizure in their life, however only a minority will be diagnosed with epilepsy
(Pohlmann-Eden et al., 2006).

Classification of seizures and epilepsy

There are multiple types of epilepsy, with vastly different semiology and etiology.
Treatment differ depending on the specific type, and also the prognosis of the outcome
varies (Duncan et al., 2006). Some mild types are readily treatable with low doses of
anti-seizure drugs, while other types, e.g. the Lennox-Gastaut syndrome is very severe,
leaving the patient with few effective treatment options and a poor prognosis
(Arzimanoglou et al., 2009). Because of the heterogeneity of the disease, it is in this
context important to clarify how the epileptic disorders are classified and what types of
epilepsy that is intended to be targeted with the experimental therapies described in
this thesis.

Recent work by a commission issued by ILAE has updated the classification of seizures
and epilepsy with the purpose of supplying clinicians with a common vocabulary
(Fisher etal., 2017; Scheffer et al., 2017). This is suggested to improve communication,
teaching and research within the field, but also supply the general public with a well-
defined description of the disease (Fisher et al., 2017, 2005).

Seizures are classified in accordance to whether the initial features of the seizure
represent a focal, generalized or unknown onset (Figure 1). The term focal describes a
seizure which start in a limited part of the brain, differing from a generalized seizure,
where the both hemispheres participates in the activity at the onset. The unknown
category is reserved to seizures that cannot be classified to the other two due to lack of
information (Fisher et al., 2017). Importantly, the category representing the seizures
with focal onset holds a specific subdivision. The description focal to bilateral tonic-
clonic, represents a specific seizure type which is very common in temporal lobe epilepsy
(TLE): the epileptic subjected to the experimental treatments of this work. This specific
type of seizure usually starts in the hippocampus, and then propagates to involve the
whole brain which causes convulsive (tonic-clonic) seizures.
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Figure 1. Classification of seizures according to ILAE.
The classification is based on the onset of the seizures. Supplementary information of for example motor components
is then added to further specify the seizure type. The figure is adapted from (Fisher et al., 2017).

The classification of the epileptic disorders is based upon a multilevel diagnostic scheme,
incorporating the seizure classification described earlier. Thus, the first level of the
classification defines the kind of seizure the patient is exhibiting. The second level
describes the epilepsy type, whether it is focal, generalized or a combination of both.
Also, here is a “Unknown” category available if sufficient clinical information is lacking.
The epilepsy type diagnosis is made on clinical ground, supported by diagnostic tools
such as electroencephalogram (EEG) and imaging techniques. The final level of
diagnosis relates to epilepsy syndrome.

A detailed diagnosis often contributes to better management and prognosis of the
disease (Engel Jr., 1995). However, lack of diagnostic tools might prevent a full
diagnosis where recourses are limited. Therefore, the classification may stop at any level
(Scheffer et al., 2017). Moreover, at all three levels of classification, the etiology of the
disease should be considered. A structural etiology is a common finding in epilepsy. It
may be acquired in the form of a stroke, traumatic brain injury (TBI) or an infection,
but can also be a malformation originating from of a genetic mutation (Scheffer et al.,
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2017). An example of a structural etiology is hippocampal sclerosis which is frequently
found in patients with TLE (Bliimcke et al., 2013).

The hippocampal formation

The hippocampal formation is a brain structure located within the medial temporal
lobe (Duvernoy, 2005). It has a curved banana-like shape, present with a mirrored
conformation in both hemispheres. Functionally, the hippocampal formation is
associated with declarative memory formation and spatial orientation, and plays a major
role in sensory processing (Lavenex and Amaral, 2000). Because of its special structure,
the hippocampus has been intensively studied and has contributed to our
understanding of basic neuronal mechanisms, such as long-term potentiation (LTP)
(Whitlock et al., 2006).

The anatomy of the hippocampal formation is divided into subregions, including
dentate gyrus (DG), the cornus ammonis (CA) regions CAl, CA2, CA3 and CAA4,
entorhinal cortex and subiculum. Traditionally, DG and the CA regions are often
referred to as hippocampus proper. The subregions are interconnected by a main
excitatory pathway, where the primary cells of the hippocampus relay activity in a
circuit (Figure 2). These primary cells are excitatory glutamatergic granule cells in the
DG and pyramidal cells (named so after their shape) in the CA region and SUB (Amaral
and Lavenex, 2007).
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Figure 2. Shematic representation of hippocampal basic connectivity.

In the main hippocampal circuit, the entorhinal cortex (EC) relays sensory information to the dentate gyrus (DG)
granule cells via the performant path. In turn, the granule cell’s axons, called mossy fibers, enter the hilus (the region
in the middle of DG) and synapse on pyramidal cells in CA3, which then relay the signal to CA1 via Shaffer collaterals.
The circuit is closed when the pyramidal cells project via the subiculum (SUB) back into the deep layers of entorhinal
cortex. Adopted from (Li et al., 2009).

The hippocampal formation is also populated by gamma-aminoburytic acid (GABA)-
ergic interneurons, modulating the activity of the primary cells (Freund and Buzsaki,
1996). These interneurons regulate network oscillations and synchronization, which is
the foundation of normal hippocampal function, but can also contribute to the
pathology in TLE (Isomura et al., 2008; Jefferys et al., 2013; Shuman et al., 2020).
Alterations in excitatory and inhibitory balance can initiate self-sustaining activity,
leading to seizures. Thus, the selective loss of interneurons observed in TLE, specifically
of somatostatin and parvalbumin positive cells, has been suggested to increase the
hyperexcitability in the hippocampus (Dudek and Sutula, 2007; Gorter et al., 2001).
Moreover, excess of glutamatergic activity is being tightly associated with the disease,
leading to alterations in neural signaling and network connectivity. Thus, targeting
glutamate in epilepsy is suggested to be a promising approach to counteract seizure
activity (Barker-Haliski and Steve White, 2015).
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Temporal lobe epilepsy

One of the most common forms of epilepsy is TLE, characterized by seizures
originating from the hippocampus, (de Lanerolle et al., 2003; Margerison and Corsellis,
1966; O’Dell et al., 2012; Sharma et al., 2007). The seizures in TLE are progressive,
often starting with an aura, predominately with an abdominal feeling followed by
altered consciousness, automatisms, and depending on the seizure propagation, clonic
motor symptoms (Blair, 2012; Wieser and ILAE Commission on Neurosurgery of
Epilepsy, 2004).

TLE predominately develops as a consequence of a precipitating event that initiates
epileptogenesis, the process where the healthy brain develops into an epileptic brain.
Such events that may cause TLE are stroke, TBI, central nervous system (CNS)
infections, febrile convulsions and szatus epilepticus (SE) (French et al., 1993; Pitkdnen
and Sutula, 2002; Sharma et al., 2008). Only a fraction of the patients presenting with
these brain insults will develop epilepsy. In those cases however, the epileptogenic event
is followed by a latency period that can range in duration from 5-10 years before the
person experience the first unprovoked seizure (O’Dell et al., 2012; Sharma et al.,
2007).

Epileptogenesis in TLE

There are multiple structural and biochemical changes involved in the process of
epileptogenesis in TLE. Findings from both animal models and resected hippocampal
tissue from patients have shown astroglial scarring and astrogliosis, neuronal cell death,
inflammation and aberrant mossy fibre sprouting (O’Dell et al., 2012; Pitkdnen and
Sutula, 2002; Ravizza et al., 2011). The specific mechanism underlying the disease is
still not fully understood, but it is believed that together, or individually, these changes
contribute to the development and progression of TLE (O’Dell et al., 2012) (Figure
3). At present, it is widely accepted that the term epileptogenesis does not only involve
pathological changes taking place during the latency phase, but should also contain
underlying processes in established epilepsy, contributing to the progression of the
disease (Pitkinen, 2010).
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Figure 3. The ongoing pathological processes in epileptogenesis.
Following an insult to the brain such as stroke or SE, multiple changes uccur that contribute to an enduring propensity
of the brain to generate spontaneus seizures. Adopted from (Pitkdnen and Sutula, 2002).

Current treatments of TLE

Currently, the primary choice of treatment for TLE is anti-seizure drugs. Typically,
these drugs decrease hyperexcitability by enhancing inhibitory GABAergic signalling or
by reducing excitatory transmission through modification of sodium and calcium
channels (Loscher and Schmidt, 2011; O’Dell et al., 2012). As the drugs are
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administered systemically, and affect brain regions that are not contributing to the
pathology, they also give rise to adverse effects, such as drowsiness and nausea (Eddy et
al., 2011; Fisher et al., 2000).

Despite decades of research and development of new therapies, still about one third of
the patients with epilepsy have insufficient seizure control (Brodie et al., 2012; Duncan
et al., 2006). This is highly problematic, since it has been shown that seizure freedom
contributes significantly to quality of life (Birbeck et al., 2002). The majority of the
refractory patients (2/3) have focal epilepsy, and especially in TLE, hippocampal
sclerosis is a strong predictor of drug-resistance (Kwan et al., 2011; Picot et al., 2008).

Drug-resistant epilepsy is defined as a failure to achieve seizure freedom using two
tolerated, appropriately chosen and appropriately used drugs, given either as
monotherapy or as combination (Kwan et al., 2011; Tang et al., 2017). Available
treatments today, e.g., anti-seizure drugs, target the symptoms (seizures) rather than
the epileptogenesis (Walker MC, White HS, 2002). They are in many cases only
transiently effective and do not reverse the underlying propensity to develop seizures
(Linard et al., 2010; O’Dell et al., 2012; Sharma et al., 2007). Better would be to
achieve disease modification, where the epileptogenesis is reversed, resulting in an
enduring reduction in seizure frequency or seizure freedom (Pitkdnen and Engel,
2014).

The lack of treatment alternatives for drug-resistant epilepsy pose a big clinical
problem, and the need for novel ways of treating the refractory patients is urgent
(Kullmann et al., 2014; Perucca et al., 2007; Schachter, 2007). Surgical resection of
the epileptic focus is an alternative to AEDs, associated with a high rate of seizure
freedom (West et al., 2015). However, despite its advantages, it is only applicable to a
minority of the pharmacoresistant patients (Duncan et al., 2006; Engel et al., 2003).
Also, one study have reported that only 50% of patients that had undergone surgery
were seizure free after 5 years (De Tisi et al., 2011).

In addition to surgery and pharmacotherapy, there are alternative strategies to
ameliorate drug resistant epilepsy. Switching to ketogenic diet has been shown to
decrease seizure frequency in children, but is unpleasant and hard to maintain (Kwan
et al., 2011). Moreover, vagal nerve stimulation or responsive neurostimulation is
efficient in some patients, however does not produce seizure freedom in all (Ben-
Menachem, 2002).

Multiple hypotheses have been formed to explain the mechanisms of drug-resistant
epilepsy. One suggests that loss of drug targets, as a result form, e.g., differential
expression of receptor subunits, could render the drugs ineffective. An alternative
mechanism could be that overexpression of efflux transporters prevents the drugs to
reach their targets in the seizure focus (Kwan et al., 2011; Tang et al., 2017). Gene
therapy offers a possibility to circumvent some of these proposed problems, e.g., by
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delivering a therapeutic compound “behind” the blood brain barrier (BBB). This
strategy is investigated in this thesis, utilizing an animal model of TLE.

Animal models of seizures and epilepsy

As discussed previously, epilepsy is a multifactorial disease, with different factors of the
pathology contributing to hyperexcitability and seizures (Loscher, 2002). Despite the
multifaceted nature of epilepsy, focus has long been solemnly on seizures as the main
feature taken into consideration when modelling the disease. Acute seizure models in
rodents, such as the maximal electroshock (MES), pentylenetetrazol (PTZ) seizure test
and the electrical kindling model has long been used for screening of new anti-seizure
drugs (Loscher, 2017). It is now speculated that shortcomings of these models are one
of the reasons for lack of progress in treating refractory epilepsy (Loscher and Schmidyt,
2011). A good model of TLE needs to reflect as many features of the human conditions
as possible, including the fact that it is a progressive disease with spontaneous
occurrence of seizures and epileptiform events. Moreover, it should show resistance to
anti-seizure drugs (Simonato et al., 2012). Thus, careful consideration is needed when
choosing among the abundance of animal models (Kandratavicius et al., 2014;
Simonato et al., 2014).

Translational pre-clinical models of TLE

There are a plethora of epilepsy models, mimicking different aspects of the disease
(Pitkdnen et al., 2017). Traditionally, repetitive electrical stimulations in hippocampus
or amygdala that cause afterdischarges have been used to model TLE, a phenomenon
called kindling (Goddard et al., 1969; Sato, 1982). This model has led to the
understanding of many mechanisms underlying epilepsy. However, the etiological
relevance and the predictive value of the model has been criticized (Loscher, 2017;
Wilcox et al., 2019).

An important category is the post SE models of epilepsy, where a stimulus (either
electrical or chemoconvulsive) give rise to SE, which triggers epileptogenesis. Similarly
to what is observed in humans, the initial insult is followed by a latency phase where
no seizures occur. After a couple of weeks, the animals develop spontaneous recurrent
seizures (SRSs) along with pathological hallmarks of the disease, e.g. hippocampal
sclerosis (Kandratavicius et al., 2014). In this context, two chemoconvulsants are used
extensively, delivered by either systemic or intracerebral injection (Raedt et al., 2009).
Pilocarpine produces SE presumably by activating the muscarinic subtype receptor M1
(Curia et al., 2008). The other chemoconvulsant, kainic acid (KA), is a glutamate
analogue which triggers excitotoxicity by activating the KA receptor (see below). An
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important difference between the two is that pilocarpine gives rise to damages also in
neocortex, while KA predominantly affects the hippocampus (Sharma et al., 2007).

Another etiologically important model is the TBI model, where a mechanical damage
is used to trigger the disease development (Thompson et al., 2005). Moreover, genetic
models have been used to investigate various mechanisms involved in the disease
development, e.g., the Genetic Absence Epilepsy Rat from Strasbourg (GAERS) which
displays features of absence epilepsy (Marescaux et al., 1992).

Given the multitude of models available to mimic epilepsy, there is an ongoing
discussion on which models to use in the efforts of finding novel treatments for
pharmacoresistant epilepsy and epileptogenesis (Loscher, 2016). Currently, models of
post SE are considered to have a predictive value in finding treatments for
pharmacoresistant epilepsy. Specifically, the systemic KA post SE induced rat model of
SRSs is used in the differentiation phase in the Epilepsy Therapy Screening Program
(ETSP). One of the main arguments for the claim of the accuracy of these chronic
models is the fact that experiments are performed in an epileptic brain rather than in a
healthy brain that is subjected to a seizure provoking insult. The chronic disposition to
generate seizures is considered to increase the translational value of the model (Kehne
et al., 2017; Wilcox et al., 2019).

Although models featuring SRSs are advantageous when it comes to predictability, they
are not suited for screening of treatment alternatives and high throughput. Monitoring
of SRSs is laborious and expensive and require extensive experimental setups to yield
decisive results (Kandratavicius et al., 2014). Therefore, there is a need for a preceding
model, which lacks the high predictive value, but still with reasonable ability can
evaluate treatment effect in a highly efficient manner, limiting the amount of
candidates to be investigated in chronic models (Loscher, 2017).

In this work, two animal models have been utilised in the screening and subsequent
efficacy testing of direct and indirect gene therapy for reasons discussed below. The
subcutaneous (s.c.) KA model of acute induced seizures was used for screening of viral
vector candidates, and the i.h. KA post SE rat model of TLE was used for efficacy
studies in the chronic phase of the disease.

Intrahippocampal kainic acid (Chronic seizures)

KA administration in animals was first proposed as a model of TLE in the 80s (Ben-
Ari, 1985). The compound is a L-glutamate analogue that interacts with KA receptors
(KARs), which are highly expressed in the CA3 region of the hippocampus and have a
high affinity for glutamate. This renders this region susceptible to excitotoxicity due to
excessive KA induced neuronal signalling (Bloss and Hunter, 2010; Vincent and Mulle,
2009).
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An intrahippocampal (i.h.) microinjection of 0.4 pg KA results in initiation of SE,
characterized by a progressive increase in EEG amplitude, followed by episodes of
discharge complexes with high frequency synchronized spiking. The initial insult lasts
between 3.7 — 20.5 hours if not stopped by administration of drugs, and is followed by
a latency phase that range from 5 — 30 days before SRSs emerge (Lévesque and Avoli,
2013; Rattka et al., 2013). The rate of animals developing SRSs has been reported to
be around 80% (Bragin et al., 2005; Raedt et al., 2009; Rattka et al., 2013). Though,
there is evidence of that the use of anaesthesia acts as an insult modifier, resulting in
fewer animals developing SRSs (Bar-Klein et al., 2016; Rattka et al., 2013). As 41% of
patients with SE develops epilepsy, one can argue that this is an etiologically relevant
model (Walker MC, White HS, 2002). However, the initiation of SE with KA is of
course artificial and more resembles domoic acid poisoning (Cendes et al., 1995).

Interestingly, the neuropathology of rats injected with KA is very similar to the human
condition of TLE (Kandratavicius et al., 2014; Rattka et al., 2013). The ipsilateral
hippocampus to the KA injection demonstrates gliosis, neural loss and mossy fibre
sprouting (Raedt et al., 2009). The damage is mostly present in the CA3 region and
the dentate hilus, while the CA1 region is preserved.

The frequency of SRSs varies between animals and over time, which highlights the
importance of continuous video-EEG monitoring to accurately investigate seizure
occurrence. However, no correlation has been found between SE severity and
subsequent frequency of SRSs (Rattka et al., 2013). Disease progression, characterized
by a gradual increase in SRS frequency, along with clustering of seizures strengthens
the similarity between the model and the human condition (Lévesque and Avoli, 2013;
Rattka et al., 2013). Clustering of seizures is a common feature in human epilepsy and
is associated with refractoriness (Haut et al., 2005; Sillanpad and Schmidt, 2008).
Interestingly, seizure clustering has been suggested to be a result of accumulation of
post-ictal refractoriness attributed e.g. neuropeptides such as neuropeptide Y (NPY)
(Léscher and Kohling, 2010).

Continuous video-EEG is usually applied to investigate the SRSs in the model. Depth
and cortical electrodes record the local field potentials generated by synchronized neural
depolarizations and subsequent transmembrane ion flow (Buzséki et al., 2012). Video
synchronized with the EEG gives additional information of any behavioral component.
By reviewing the data, SRSs can be identified and characterized (Bertram et al., 1997).

The advantage of focal (i.h.) administration of KA, compared to systemic
administration, is that it results in a regionally restricted focus (Rattka et al., 2013).
Rats injected with i.h. KA display mainly convulsive seizures starting in the ipsilateral
hippocampus, and propagate to contralateral amygdala, hippocampus and frontal
cortex (Leite et al., 1996; Lévesque and Avoli, 2013; Rattka et al., 2013; Riban et al.,
2002). This feature is important when investigating experimental focal treatments, such
as the studies presented in this work.
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Sub-cutaneous kainic acid (Acute seizures)

Sub-cutaneous (s.c.) injection of 10 mg / kg of KA in rats induces acute excitotoxicity,
resulting in seizures that gradually develop into SE, as described above. The behavioural
seizures can be counted and characterized as a measure of excitability, and be used to
screen for anti-seizure effects of an experimental treatment (Woldbye et al., 2010).
Scoring of seizure severity is done according to the Racine scale. The scale ranges from
1 to 5, where (1) is a seizure involving mouth and facial movements, (2) head nodding,
(3) Forelimb clonus, (4) rearing, (5) rearing and falling (Racine, 1972).

Similar to the i.h. injection procedure, the acute seizures start in the hippocampus,
making it suitable for investigation of any seizure inhibiting effects of focal
experimental treatments (Lothman et al., 1981), such as gene therapy.

Gene Therapy

Given the unmet need of alternative treatments in focal drug-resistant epilepsy, there
has been a priority to develop novel approaches to counteract the disease. Due to the
nature of focal epilepsies, and TLE in particular, several focal targeting strategies are
under development. Cell grafting into the hippocampus aims at repairing damaged
structures or releasing modulating substances that inhibit hyperexcitability (Raedt et
al., 2007), deep brain stimulation has been shown to reduce seizers in TLE patients
(Boon et al., 2007) and specific modulation of miRNAs by antagomirs have been
demonstrated to exert a potent anti-seizure effect in multiple animal models when
administered i.c.v. (Reschke et al., 2017).

The most frequently mentioned novel approach to target TLE is by gene therapy. The
principle of gene therapy is to introduce new genes into cells, modulating them into
producing, e.g., a therapeutic agent. This approach can be divided into two categories,
ex-vivo gene therapy and in-vivo gene therapy. In ex-vivo gene therapy, cells are
engineered to express a transgene izn-vitro and then implanted into tissue, while in-vivo
gene therapy is based on direct gene transfer by viral or non-viral vectors.

Both cases offer advantages over conventional pharmacotherapy. Many therapeutic
agents have limited BBB penetrance and are interacting with targets outside CNS
(Simonato et al., 2013). This rules out systemic administration, as it would result in
poor bioavailability at the target site and cause adverse effects. By delivering the
therapeutic agent via gene therapy directly into the epileptic focus or in a seizure
propagation pathway, these hurdles are potentially overcome (Loscher et al., 2008).
Such focal treatment of the epileptic tissue could possibly also decrease any adverse
effects, that are often associated with anti-seizure drugs (Riban et al., 2009; Simonato,
2014).
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The potential of gene therapy in epilepsy has been demonstrated in numerous pre-
clinical studies (Kullmann et al., 2014; McCown, 2016). Specifically, overexpression
of endogenous neuropeptides and neurotrophic factors has been shown to increase
seizure threshold and decrease the number of seizures. Recently, the development of
novel gene editing techniques and molecular tools has enabled advanced strategies for
gene therapy-based seizure suppression. Methods involving optogenetics,
chemogenetics and engineered potassium channels have all showed potential in seizure
suppression (Krook-Magnuson et al., 2013; McCown, 2016; Snowball et al., 2019). In
the context of this thesis, gene therapy based on NPY and glial-cell line derived
neurotropic factor (GDNF) overexpression is highlighted later.

The main method of delivering genes directly in-vivo is by utilizing viral vectors. This
technique takes advantage of the natural ability of a virus to transfer genetic material to
cells. However, in order to safely utilize this capacity, the viruses are made replication
deficient, meaning that they are unable to proliferate. There are three main classes of
viral vectors that are considered in CNS gene therapy, lentivirus, herpes simplex virus
and adeno-associated virus (AAV). They differ in packaging capability, transduction
efficacy and method of transgene integration (Ingusci et al., 2019; Simonato, 2014).
As, AAV based vectors are considered safe, non-pathogenic and are capable of sustained
gene expression, these have been commonly used in clinical trials (Choudhury et al.,
2016).

Adeno-associated viral vectors

AAV is a small (25 nm) non-enveloped single-strand DNA parvovirus capable of
infecting both dividing and non-dividing cells (Zincarelli et al., 2008). It has a
packaging capability of 4.7 kb, which makes it suitable for delivering simple molecules
such as neuropeptides, however it has limited use for long expression constructs or
regulatory sequences (Kullmann et al., 2014). AAVs are considered a good choice in
gene therapy, since they are classified as dependoviruses, uncapable of replication by its
own. Also, the delivered genetic material remains episomal, without integrating into
the chromosome, which reduces the risk of mutagenesis (Hitti et al., 2019). AAVs
display low immunogenicity and are capable of sustained long lasting expression (J
McCown, 2011; Weinberg et al., 2013). However, as humans are naturally exposed to
AAVs, there might be a risk of some individuals carrying neutralizing antibodies
towards a specific type (Sun et al., 2003).

There are numerous serotypes identified that differ in tropism depending on the
composition of capsid proteins. The differences in tropism might be explained by the
recent identification of an AAV receptor (Pillay et al., 2016). Co-receptors and other
factors could influence the endocytosis of a specific serotype (Colella et al., 2018).
Serotype AAV1, AAV2, AAV5 and AAVS display neuronal tropism, while AAV9 has
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been shown to be able to cross the BBB (Burger et al., 2004; Klein et al., 2008). Thus,
the choice of serotype is important to achieve adequate expression in the target tissue
(Weinberg et al., 2013).

It is possible to further modulate the expression of the transgene with cell-type or
region-specific promoters. The promoter is also important for stable long-term
expression, as it has been shown that e.g. the ubiquitous cytomegalovirus (CMYV)
promoter is downregulated over time (Fitzsimons et al., 2002). However, the neuron-
specific enolase (NSE) promoter is capable of sustain expression, and also, the synthetic
CMV-enhanced/chicken B-actin (CAG) promoter drives long-term strong expression
(Klein et al., 2002).

For focal epilepsy, gene therapy is suggested to be a promising approach, and
particularly overexpression of neuropeptide Y has been investigated for seizure
supressing effects, which is discussed next (Kovac and Walker, 2013; Kullmann et al.,
2014; Simonato, 2014).

In-vivo gene therapy based on Neuropeptide Y and its receptors

Neuropeptide Y (NPY) is a member of the neuropeptide Y family of biologically active
peptides (PP-fold peptides), which contains also pancreatic polypeptide (PP) and
peptide YY (PYY) (Holzer et al., 2012). It is named because of its 5 tyrosine (Y) residues
in its primary structure, and was first discovered almost 4 decades ago (Tatemoto et al.,
1982). The peptides in the family are all 36 amino acids long and share structural motifs
(Hokfelt et al., 1998). Interestingly, NPY is also highly conserved throughout evolution
(Larhammar et al., 2001), and its amino acid sequence is identical between, e.g., human
and rat (O’Hare et al., 1988; Thorsell and Mathé, 2017). While all the peptides in the
NPY-family are produced and released by endocrine cells from the gut, NPY is also
widely distributed in the mammalian brain (Hendry et al., 1984; Holzer et al., 2012).
Indeed, NPY is the one of the most abundant neuropeptides in the brain, and high
levels are found in the arcuate- and paraventricular nuclei of the hypothalamus,
amygdala, periaqueductal grey, locus coeruleus, septum and the hippocampal
formation (Kask et al., 2002; Thorsell and Mathé, 2017).

In the brain, NPY is produced predominantly by interneurons where it is stored in large
dense core vesicles at synaptic terminals (de Quidt and Emson, 1986). The synthesis
takes place in cell soma in the form of the precursor protein preproNPY, which is then
packed in the Golgi apparatus and transferred to the synaptic terminal via anterograde
transport (Hokfele et al., 2000; Vezzani and Sperk, 2004). The precursor protein is
truncated, resulting in its active form NPY1-36 and a c-terminal peptide of NPY
(CPON) (Thorsell and Mathé, 2017). NPY1-36 can then be further processed into
NPY2-36 and NPY3-36, which affects receptor binding affinities (Soud et al., 2018).
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As with most neuropeptides, a sustained high frequency activity of the neuron is
required for the release of NPY (Hokfelt, 1991; Vezzani et al., 1999). Once released,
the neuropeptide can be active over longer duration, since deactivation is slow due to
peptidase degradation, in contrast to the fast removal of classical neurotransmitters in
the synaptic cleft (Hokfelt et al., 2000). This also enables NPY to act as a volume
transmitter, interacting with targets far away from the release site (Hokfelt, 1991;
Sajdyk et al., 2004; Serensen et al., 2008b).

Being one of the most abundant neuropeptides in the brain, NPY has been shown to
be involved in many physiological functions, such as memory formation, food intake,
stress, blood pressure, angiogenesis, neurogenesis and circadian rhythm (Benarroch,
2009; Decressac and Barker, 2012; Gotzsche and Woldbye, 2016; Hokfelt et al., 1998).
Moreover, NPY plays a part in various pathological conditions, including
neurodegenerative diseases such as Alzheimer’s, Huntington’s and Parkinson’s disease,
stress, depression, anxiety post-traumatic stress disorder (PTSD), alcoholism and
epilepsy (Decressac and Barker, 2012; Heilig, 2004; Reichmann and Holzer, 2016;
Sajdyk et al., 2004; Thorsell and Mathé, 2017; Vezzani et al., 1999).

Five NPY receptors have been identified (Y1, Y2, Y4, Y5, y6), all of which are G-protein
coupled receptors (Michel et al., 1998). However, the y6 receptor has been shown to
be functionally expressed only in mouse and rabbit (Redrobe et al., 1999). The Y1, Y2
and Y5 receptors are the most abundant in the brain, present at high to moderate levels
in the hippocampus, while the Y4 receptor is hardly detected (Redrobe et al., 1999;
Silva et al., 2005).

Changes in the Neuropeptide Y system in epilepsy

Levels of NPY (and other neuropeptides) have been shown to increase after sustained
seizure activity, such as KA or electrical stimulation induced SE in rats (Marksteiner et
al., 1990b; Vezzani and Sperk, 2004; Zachrisson et al., 1995). Similarly, repetitive
shorter seizures induced by electrical or chemical kindling also induce NPY
upregulation (Bendotti et al., 1991; Marksteiner et al., 1990a). In the chronic phase,
where rats subjected to KA induced SE exhibit SRSs, NPY is still upregulated
(Marksteiner et al., 1990b). This overexpression of NPY is suggested to be a
consequence of the seizure activity, as it can be blocked either by administration of anti-
seizure drugs after SE or disappears 1-2 weeks after kindling (Marksteiner et al., 1989;
Schwarzer et al., 1996). In contrast to NPY expression in the normal hippocampus,
ectopic immunoreactivity of NPY is detected in mossy fibres and is markedly increased
in hilar interneurons after KA induced SE. Also, a transient expression is found in the
CA1 10 hours after SE in rats (Vezzani and Sperk, 2004).

In addition to the changes in NPY expression, the receptor distribution is altered in
epileptic rats. Binding of the Y2 receptor has been found to increase in the Schaffer
collateral terminals and mossy fibres (Réder et al., 1996; Schwarzer et al., 1998). Y1
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receptors are on the other hand downregulated in the molecular layer of the DG (Kofler
et al., 1997). The situation is reported to differ in humans. In tissue resected from
human patients with TLE, significant NPY overexpression is only detected in
interneurons, which also display axonal sprouting, resulting in increased NPY and
GABAergic innervation of mossy fibres. Also, the Y2 receptor is upregulated in the DG,
and the Y1 receptor is downregulated in the molecular layer in DG compared to
autopsy controls (Furtinger et al., 2001). The Y1 and Y2 receptor have been shown to
have diverse, counteracting effects on hyperexcitability. Thus, these adaptive changes
in expression of NPY and the Y1 and Y2 receptor have been suggested to constitute a
endogenous protective mechanism against seizures (Benmaamar et al., 2003; Vezzani

and Sperk, 2004).

The inhibitory role of NPY in seizures

There is a large body of evidence for the seizure supressing properties of NPY (Baraban,
2004; Benarroch, 2009; Vezzani and Sperk, 2004). Exogenous application of NPY via
a cannula to the lateral ventricle inhibits acute KA induced seizures and supress
epileptiform activity when added to mouse hippocampal slices in-vitro (Baraban, 2002;
Woldbye et al., 1997). In line with these findings, transgenic knock out mice, lacking
NPY, had a higher susceptibility to picrotoxin (PTX) or KA induced acute seizures
(Baraban et al., 1997; Erickson et al., 1996). Also, transgenic overexpression of NPY in
rats rendered the animals more resistant to kindling (Vezzani et al., 2002).

There is much pointing in the direction that the inhibitory mechanism is due to the
NPY interaction with its Y2 receptor (El Bahh et al., 2005). NPY inhibits glutamatergic
excitatory transmission in the hippocampal formation (Colmers and Bleakman, 1994).
This inhibition has been attributed to the Y2 receptor, mainly located pre-synaptically,
which inhibits the release of glutamate by reducing the influx of Ca® via voltage
dependent calcium channels (Colmers et al., 1988; Qian et al., 1997; Stani¢ et al,,
2011). Experiments with receptor specific antagonists and receptor knockout mice have
concluded that, indeed, also the supressing effect on seizures is mediated by the Y2
receptor (El Bahh et al., 2005; Klapstein and Colmers, 1997). On the other hand, the
Y1 receptor has been shown to mediate a weak excitatory effect, as antagonism of the
Y1 receptor inhibits the development of KA induced seizures and delays epileptogenesis
in kindled rats and aggravates KA induced acute seizures (Benmaamar et al., 2003;
Gariboldi et al., 1998; Olesen et al., 2012).

Due to the interesting properties of the NPY system in epilepsy, it has been suggested
as a promising target for a focal anti-epilepsy treatment (Kovac and Walker, 2013).
Indeed, NPY has been shown to decrease synaptic transmission by activating the Y2
receptor in human resected tissue (Ledri et al., 2015; Patrylo et al., 1999). Moreover,
NPY application to in-vitro preparations of resected epileptic hippocampal tissue was
also recently shown to inhibit epileptiform activity (Wickham et al., 2019). These
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findings indicate that focal overexpression of NPY could be applicable in humans for
treating TLE.

Gene therapy utilizing the NPY system

There have been multiple pre-clinical studies investigating the effects of NPY
overexpression in epilepsy using gene therapy. In 2004, it was shown that a bilateral
injection with an AAV vector overexpressing NPY reduced i.h. KA induced acute
seizures and significantly delayed kindling (Richichi et al., 2004). These findings were
later confirmed, when AAV derived overexpression of both NPY and NPY13-36 (a Y2
preferring agonist) reduced grade 3 and 4 seizures induced by systemic administration
of KA (Foti et al., 2007). As these initial studies were done in models of induced
seizures, there was a question of whether focal AAV derived NPY overexpression would
also supress SRSs. Indeed, in 2008, it was demonstrated that spontaneous seizures,
following electrically induced SE, could be supressed by bilateral overexpression of
NPY. Moreover, the rate of progressive animals (defined in this case as individuals
exhibiting an increase in seizure frequency by 50%) was reduced in the treated group
compared to the control (No¢ et al., 2008). With these encouraging findings, the
potential of translation to the clinic increased. However, it was not clear whether
overexpression of NPY would have adverse effects on cognitive function. NPY
overexpression was shown to cause a delay in hippocampal based learning, accompanied
by an attenuation of LTP in the CA1 area (Serensen et al., 2008a). Though, the effect
did not exacerbate the memory deficits already present in epileptic animals (Serensen
et al., 2009). In contrast, no behavioural deficits were reported when injecting naive
rats with either AAV1-NPY or the chimeric AAV1/2-NPY (Noe et al., 2010; Noé et
al., 2008). To explain these conflicting findings, it is argued that the location of NPY
overexpression in the hippocampus could affect the cognitive outcome (Noe et al,,
2012).

As the seizure supressing effect of NPY is predominately mediated by the activation of
the Y2 receptor, it was hypothesised that overexpression of this receptor would have a
seizure supressing effect. Indeed, it was shown that Y2 overexpression attenuated KA
induced acute seizures and retarded kindling development. Importantly, when the Y2
receptor was overexpressed in concert with NPY, the after-discharge threshold was
significantly elevated both compared to Y2 alone and empty control. This indicated
that a combinatorial overexpression of NPY and the Y2 receptor could have a
synergistic effect on seizures (Woldbye et al., 2010). Also, the Y5 receptor has been
shown to strengthen the effect of NPY on acute KA induced seizures, however failed to
alone exhibit a supressing effect (Gotzsche et al., 2012).

AAV mediated gene therapy overexpressing NPY has also been proposed to inhibit
absence seizures. A recent study demonstrated a significant reduction of spontaneous
seizures in GAERS. Viral vector derived overexpression was targeted to thalamus or
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somatosensory cortex, which resulted in a reduction of seizure frequency and duration
(Powell et al., 2018).

This body of accumulating evidence for the seizure supressing potential of AAV
mediated NPY overexpression talks in favour for translation to the clinic. Indeed, a
clinical grade, Good Manufacturing Practice (GMP) vector, based on the AAV1
serotype, was recently produced (Patricio et al., 2018). However, neither of the
described studies have investigated whether focal overexpression in the seizure focus
(e.g. unilateral to a KA injection) attenuates SRSs. Moreover, intervention with a single
vector, driving both NPY and the Y2 receptor, has never been described. Both of these
questions are addressed in this thesis.

Encapsulated cell biodelivery

Although gene therapy based on viral vectors has shown great promise in targeting CNS
disorders, there are still questions about safety, as administration of a viral vector is
irreversible. Also, ex-vivo gene therapy, modulating cells 7nz-vivo for subsequent grafting
is hard to cancel, and migration of cells outside the therapeutic area might lead to
adverse effects (Lindvall and Wahlberg, 2008).

Encapsulated cell biodelivery (ECB) was developed to increase safety of ex-vivo gene
therapy. The technique is based on cells, engineered to overexpress a therapeutic agent,
that are encapsulated in a semipermeable membrane, allowing oxygen and nutrients to
reach the cells, and preventing them from dispersing into the tissue and coming in
contact with host immune system (Figure 4). This offers some advantages compared to
both viral vector-based gene therapy and cell therapy. As the cells are confined in a
device, they can be explanted if there are concerns of safety, or if unable to be ameliorate
the disorder (Lindvall and Wahlberg, 2008; Paolone et al., 2019).

Cells

PET yarn scaffold

Tether Junction \ \

Active portion  End seal with glue plug

Figure 4. A shematic illustration of a ECB device

The engineered cells are encapsulated in a supporting matrix composed of polyethylene terephthalate (PET) yarn.
This is surrounded by a semipermeable membrane, allowing for transport of nutrients and theraputic agent, however
separating the cells from the host tissue. Adopted from (Eyjolfsdottir et al., 2016).
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The approach of ECB of therapeutic agents has been investigated for neurodegenerative
disorders. Delivery of nerve growth factor (NGF) to patients with Alzheimer’s disease
has indicated positive therapeutic effect (Eyjolfsdottir et al., 2016). Also, a clinical study
performed in Huntington’s disease, delivering ciliary neurotrophic factor (CNTF), has
provided evidence of safety and tolerability (Bloch et al., 2004).

The efficacy of the ECB in epilepsy is indicated by pre-clinical studies, where e.g.,
adenosine release from ECB devices inhibited kindling induced behavioural seizures
and after-discharges (Giittinger et al., 2005). More recently, both GDNF (see below)
and brain-derived neurotropic factor (BDNF) have demonstrated an inhibitory effect
on seizures (Falcicchia et al., 2018; Paolone et al., 2019).

Ex-vivo gene therapy based on GDNF

Neurotropic factors are biomolecules, crucial for the development and survival of
neurons. There are several subgroups, one of the most studied being neurotrophins,
which includes BDNF and NGF (Hefti et al., 1993). Another subgroup is the GDNF-
family ligands (GFLs), including GDNF, which was isolated from a pig glial cell line
(Lin et al., 1993). In addition to GDNF, there are three other ligands in the GFLs:
Neurturin, Artemin and Persephin (Ibdfiez and Andressoo, 2017). The GFLs each bind
to an individual GDNF family receptor (GFRa1-4) with some low affinity overlap.
Specifically, GDNF bind to GFRal and form a ligand receptor complex that in turn
can activate the receptor tyrosine kinase RET. In addition to GFRal and RET, GDNF
can also signal by interacting with the neural cell adhesion molecule (NCAM) and
Syndecan-3 (Airaksinen and Saarma, 2002; Ibdfez and Andressoo, 2017).

Because of its ability to promote midbrain dopaminergic neuron survival, GDNF has
been extensively studied in Parkinson’s disease. However, a recent double-blind clinical
study, delivering GDNF to the putamen, have failed to prove a positive effect over
control (Kirkeby and Barker, 2019). In the context of epilepsy, GDNF has gained an
increasing amount of attention due to its ability to counteract seizures (Paolone et al.,
2019).

GDNEF in epilepsy

GDNEF is suggested to be linked to epilepsy by the finding that KA or pilocarpine
induced seizures increase the levels of both GDNF mRNA and protein levels in the
hippocampus (Humpel et al., 1994; Kokaia et al., 1999; Schmidt-Kastner et al., 1994).
Interestingly, unilateral administration of KA led to a bilateral increase in GDNF
immunoreactivity in granule cells, lasting for 4 days (Mikuni et al., 1999). The GDNF
receptors are also regulated by seizures. Both electrical stimulation and systemic

administration of KA has been shown to induce an upregulation of hippocampal
GFRal (Kokaia et al., 1999; Nanobashvili et al., 2003; Reeben et al., 1998).
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Interestingly, GFRa2-deficient mice showed a resistance to kindling, raising the
question of whether GFRal and GFRa.2 have opposing effects on neural excitability
(IbdAez and Andressoo, 2017; Nanobashvili et al., 2000).

A more direct evidence for the seizure inhibiting potential of GDNF comes from
studies showing that intracerebroventricular (i.c.v) administration of GDNF inhibits
KA induced seizures and retards behavioral progression of kindling (Li et al., 2002;
Martin et al., 1995). These findings have brought about studies trying to suppress
seizures by focal delivery of GDNF.

Gene therapy utilizing the GDNF system

Both ECB and viral vector delivery of GDNF into the hippocampus have been shown
to decrease various aspects of seizures. Unilateral adenoviral mediated expression of
GDNEF in the hippocampus inhibited KA induced acute seizures along with rescuing
glutamic acid decarboxylase (GAD) expression, which is involved in GABAergic
signalling (Yoo et al., 2006). Similarly, AAV vector driven GDNF overexpression
decreased the frequency of generalized seizures in SE induced by electrical stimulation
and increased seizure induction threshold in pre-kindled rats. However, no significant
effect was observed on the progression of seizure severity during kindling (Kanter-
Schlifke et al., 2007). Interestingly, ECB of GDNF indicated a dose dependent
relationship between re-kindling susceptibility and released amount of GDNF from the
implants. The animals implanted with a device that showed a low post-explantation
release of GDNF exhibited shorter after-discharge duration and milder seizures at the
5" day of rekindling than animals with implanted with devises that released higher
amounts. It was argued that high levels of overexpression might lead to downregulation
of the signalling pathway downstream the GFRal1 receptor, as the levels of the receptor
was not changed when compared to either the high release specimens and the control
(Kanter-Schlifke et al., 2009).

The above described studies were based on either acute induced seizures or the kindling
model. As discussed previously, the predictive properties of these models have been
criticised as they lack, e.g., the development of SRSs. Recently, however, a
comprehensive study was published, utilizing the systemic pilocarpine model with SRSs
and bilateral implantation of ECB devices 20 days after SE. Motor and non-motor SRS
frequency were reported to be reduced, both in a short-term an a long-term (90 days)
efficacy experiment. Moreover, a persistent effect was found after device removal, which
indicates that the intervention had a disease modifying effect (Paolone et al., 2019).
Though, the question remains, if whether unilateral implantation of an ECB device
releasing GDNF into the seizure focus, which is a likely clinical scenario, would be
sufficient to inhibit SRSs. This question is addressed in this thesis.
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Challenges with translation

As discussed previously, lack of progress in the development of novel therapeutic
approaches in drug-resistant epilepsy have been related to use of models with limited
predictive value, low statistical power and poor reproducibility between different
laboratories (Simonato et al., 2014; Steward et al., 2012). Specifically, small sample size
have led to overestimation of effects, which consequently are hard to reproduce (Button
et al., 2013). One reason for these deficits have been attributed to miscommunication
between research groups and lack of standardisation (Landis et al., 2012).

Multicentre studies have been suggested to remedy reproducibility and increase the
translational value of pre-clinical studies (O’Brien et al., 2013; Simonato et al., 2014).
However, in order to be feasible, standardisation and harmonization of practices in pre-
clinical studies is required.

Efforts have been made in the field of spinal cord injury (SCI) and TBI, to standardize
reporting and harmonizing experimental procedures (Lemmon et al., 2014; Smith et
al., 2015). Specifically, the experimental data was suggested to be arranged in common
data elements (CDEs), similar to how the National institute of neurological disorders
and stroke (NINDS) have done for clinical studies (Stone, 2010). A CDE can be
described as a basic data unit that is common across study objectives, and holds
information about e.g. animals’ species, or type of model used.

To meet the need for standardisation and harmonization in the field of pre-clinical
epilepsy research, the European Union funded project, Targets and biomarkers for
epileptogenesis (EPITARGET), started the development of CDEs and an online data
dictionary, which would allow for sharing and comparing data between research
groups. This work is described in this thesis.
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Aims of the thesis

Despite decades of research and development of anti-seizure drugs, still approximately
one third of epilepsy patients do not respond satisfactory to treatment. The majority of
these refractory patients have focal epilepsy and gene therapy has been suggested to be
a promising approach to treat these patients. The overall aim of this thesis has been to
investigate the seizure suppressing effects of such gene therapies by utilizing a
translational pre-clinical study framework.

Specific aims of the thesis were:

To characterize the i.h. KA rat model of chronic epilepsy in terms of disease
severity and progression (Paper I).

To evaluate the effect of AAV serotype and gene orientation, exemplified by
combinatorial NPY and Y2 gene therapy, on acute KA induced seizures (Paper
10).

To explore the supressing effect of focal combinatorial NPY and Y2 receptor
gene therapy on spontaneous recurrent seizures in the i.h. KA rat model of
chronic epilepsy (Paper I and III).

To investigate whether focally released GDNF by ECB supresses spontaneous
recurrent seizures in the i.h. KA rat model of chronic epilepsy (Paper IV).

To contribute to harmonization of experimental procedures and the
development of a data sharing platform to support multicentre pre-clinical
studies. (Paper V)
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Experimental procedures

Ethics

The experimental procedures performed in Sweden (Paper I-IV) were approved by the
local ethical committee for experimental animals (Ethical permit no. M190-09 and
M49-15) and conducted in agreement with the Swedish Animal Welfare Agency
regulations. The dose-response study (Paper I1I) were performed in Israel in compliance
with The Israel Board for Animal Welfare Act and was approved by the Israel Board
for Animal Experiments (Approval no. IL-16-09-359).

Animals

All animals used in this work were male Wistar rats (Charles River, Germany) weighing
200-230 g at the arrival to the facility. They were housed in pairs or in groups of three
unless under video-EEG monitoring, during which they were kept singly. The animals
had ad libitum access to food and water, but in the long study (> 10 months) described
in paper I, where they had a daily forage of 15-20 g. The animal facility had a set 12 h
light / dark cycle, and the animals were checked daily for any signs of stress and
morbidity.

Animals were randomly assigned to treatment groups (Paper I-IV). Specifically, in the
case of the long-term efficacy study of combinatorial single vector NPY and Y2 receptor
gene therapy (Paper III), the animals were randomly added to the treatment groups
according to the SRS frequency exhibited before intervention. Thus, new animals were
matched in pairs of similar seizure frequency and then randomly divided to receive
either treatment or control, resulting in two groups with an equal average pre-
intervention SRS frequency (Figure 5). All data was analysed by an operator blind to
the treatment conditions.
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Figure 5. Pre-intervention SRS frequency in rats
Stratification of the animals in paper Il resulted in two groups with equal pre-treatment SRS frequency (p = 0.93,
Mann-Whitney test).

Viral vectors

All recombinant viral vectors used in this work were produced by GeneDetect
(Auckland, New Zealand) as previously described (During et al., 2003). In the study
where two viral vectors were used to overexpress NPY and the Y2 receptor (Paper I), a
mixture of serotype 1 and 2 was utilized. Human pre-proNPY and mouse Y2 receptor
were driven by the rat NSE promoter. Also, the expression cassette contained the
woodchuck post-transcriptional regulatory element (WPRE) and the bovine growth
hormone polyA signal to enhance expression (Woldbye et al., 2010). The control
empty vector was composed of the same expression cassette, however lacking the
transgene.

The single vectors containing both NPY and the Y2 receptor (Paper II and III) had the
same expression enhancing components as in paper I, but differed in Y2 receptor origin
and promoter. Moreover, they were not mixtures of serotypes but were composed only
of either AAV1, AAV2 or AAVS capsids. The Y2 receptor was the human gene and the
promoter was CAG (chicken beta-actin promoter hybridized with the cytomega virus
[CMV] immediate enhancer sequence)(Hitoshi et al., 1991). To ensure splicing of the
ligand and the receptor, an internal ribosome entry site (IRES) was placed between the
transgenes.

The administrated titers of the vectors were 10> genomic particles (gp) / ml at all
occasions but in the dose-response study, where a range of 10’ to 10" gp / ml were

injected (Table 1).
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Table 1. Viral vectors and the titers used in the thesis.
The conentration of 1.0 x 10" gp / ml was used at all times, but in the dose-response study, where a range of 1.0 x 10°
—1.0 x 10" gp / ml was administered.

Viral vector Study Titer
Mixture AAV1/2 NPY, AAV 1/2 Y2 Paper | 1.0x 102 gp /ml
Mixture AAV1/2 Empty Paper | 1.0x 10" gp/ml
Paper II 1.0x 10" gp/ml
AAV1-NPY-IRES-Y2 Paper Ill (Dose-responce) 1.0 x 10°-1.0x 10"3gp / ml
Paper Ill (Efficasy study) 1.0x 10" gp / ml
AAV1-Y2-IRES-NPY Paper Il 1.0x 10" gp/ml
Paper II 1.0x 10" gp/ml
AAV1-Empty Paper Il (Dose-responce) 1.0 x 10" gp / ml
Paper lll (Efficasy study) 1.0x 102 gp /ml
AAV2-NPY-IRES-Y2 Paper Il 1.0x 10" gp/ ml
AAV2-Y2-IRES-NPY Paper Il 1.0x 102 gp/ ml
AAV2-Empty Paper Il 1.0x 10" gp/ ml
AAV8-NPY-IRES-Y2 Paper Il 1.0x 102 gp/ ml
AAV8-Y2-IRES-NPY Paper Il 1.0x 102 gp/ ml
AAV8-Empty Paper II 1.0x 10" gp/ml

Encapsulated cell biodelivery

The ECB devises were provided by NsGene A/S (Denmark). They consisted of 7 mm
long cylinders of 725 pm diameter, with an outer membrane of polyethersulfone and
internally fitted with 72 filaments of polyethylene terephthalate yarn for cell adhesion.
The devises were filled with 60,000 human retinal pigment epithelial cells (ARPE-19),
genetically modified to produce and release GDNF. For the control group, similar
devices were produced, but lacking the ability to release GDNF. The release of GDNF
was measured by enzyme linked immunosorbent array (ELISA) one day before

implantation to be 435.9 ng/ml/24h.

Induction of epileptic seizures

Two different methods of modelling seizures where used in this thesis. 1) The induction
of acute seizures by s.c. KA served as screening method, due to high throughput and
still reasonably high prediction of efficacy. In this case, the viral vector preceded the
induction of seizures (Paper 1I). 2) In the chronic studies (I, III and IV), where any
supressing effects on SRSs were investigated to increase the translational value of the
results, the KA was injected unilaterally into the hippocampus of the rats to initiate SE.
This epileptogenic insult triggered the development of SRSs, which were subsequently
monitored. In these studies, the treatment intervention was introduced after the
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development of SRSs, to investigate any seizure supressing or disease modifying effects
(Simonato, 2014). The two methods are described in detailed below.

Kainic acid induced acute seizures

Kainic acid (ab120100, Sigma Aldrich) was prepared fresh at the day of the experiment.
50 mg of KA was diluted to a final concentration of 10 mg / ml in sterile isotonic 0.9%
saline, and pH was adjusted with 1M NaOH (Sigma Aldrich) to 7.4 to reduce any pain
response when injected. The pH was continuously monitored with a pH meter (FiveGo
F2, Mettler Toledo) during calibration to prevent overshoot.

The administration of KA in rats were done by injecting a dose of 10 mg / kg s.c. in
the neck region. The animals were subsequently placed in transparent Plexiglass boxes
with the dimensions 30x19x29 cm. This allowed for video monitoring of seizure
activity for 2h, before the animals were sacrificed. The video was then reviewed and the
seizures scored according to a modified scale of Racine (Getzsche et al., 2012; Racine,
1972). In addition, the time until 1% motor seizure, number of motor seizures, latency
to SE and number of seizures were measured.

Post status epilepticus spontaneous recurrent seizures

To induce SE, KA was administered to the medial or ventral part of the right
hippocampus by stereotaxic surgery. The excitotoxic compound was prepared by
diluting KA to a final concentration of 1 mg / ml and adjusting pH to 7.4 by addition
of IM NaOH.

At the beginning of the procedure, the rat was placed in an anaesthesia induction box
containing 4% isoflurane / air mixture (450 ml/min, Intervet, Sweden). Once the
animal was asleep, it was transferred and fixed to a stereotax (Kopf instruments, Tujuga,
USA) while decreasing the anaesthesia to approximately 2%. The head was cleaned
with chlorhexidine, and 0.4 ml of local s.c. anaesthesia Marcain (AstraZeneca, Sweden)
was applied. A longitudinal incision was made, exposing the scull, and a burr hole of 1
mm in diameter was drilled above the injection point. The dura mater was removed by
a sterile needle tip, and then a glass capillary, preloaded with KA was lowered to the
predefined depth (Table 2). 0.4 pl was subsequently slowly injected (0.2 pl/min), where
after the capillary was left in place for 2 — 5 minutes to prevent backflow. The wound
was closed using staples immediately after capillary retraction.

Two different sets of coordinates, based on a stereotaxic atlas of the rat brain, were used
to induce SE by injecting KA into the right hippocampus (Table 2) (Paxinos and
Watson, 2007). In the case of ECB implantation (Paper IV), the same burr hole was
used for both KA administration and device implantation. Bregma was used as
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reference for the anterior/posterior coordinate, and midline for the medial/lateral
coordinate. The dorsal/ventral coordinate was measured from dura mater.

Table 2. Injection coordinates for KA administration.
The coordinated targeted the medial hippocampus (Paper | and Ill) and ventral hippocampus (Paper V).

Study Coordinates (mm)

Paper | AP:-53 ML: 4.5DV: -3.2
Paper Il AP:-53 ML: 4.5 DV: -3.2
Paper IV AP: -48 ML: 5.2 DV: -6.3

Video-EEG monitoring

The rats were continuously video-EEG monitored to ensure accurate measurement of
SRS frequency. Seizure clustering and individuals exhibiting a low seizure frequency
might lead to missed seizures when intermittent monitoring is utilized (Rattka et al.,
2013). Video-EEG monitoring by telemetry was preferred for long-term monitoring of
SRSs, because it enabled the animals to move freely, as well as decreased the strain on
the implant.

Continuous video-EEG monitoring in this work was done by utilizing the F40-EET
transmitter system (Data Sciences International, USA), capable of measuring two EEG
channels while also indicating the temperature of the animal. The data is transmitted
to a receiver plate, positioned under the cage, which relays the signal to a computer for
storage and analysis (Figure 6). As the transmitter is battery powered, it can be turn on
and off by a magnet to preserve its service life.

Four network cameras (Axis Communication, Sweden) were used to video monitor the
animals in order to assist in SRS detection and analysis of the seizures. The EEG data
was synchronized with video of the animal’s behavior, resulting in a file that could be
analyzed with the Neuroscore software (Data Sciences International, USA).

Figure 6. Telemetric monitoring of SRSs in epileptic rats.
The rats were continously monitored by video-EEG. The F40-EET implant transmitted two EEG singals to a receiver
plate, which relayed the signal to a computer. This data was then synchronised with video to facilitate SRS detection.
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The implantation of the F40-EET transmitter was performed at different stages of the
studies depending on the prerequisites of the particular experimental setup, e.g.,
magnetic resonance imaging (MRI) is incompatible with the implant, or the scientific
question in mind. In study I, when characterizing the model, the implantation was
performed in the same surgical session as the SE induction to allow for direct
monitoring of the seizure progression after the epileptogenic insult. Contrary to this,
in study III, the implantation was done after the MRI session, 6 weeks after SE, so that
it would not interfere with imaging. Finally, in study IV, implantation of the
transmitter was performed 1 week before the injection of KA to enable monitoring of
SE but shorten the KA injection procedure.

All the video-EEG monitoring was done with one electrode placed ipsilateral to the KA
injection on motor cortex, and one depth electrode placed in the hippocampus
contralateral to the KA injection, as described below.

Implantation of telemetric device for EEG monitoring

The F40-EET transmitter was prepared by soldering a stainless-steel electrode (Plastics
One, USA) to one of the four wires. The soldering was insulated by a short strip of
shrink-tube to ensure stability. At the time of transmitter implantation, the rats were
anaesthetised with a 4% isoflurane / air mixture and placed in a stereotax as described
for the injection of KA. The transmitter was positioned in a s.c. pocket on the back of
the rats with the wires guided to the scull. A drill was used to prepare a burr hole for
the hippocampal depth electrode contralateral to the KA injection at coordinates: AP:
-4.8, ML: -5.2 and DV: -6.3 (-6.2 in paper III). The coordinates were measured in
relation to bregma, midline and dura mater as reference points. The second electrode
was placed on dura mater, ipsilateral to the KA injection, above motor area M2/M1,
and the reference electrodes were placed on dura mater, caudal to the lambdoid suture.
Once the electrodes were in position, dental cement was added to cover and attach the
implant to the scull (Figure 7).
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Figure 7. The disposition of electrodes on the rat skull used in study II.

(A) Disposition of electrodes on the rat skull as seen from above. The cortical electrode (a) was placed on dura mater
above motor area M1/M2, and the hippocampal depth electrode (b) contralateral to the KA injection (s). Reference
electrodes (d1, d2) were place on top of dura mater, caudal to the lamboid structure. The shaded area was covered
by dental cement, and a region (e) was left clear to allow for individualized viral vector administration. Two screws
were used to increase stability. (B) lllustration of the electrodes in the rat brain.

Monitoring of spontaneous recurrent seizures

At the time for SRS monitoring, a magnet was put in the vicinity of the implanted
transmitter to turn it on. The timing of the monitoring differed depending on the
posed scientific question. The initial characterization of the model (Paper I) required
monitoring to commence immediately after SE. However, for investigation of the anti-
seizure effect of an experimental treatment, two monitoring periods were used, one
before and one after treatment. When exploring the seizure supressing effects of
combinatorial NPY and Y2 receptor gene therapy (Paper III), the monitoring periods
were 3 weeks each. In the case of the of the ECB of GDNF (Paper 1V), 5 weeks of pre-

treatment monitoring was followed by 2 week long post-treatment monitoring.

The video-EEG was analysed by an operator blind to the treatment condition. The
continuous EEG was visually inspected for high amplitude fast-spiking activity (Figure
8), and the synchronized video aided the analysis where there was uncertainty of
whether an EEG pattern was indeed caused by a SRS.
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Figure 8. An example of a generalized SRS found in a rat injected with KA.

The SRS is characterized by high amplitude fast spiking activity. The upper trace (blue) represents the hippocampal
depth electrode, and the lower (black) is the cortical electrode ipsilateral to the KA injection. The SRS starts in the
hippocampus and propagates to the cortex (generalization).
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Electrophysiology

In paper II, ex-vivo electrophysiological recordings were performed in animals injected
with combinatorial NPY and Y2 receptor gene therapy. Field recordings of excitatory
post synaptic potentials (fEPSPs) were conducted in the CA1 stratum radiatum while
stimulating the Schaffer collaterals with square constant current pulses of 0.1 ps. At the
beginning of the recording, the input/output relationship between the presynaptic fiber
volley and the fEPSP was measured, and only slices capable of generating fEPSP greater
than 1 mV was included. For stimulation of the slices, a current that elicited a 30-50%
response of maximal fEPSP was used throughout the recording.

The short-term plasticity of the fEPSP were determined by paired-pulse stimulation.
Different interstimulus intervals were used (25, 50, 100, 200 ms) separated by 30
seconds. The paired-pulse ratio was measured by determining the initial slope of the

second and dividing it by the slope of the first fEPSP.

To investigate the effect of transgene NPY expression on excitatory neurotransmission,
high frequency stimulations trains of 25 Hz (50 stimulations) were given to one
synaptic pathway followed by a paired-pulse stimulation in a neighbouring
independent pathway. This paradigm was repeated 8 times separated by 5 minutes. To
prevent induction of LTP, a N-Methyl-D-aspartic acid (NMDA) receptor antagonist,
D(2)-2-Amino-5-phosphopentanoic acid (D-AP5) was applied to the aCSF. NPY Y2-
receptor antagonist BIIE0246 (0.6 pM) was added to the aCSF to evaluate the
contribution of NPY Y2-receptors in the effect of transgene NPY on synaptic
transmission.

Treatment intervention

The administration of either in-vivo (viral vectors) or ex-vivo (ECB devices) gene
therapy into the hippocampus was done by stereotaxic surgery. The rats were
anaesthetised with and isoflurane / air mixture and placed in a stereotaxic frame (Kopf
instruments, USA), as described for the injection of KA, to allow for high precision
local treatment. The coordinates used bregma as reference for anterior/posterior,
midline for the medial / lateral and dura mater for the dorsal / ventral coordinate
(Paxinos and Watson, 2007).

Injection of viral vectors

The injection of viral vectors was performed by first drilling burr holes in the skull
bone, and thereafter lowering a glass capillary attached to a 5 pl Hamilton syringe to
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the desired depth. The viral vector suspension was slowly injected (0.2 pl / 60 sec) and
the capillary was left in place for 10 minutes to prevent backflow.

Pre-insult injections (Paper II) was performed using well established coordinates since
no hippocampal lesion had to be considered. However, in chronic epileptic animals,
MRI was used to determine the injection coordinates. For the first long-term study
(Paper I), where two separate vectors were administered, a set of coordinates that would
achieve good targeting in all animals was used (Table 3). Though, in the chronic
efficacy study (Paper III) individualized targeting of the hippocampus was performed
to achieve optimal administration (Figure 9). All injection coordinates aimed at
achieving expression in the entire hippocampus ipsilateral to the injection of KA.

Table 3. Injection coordinates and volume of viral vector administered in paper | and paper Il.

In paper I, MRI was used to find a set of coordinates that would suit all animals in the study. This was not required in
study Il since the viral injections were performed before the KA injection and no morphological alterations of the
hippocampus was exprected.

Stud Dorsal coordinate Ventral coordinate Volume per injection site
y (mm) (mm)
AP: -4.0 AP: -6.3 1 pl rAAV-NPY

Paper | (MRI-guided

universal coordinates) ML: 1.5 ML: 4.8, 1.5 I PAAV-Y2
DV: -3.6 DV:-4.8,-5.8

P Il (Pre insult AP: -3.3 AP: -4.8 1pl

Paper Il (Pre insu ML: +1.8 ML: +5.2

injection of viral vectors)
DV: -2.6 DV:-3.8, -6.4

Figure 9. Individualised viral vector coordinates used in study lIl.

The viral vector inection coordinates in paper Il were individualized for each rat based on MRI. The experiment was
performed in three batches (green, red and blue), the yellow dot in origo marks bregma. The average dorsal
coordinate coordinates was: AP: -4.07 £ 0.26 mm, ML: 2.17 + 0.27 mm, DV: -2.46 + 0.16 mm. The average ventral
coordinates were: AP: -5.71 + 0.40 mm, ML: 4.86 + 0.20 mm, DV1: -4.53 + 0.54 mm, DV2: -6.05 + 0.30 mm (mean +
SD).
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ECB implantation

The ECB devices were implanted through the same injection tract where KA was
administered. With the rat attached to the stereotaxic frame as described before, a
stainless-steel cannula was used to lower the device to coordinates; AP: -4.8, ML: + 5.2
and DV: -7.0 mm (Figure 10). At the termination of the experiment, the rats were
perfused with 0.9% saline through the ascending aorta, which allowed for explantation
of the ECB device and subsequent measurement of GDNF release.

Figure 10. lllustration of the ECB implantation in the rat brain.
The ECB implant was positioned in the right hippocampus using the same burr hole as the KA injection.

Magnetic resonance imaging

MRI was used to find the optimal injection coordinates for viral vector administration.
Also, in paper I, the data obtained was used to investigate the extent of tissue damage
following i.h. KA and subsequent SE. The rats were anesthetised with isoflurane during
the procedure and any remaining staples were removed before insertion into an animal
holder and positioning in the machine. The MRI machine was designed for imaging in
small animals with a field strength of 9.4 T. T2 weighted images were obtained using
the settings described in table 4.

The MRI images were analysed with the OsiriX software (Geneva, Switzerland) and
compared to a stereotaxic atlas (Paxinos and Watson, 2007), for alignment and to
determine the injection coordinates.
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Table 4. Properties and settings of the MRI used in paper | and paper lll.

Study Machine Coil No. Of slices  Thickness of Echo time Repetietion
slices time
9.4 T 400 205/ 120 HD 45 400um 39.39 ms 4000 ms
Paper | MHz Aglient gradient coil
Technologies
9.4 T Bruker 4 element RF 22 500um 41 ms 3000 ms
Paper Il

coil

Histology

At the termination of each animal experiment, brain tissue was collected for analysis.
Depending on the planned methods, the tissue was treated differently. Functional
binding of the Y2 receptor required the tissue not to be fixed with paraformaldehyde.
Thus, in those experiments the brains were snap frozen in dry ice after decapitation. If
functional binding was not planned, the rats were first transcardially perfused with cold
0.9% saline and then by 4% paraformaldehyde. The brains were subsequently removed
from the skull to be processed for histology.

Immunohistochemistry

Snap frozen tissue was cut with a cryostat in 16 pm thick slices which were mounted
on glass slips. Before immunohistochemical staining, the tissue was fixed on the glass
with 4% paraformaldehyde. Tissue from transcardinally perfused rats was cut by a
microtome to 30 pm thick slices. Subsequent staining proceeded with incubation with
the primary antibody in 4° C over night, and the secondary antibody conjugated with
a fluorophore for 2h at room temperature the next day (Table 5). Each staining
included specimens that had the primary antibody excluded from the protocol to
control for unspecific binding of the secondary antibody. After staining, the tissue was
coverslipped with a glycerol-based mounting media (DABCO, Sigma Aldrich).

Table 5.

Primary antibodies for immunohistochemistry
Antigen Host Dilution Source and catalouge
ED1 Mouse 1:200 AbD Serotech, MCA341
NPY Rabbit 1:500 Sigma Aldrich, N9528
GFAP Mouse 1:500 Sigma Aldrich, G3893
NeuN Mouse 1:100 Millipore, MAP377
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Functional and basal binding of the Y2 receptor

For visualization of the Y2 receptor (Paper I-III), functional binding was applied as
previously described (Christensen et al., 2006; Sim et al., 1995; Woldbye et al., 2010).
The slices were treated with [35S]-GTPyS in the presence of synthetic NPY (Schafer-
N, Denmark) while blocking Y1 and Y5 receptors with antagonists BIBP3226 (Y1
antagonist, Bachem, Switzerland) and 1-152,804 (Y5 antagonist, Tocris, UK). Basal
binding was determined by incubation without NPY and the receptor antagonists.
After exposure on Kodac BioMax films and development, the images were analysed in
Fiji (image processing software(Schindelin et al., 2012)). To compare functional
binding, two regions of interest (ROIs) were defined by two equal rectangles, ipsi- and
contralateral to the viral vector injection. A ratio was formed from the optical density
of these regions.

Enzyme linked immunosorbent assay

The release of GDNF from the ECB devices (Paper IV) were measured by ELISA 24h
before implantation and the day after explantation. A commercially available kit
(DuoSet for human GDNF, R&D Systems, USA) was used according to the
manufacturer’s instructions. The media, in which the sample was incubated, was

sampled after 4h.

Microscopy

Digitalized images were acquired by an Olympus BX61 microscope (Olympus, Japan)
in concert with the CellLens software. For analysis of the immunoreactivity, all images
were acquired using the same exposure settings. Subsequently, the same paradigm
described for the functional binding was applied for calculating a ratio between the
optical density, ipsi- and contralateral to the viral vector administration.

For analysis of the tropism of the viral vector (Paper III), a scanning laser confocal
microscope (A1, Nikon, Japan) was used to take images of tissue stained for NPY plus
a cellular marker of neurons (NeuN) or astrocytes (GFAP).

Research electronic data capture (REDCap)

In paper V, CDEs were developed for the field of pre-clinical epilepsy research. To
further enhance the use of the harmonized procedures and standardisation, the CDEs
were implemented as an online resource based on the REDCap system. REDCap is a
software solution that enables data collection and management in projects that can be
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shared between research groups (Harris et al., 2009). Data from individual animals is
collected via a web-based user interface and stored with a unique entry number. This
creates a searchable data dictionary, that can be accessed online by authorized users.

Statistical methods

Distributions passing a normality test were compared with a Student’s t-test (similar
variance) or Welch test (not similar variance). In the cases where normal distributions
could not be assumed, Mann-Whitney (two comparisons) or Kruskal-Wallis (three
comparisons) were used for between-group comparisons. For multiple comparisons in
normally distributed data, the one-way ANOVA (one independent variable) or the two-
way repeated measures ANOVA (two independent variables, repeated measures) were
used with appropriate post hoc tests.

The Chi-square or the Fisher’s test was utilized to conclude if observed occurrence of a
defined outcome in one group differed from the occurrence of the same outcome in
another group. Correlations between variables were tested with the Pearson’s
correlation test. Finally, the Kolmogorov-Smirnov test was used to compare non-
normal distributions with a large sample size. The Prism software (GraphPad, USA)
was used to perform the analysis.
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Results

Development of a translational study framework (Paper I)

A study was conducted to explore a study framework reflecting a clinical trial for gene
therapy in epilepsy. Two principal questions were investigated: (i) whether the i.h. KA
induced SE model of chronic epilepsy is a clinically relevant model of chronic epilepsy,
and (ii) if unilateral combinatorial NPY and Y2 receptor gene therapy can decrease
seizures in this model of SRS if administered ipsilateral to the KA injection.

The questions were answered in two sets of experiments. The first part investigated the
disease progression in the model, focusing on the incidence and the development of
SRS frequency over approximately 4 months following SE. The second part explored
the seizure supressing effect of combinatorial NPY and Y2 gene therapy 10 months
after SE.

Characterization of the i.h. KA model of post-SE chronic epilepsy

In the initial characterization of the model, all rats were implanted with telemetry in
the same surgical session as KA was administered. Hence, the initial insult (SE) and the
following seizure activity could be followed by continuous video-EEG monitoring.
This paradigm resulted in 38% of the animals developing SRSs with a latency of 5.8 to
60.2 days (median 12.3 days). The EEG during a SRS was characterized by high
amplitude fast-spiking activity, easily distinguishable from that during normal
behaviour. The seizure frequency was highly variable in those rats that developed SRSs,
with an average of 6.33 + 3.03 SRS per the 3 week after the 1* seizure. Some
individuals showed a clear progressive development of seizures over time, while others
had a more stable seizure frequency. An overall trend of disease progression was
observed.

Effects of unilateral combinatorial NPY and Y2 receptor gene therapy

In the second part of the study, rats were injected with KA and then held for 10 months
to ensure that the animals demonstrated the chronic phase of the disease. MRI was
conducted to characterize the lesion that is associated with KA induced SE, and to find
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suitable coordinates for unilateral vector delivery. A damage was observed in all animals
with an average volume of 32.7 £ 4.7 mm’, covering the region between the dorsal and
ventro-caudal hippocampus ipsilateral to the KA injection. No difference was observed
between animals with or without SRSs and the contralateral hemisphere showed no
observable damage by MRI. A common set of coordinates were found to target the
hippocampus ipsilateral to the KA injection.

Following the MRI characterization, the rats were implanted with two electrodes
targeting the contralateral hippocampus and the ipsilateral neocortex relative to the KA
injection. 54% of the animals showed SRSs during the 2 week long pre-treatment
monitoring, with an average seizure count of 28.4 + 10 seizures. No correlation
between the number of SRSs and the volume of hippocampal damage was found. As
the animals were divided into two treatment groups, a post-hoc analysis of the SRS
frequency revealed no difference in inter-group frequency.

The treatment group was injected with mixed serotype 1 and 2 AAV vectors encoding
full-length cDNA preproNPY and the mouse Y2 receptor driven by the NSE promoter,
while the control group received the same expression cassette but lacked the transgene.
To ensure maximal plateau transgene expression, the rats were left to recover for 4
weeks, thereafter the continuous video-EEG monitoring was reinitiated for 2 weeks.

During the post-treatment monitoring, the control groups exhibited disease
progression reflected by an average increase in SRS frequency with 167.4 £ 23% and
an increase in time spent in seizure. In contrast, the NPY and Y2 treated group showed
a maintained SRS frequency (98.0 = 43.2%) and had a reduction in total time spent in
seizure, which was significant compared to the control group. Moreover, 4 out of 5
animals in the treated group had a reduction in SRS frequency, while all animals (5) in
the control group exhibited disease progression.

NPY and Y2 receptor overexpression in vector treated animals

An increased NPY overexpression was confirmed with immunohistochemistry in
animals treated with NPY and Y2 receptor gene therapy compared to empty controls.
Expression was located to neuronal fibres in the hippocampus.

The Y2 receptor overexpression and functionality was investigated with Y2 functional
binding. The binding was increased in NPY and Y2 receptor treated animals compared
to empty control and the signal was blocked with application of an Y2 antagonist,
confirming the increased abundance and functionality of the Y2 receptor after
treatment.

Importantly, the inflammatory response in the hippocampus was compared between
animals treated with NPY and Y2 receptor gene therapy and empty control. No
difference was found in activated microglia investigated by Ibal and EDI
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immunoreactivity, indicating that a change in inflammation did not contribute to the
results.

Taken together, this study shows the clinical relevance of the i.h. KA model as it
resembles TLE in humans. Important common features are: (i) occurrence of SRSs,
which has previously been described to originate from the KA injected hippocampus
(Bragin et al., 2005), (ii) a proportion of animals develop SRSs while some do not, (iii)
the animals show a large variation in seizure frequency, (iv) the disease progress over
time resulting a gradual increase in seizure frequency.

Moreover, the model successfully demonstrated the therapeutic effect of combinatorial
NPY and Y2 receptor gene therapy when delivered unilaterally with two separate
vectors. The effect was shown by prevention of the disease progression compared to the
empty control animals.

Screening of AAV serotype and gene orientations for

combinatorial NPY and Y2 receptor gene therapy (Paper II)

The previous section described the proof of principal of the seizure supressing effects
of combinatorial NPY and Y2 receptor gene therapy in the i.h. KA model of chronic
epilepsy using two separate vectors. However, for the translational process, a single
vector carrying both the NPY and Y2 receptor is more favourable due to regulatory
reasons. Use of such single vector requires the separation of the transgenes by an
element that ensures splicing of the products during translation. This is achievable with
an IRES sequence; however, it is known that element of the expression cassette can
reduce translation of the downstream gene (Mizuguchi et al., 2000). Moreover, it is
not known how viral vector serotype influence the therapeutic effect of combinatorial
NPY and Y2 receptor gene therapy, as AAV serotypes have been shown to result in
different transfection of hippocampal regions (Burger et al., 2004). To answer these
questions a screening study was performed, investigating three different serotypes
(AAV1, AAV2 and AAV8) along with two transgene orientations (NPY-IRES-Y2 and
Y2-IRES-NPY).

For screening purposes, the i.h. KA model of chronic epilepsy is less suitable due to
multiple reasons. Compared to a model of induced acute seizures, e.g., s.c. KA, the
chronic models have a lower incidence of seizures, low throughput and high variability.
It needs to be emphasized, though, that they have a higher translational value than the
models of acute seizures. Given the number of vectors to be evaluated, and the reasons
stated above, the s.c. KA rat model of induced seizures was utilized in the screening for
the most efficient vector.

55



The AAV1 serotype with expression cassette NPY-IRES-Y2 performed better
in seizure suppression

To investigate if serotype and gene orientation affected the seizure suppressing effect of
combinatorial NPY and Y2 receptor gene therapy, the rats were injected with the
vectors bilaterally in the hippocampus. Three weeks later, they received a dose of 10
mg / kg KA to induce seizures. The animal’s behaviour was video monitored and their
seizures were assessed during 2 hours in regard to four parameters: latency to 1% motor
seizure, time spent in motor seizure, number of seizures and latency to SE. Each vector
was compared to its serotype control, comprised of a similar construct but with an
empty expression cassette.

The experiment resulted in three significant differences. The AAV1-NPY-IRES-Y2
group spent less time in seizure and had a longer latency to SE than the AAV1-Empty.
Also, the AAV8-Y2-IRES-NPY had a shorter latency to develop the 1% motor seizure
compared the AAV-Empty. Taken together, the AAVI-NPY-IRES-Y2 construct was
the one to show the best seizure supressing potential.

Comparison of NPY immunoreactivity and Y2 receptor functional binding

Given these results, we were curious to investigate whether the expression of NPY and
the Y2 receptor could explain our findings. NPY immunohistochemistry was
performed, and the immunoreactivity was assessed by an optical density measurement.
Consistent with the better performance of AAV1-NPY-IRES-Y2 in seizure suppression,
NPY immunoreactivity was significantly higher (2.7 £ 0.77 a.u., n = 8) compared to
the empty control (1.04 + 0.03 a.u., n = 8). Also, AAV1-Y2-IRES-NPY and AAVS-
NPY-IRES-Y2 had significantly higher NPY reactivity than respective control.

Similar result was obtained from Y2 receptor functional binding. Both orientations
carried by the AAV1 serotype had significantly higher functional binding of the Y2
receptor than control, and AAV1-Y2-IRES-NPY scored slightly higher than the AAV1-
NPY-IRES-Y2. A similar pattern was found in the AAV8 group, where both vectors
carrying transgenes resulted in a higher radiolabelling than the AAV-Empty. Once
again, the vector with the gene coding for the Y2 receptor placed upstream the IRES
site scored slightly higher than the reverse alternative.

AVV1-NPY-IRES-Y2 enhances NPY release beyond endogenous levels

As AAV1-NPY-IRES-Y2 showed potential in decreasing KA induced seizures, we
investigated whether the overexpression using this vector would alter the synaptic
release probability of glutamate, which is suggested to be the consequence of the
presynaptic mechanism of NPY and Y2 receptor interaction (Qian et al., 1997). High-



frequent train stimulation caused an Y2-receptor dependent depression in
neighbouring glutamatergic synapses in the AAV1-NPY-IRES-Y2-group, in line with
the proposed mechanism of action. These findings show that overexpression of AAV1-
NPY-IRES-Y2 increase expression of NPY, leading to increased NPY-release, and
increased expression of functional Y2-receptors.

Disease modification by single vector NPY and Y2
receptor gene therapy (Paper I11)

Based on the proof of principal results with NPY and Y2 combinatorial gene therapy
(Paper I), utilizing two separate vectors for NPY and Y2 receptor overexpression, the
hypothesis that a single vector would exert a seizure suppressing effect in a chronic model
of epilepsy when administered unilaterally was investigated. This study was formulated
from the insights of the characterization of the i.h. KA model of chronic epilepsy in
rats and the establishment of the translational study framework described above.
Moreover, the results from the screening of vector serotypes and orientations (Paper II)
were used, by choosing the AAV1-NPY-IRES-Y2 vector for investigation in this study.

A second objective of this study was to investigate the optimal dose of viral vector
administration for a therapeutic effect.

Dose-response

For the purpose of investigating the optimal dose for seizure suppression, the s.c. KA
rat model of induced seizures was used. 5 groups of rats were injected with an increasing
titer of 10” to 10" gp / ml of AAV1-NPY-IRES-Y2 and one control group received
10" gp / ml of AAV1-Empty. The induced seizures were evaluated for latency to 1%
motor seizure, latency to SE, time spent in seizure and number of seizures. Moreover,
the seizures were scored according to a modified scale of Racine (Geatzsche et al., 2012;
Racine, 1972). It was concluded that the titer of 10 gp / ml resulted in a significant
reduction in seizure score, along with an increased latency to 1% motor seizure and SE
compared to the control group. Also, the time spent in seizures were significantly
reduced. The titer of 10" gp /ml also supressed seizures reflected by a decreased latency
to 1% motor seizure and a decreased number of seizures during the monitoring period.
However, the higher titer did not contribute to a higher seizure suppressant effect than
the 10" gp / ml titer, which led to the decision to choose the next highest titer for
administration in the chronic study. This decision was based on the better performance,
but also taking safety into account, seeking the lowest effective titer possible for
translation.
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Disease modification by single vector combinatorial NPY and Y2 receptor
gene therapy

A total of 34 rats received either combinatorial NPY and Y2 receptor gene therapy (n
= 16) or empty control (n = 18). Comparing 3 weeks of video-EEG monitoring before
and after intervention showed a disease modifying effect in the treated animals. 5 of 16
animals in the NPY / Y2 treated group had a reduction of SRS frequency that was larger
than 50%, resulting in a responder rate of 31.3%. None of the control animals had a
reduction of SRS frequency that exceeded 50%, which results in a significant difference
between the groups.

As shown previously (Paper I), the disease progression in i.h. KA injected rats results in
a gradual increase in the group average seizure frequency over time. The median
increase in the control group during the monitoring period was 21.1%, which correlates
to a disease progression rate of 1.221. This value was used to define non-progressive
animals as individuals with a disease progression rate lower than 1.211.

Comparing nonprogressive animals from both groups, the NPY / Y2 treated animals
exhibited a statistically larger reduction in SRS frequency (57 £ 33%) than the control
group (17 £ 22%). This seizure suppressing effect was also reflected in the time spent
in seizure, where the NPY / Y2 group showed a significant reduction (64 = 28%),
compared to the control (28 £ 16%).

NPY and Y2 receptor gene therapy alters inter SRS intervals and SRS
clustering

Seizure clustering is a common feature in human epilepsy patients, and it is associated
with drug-resistance (Haut et al., 2005; Sillanpad and Schmidt, 2008). To investigate
whether seizure clustering was affected by NPY and Y2 receptor gene therapy, we
performed an analysis focusing on the inter SRS intervals (the latency between seizures).
Two distributions were formed including all inter SRS intervals in the two respective
groups. From the distributions, it was clear that most intervals were represented in the
spectrum of 0-10 hours, but there were also two peaks of inter SRS intervals in the
range of 10-35 hours and 35-55 hours (Figure 11). The interpretation of this pattern
would be that clusters of SRSs with short inter seizure intervals are separated with
periods of refractoriness between clusters (long seizure intervals).
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Figure 11. Distribution of inter SRS intervals.

The distribution of SRS intervals show that most intervals are in the range of 0-10 hours. However, there are also two
peaks of inter SRS intervals in the range of 10-35 hours and 35-55 hours, which indicates that the SRS occur in
clusters. Moreover, the NPY and Y2 receptor animals (magenta) had longer intervals between clusters than the
control group (black), resulting in a right shift of the distribution.

The distribution of inter SRS intervals in the NPY and Y2 receptor treated group was
significantly shifted towards longer intervals compared to the control group, indicating
that, overall, the latency between SRSs are longer after NPY and Y2 receptor gene
therapy. Similarly, focusing on the two peaks representing the latency between clusters,
a significant shift towards longer latencies was observed in both cases. Thus, also the
inter cluster interval was longer after NPY and Y2 receptor gene therapy.

Increased levels of both NPY and the Y2 receptor in the hippocampus after
single vector NPY and Y2 receptor gene therapy

Immunohistochemical analysis of NPY expression revealed increased levels of NPY in
the CA1 and CA3 region of the hippocampus in animals injected with AAV1-NPY-
IRES-Y2 compared to the empty control. Confocal microscopy of slices stained for
NPY and cellular markers for astrocytes (GFAP) and neurons (NeuN) showed that
expression was localised to neuronal fibres rather than astrocytes. Moreover, functional
binding of the Y2 receptor also showed increased levels of binding in the CA1 and CA3
region of the hippocampus. However, no correlation between expression levels and
either NPY or Y2 receptor expression could be statistically found.
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Encapsulated cell biodelivery of GDNF suppresses SRSs
(Paper IV)

An alternative approach to deliver a therapeutic agent into the parenchyma is by ex-
vivo ECB gene therapy. In order to enhance safety and overcome problems with
immune rejection, cells can be enclosed in a semipermeable capsule, allowing for
nutrients to enter and the therapeutic agent produced by the cell to escape the implant.

Such ECB is suggested to be a viable option to deliver GDNF into the epileptic
hippocampus, which has been shown to ameliorate the disease condition when
administered by direct i.c.v. infusion or by viral vector overexpression in animal models

of epilepsy.

To investigate the suppressant effects of such approach on SRSs, ECB devices were
implanted unilaterally into the hippocampus of chronic epileptic rats. Any effect on
SRS suppression was monitored by continuous video-EEG.

Production of GDNF before and after implant

To investigate the viability of the ECB devices, GDNF levels were measured by ELISA
after explantation. After 21 days in the brain, the implants were still releasing GDNF
(232.5 £17.7 ng/ml/24h) although the average level had declined from the pre-implant
release of 435.9 £ 11.5 ng/ml/24h.

Seizure suppressant effects of unilateral encapsulated cell biodelivery of

GDNF

GDNEF treatment with ECB did not change the duration of SRSs when compared to
animals implanted with non GDNF-releasing cell capsules. On the other hand, SRS
frequency decreased in 5 out of 6 rats in the GDNF treated group compared to control
group, where only 1 out of 7 had a reduction in SRS frequency. The difference in the
distribution of an ameliorated disease state was statistically different between the
groups.

While the control group exhibited a median increase in SRS frequency by 50%, the
GDNEF treated group had a median reduction of 51%, which was statistically different.
Thus, unilateral GDNF treatment with ECB can reduce the frequency of SRSs and
reverse the progression of the disease in the i.h. KA model of chronic epilepsy.

60



Inflammatory response after ECB implantation

It has been suggested that the seizure suppressant effect exerted by GDNF might be
due to inhibition of neuroinflammation (Rocha et al., 2012). To assess the activation
of microglia, immunohistochemical staining of ED1 was performed, however no
difference was detected by optical density measurement of the immunoreactivity.

Harmonization of experimental procedures and development
of a common database for pre-clinical data (Paper V)

The field of neuroscience in general, and epilepsy in particular, has suffered from
failures in translating pre-clinical findings, and multiple setbacks in drug development
have made the pharmaceutical companies less interested in developing treatments for
CNS disorders. The problems have been attributed to a set of factors related to how
the pre-clinical work is conducted and communicated. Specifically, some animal
models have been identified to lack predictive power for efficacy in humans. Other
factors involve lack of statistical power and reproducibility of results.

In an attempt to address the problem, the EPITARGET consortium developed CDEs
to facilitate reproducibility and multicentre studies. The work involved harmonization
of models and experimental procedures, as well as establishing a common platform to
collect and share data in a standardized manner. In this study, the process of
establishing a database containing pre-clinical data from harmonized studies is

described.

Common data elements and harmonization of experimental procedures

Over the course of one year, the EPITARGET consortium discussed experimental
procedures in work groups with the purpose of harmonizing experimental protocols
and standardizing data collection. Guidelines were written for animal models of
epileptogenesis, imaging, blood sampling, etc. Moreover, it was agreed upon which
variables should be collected and how. The result was a set of CDEs (>1000)
representing different aspects of the experiment with corresponding guidelines on
operation.

The CDEs were logically organized in eight modules (Figure 12). The first and
mandatory module contained core animal characteristics, which describes essential
elements, e.g., age of an experimental animal at the beginning of the experiment. Then
followed modules related to the epilepsy model, monitoring, treatment, laboratory
tests, pathology, imaging and assessment of functional outcome. The EPITARGET
CDEs are available to the public at the EPITARGET website: www.epitarget.eu/cdes/.
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Figure 12. The logical arrangement of the CDEs in eight modules.

Each module contained sub-modules, relavant to the specific aspect of the experiment.
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Development of a platform for data collection and sharing

The CDEs were used to form an online data dictionary in REDCap, which is accessible
to all consortium members and managed from Lund University. As the REDCap
database was not able to handle the variable data collected from experiments, e.g.,
images or miRNomics, metadata was collected instead. Thus, the data dictionary holds
information about how the experiments was performed and what data is available from
the member that performed the experiment.
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General Discussion

The overall aim of this thesis has been to investigate the effect of gene therapy on SRSs,
utilizing a translational pre-clinical study framework. This framework was based on an
initial characterization of the i.h. KA post-SE rat model, which shares many features
with the human condition, e.g. hippocampal sclerosis and the progressive occurrence
of SRSs. Based on the insights of the disease progression in the model, translationally
inspired studies were performed, individualizing the treatment of each animal and
timing the intervention to resemble a treatment in established epilepsy in patients. Two
different gene therapy interventions were investigated, combinatorial NPY and Y2
receptor in-vivo gene therapy and ECB ex-vivo gene therapy with GDNF, both
administered to the presumed seizure focus. To further enhance the translational value
of the results, the efficacy study investigating the seizure supressing effects of
combinatorial NPY and Y2 receptor gene therapy was preceded by a screening of vector
candidates and a dose-response study. These preparatory studies concluded that
administration of 10" gp/ml of AAV1-NPY-IRES-Y2 resulted in the best inhibitory
effect on acute induced seizures. Thus, this vector and concentration was administered
in the chronic efficacy study.

Both combinatorial NPY and Y2 receptor in-vivo gene therapy and ex-vivo gene therapy
based on ECB of GDNF successfully inhibited SRSs in the chronic stage of the disease
when administered unilaterally in the vicinity of the KA injection site. The findings
add to the cumulating evidence of the seizure suppressing and translational potential of
these two gene therapy approaches.

Finally, given the experience gained from the performed studies, and acknowledging
the need and advantages of multi centre studies, an attempt at standardizing and
harmonizing pre-clinical procedures was presented. The development of pre-clinical
CDEs in epilepsy and the establishment of an online dictionary, could supply a
foundation for future data sharing and collaboration.
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Predictive value and limitations of the i.h. KA

rat model of TLE

The i.h. KA model is by many suggested to be a good model of human TLE
(Kandratavicius et al., 2014; Rattka et al., 2013). Multiple studies, including the results
presented in this thesis, have indicated the progressive development of seizure frequency
(Raedt et al., 2009; Rattka et al., 2013). The progression of the disease in humans is
however not necessarily accompanied by an increase in seizure frequency, but rather by
progression of seizure complexity (Blume, 2006; French et al., 1993).

Along with the seizures emerging from the hippocampus, histological alterations in the
model also share similarities with the human condition, e.g., neuronal cell loss, and
hippocampal sclerosis (Bragin et al., 2005; Lévesque and Avoli, 2013; Rattka et al.,
2013). However, there are considerations that the lesion induced by the KA is more
extensive than what is observed in humans, where the changes related to TLE are more
subtle (Henshall, 2017; Sloviter et al., 2007). Still the similarity with how TLE develops
in humans, with an epileptogenic insult followed by a latency period before
spontaneous seizures emerge, makes the model relevant for translational studies
(Kandratavicius et al., 2014).

The variance in SRS frequency in the rat i.h. KA model is considerable. This makes
analysis of data challenging, but it also contributes to the overall translational value of
the model, as patients with TLE are presenting with varying degrees of disease severity
(Moran et al., 2004). This feature is important to consider when designing a study,
since random assignment of animals to treatment groups, without taking into
consideration SRS frequency, might result in one group representing on average a more
severe disease state. Thus, stratifying the animals on the basis of pre-intervention SRS
frequency, should result in a fairer comparison of treatment outcome. Another factor
to take into consideration when designing efficacy studies is the progressive
development of the SRS frequency. The underlying progression brings that also
preventing an increase in SRS frequency (disease modification) should be considered a
positive outcome of an experimental treatment.

In our hands, the i.h KA rat model of TLE exhibit almost exclusively generalized
seizures, which is not the case in human TLE patients, where focal seizures are common
(Wieser and ILAE Commission on Neurosurgery of Epilepsy, 2004). Other studies
have reported the occurrence of focal seizures, although the majority have been reported
to be grade 4/5 generalized convulsive seizures (Rattka et al., 2013). The differences in
reported disease severity in the same model might be attributed to different
experimental procedures, e.g. location of KA injection or use of anaesthesia when
inducing SE (Bar-Klein et al., 2016).
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In rats, the seizure spread from the initiating focus is rapid, and might over time induce
a secondary focus (mirror focus) contralateral to the KA injection (Sobayo and Mogul,
2013). A reason for this might be extensive hippocampal commissures, demonstrated
to mediate spread of electrically induced afterdischarges to homologous contralateral
sites (Fernandes de Lima et al., 1990). A mirror focus would escape the unilateral gene
therapy, thereby dampening the treatment effect or rendering some animals
unresponsive to the intervention. In primates however, the interhemispheric
hippocampal interconnectivity is less prominent (Amaral et al., 1984), which may
predict unilateral administration of gene therapy being more successful in human
patients.

In line with this, the electrode placement presented in these studies, with one electrode
in the contralateral hippocampus and one cortical ipsilateral to the KA injection, would
not be able to distinguish between seizures emerging at a contralateral mirror focus or
in the vicinity of the KA injection. Therefore, these studies cannot conclude whether
focal gene therapy would prevent the spreading of seizures from a secondary mirror
focus to the original one. Thus, further studies, ideally utilizing bilateral hippocampal
electrodes, would provide more information of the local inhibitory potential of the
treatment.

Importantly, in mice, the recruitment of the contralateral hemisphere in seizure activity
has been shown to be a contributing factor in the progression of seizure intensification
(Berglind et al., 2018). The prevention of spread of seizures by focal gene therapy, even
if the seizure emerged outside the treated hippocampus would then be beneficial in
preventing disease progression, which could contribute to the disease modifying effect
demonstrated in these studies.

Finally, the i.h. KA rat model may represent drug-resistant seizures (Rattka et al., 2013).
However, available literature is not conclusive on this matter, as only a few studies have
investigated the effects of anti-seizure drugs. In one study, phenobarbital was shown to
decrease SRSs considerably, however not achieving seizure freedom in all rats (4/8)
(Rattka et al., 2013). Another study administered carbamazepine to rats injected
bilaterally with KA, resulting in a decrease in SRS frequency compared to control.
Similarly to the previous study, complete seizure freedom was not achieved (Jia et al.,
2018). However, the version of the rat model, where KA is administered systemically,
is considered to be resistant to some standard anti-seizure drugs, and is currently a part
of the ETSP (Grabenstatter et al., 2005; Grabenstatter and Dudek, 2019; Kehne et al.,
2017). Taken together, the i.h. KA model in rats may represent drug-resistant seizures.
However, further studies are required to conclude whether this is the case.

A cohort of animals that display SRSs after KA induced SE, is composed of animals
exhibiting different degrees of disease severity. Thus, it is conceivable that there might
be individual animals that are drug-resistant, as has been demonstrated in e.g., the
mouse version of the model (Klein et al., 2015). Screening a cohort for these drug-
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resistant individuals, before introducing an experimental treatment, could be a way to
further enhance the translational aspect of a study. This could also provide an
opportunity to investigate synergies or drug-interactions with experimental treatments.

Screening of vector candidates and dose-response study

In-vivo gene therapy based on the NPY system has long been suggested as a promising
approach in treating focal epilepsy in general, and TLE in particular (Loscher et al.,
2008; Vezzani and Sperk, 2004). Previous studies have indicated that simultaneous
overexpression of both NPY and the Y2 receptor results in a synergistic inhibitory effect
on rapid kindling (Woldbye et al., 2010). It is not known however, how the AAV vector
serotype or the transgene orientation affects the seizure suppressing properties of NPY
and Y2 receptor overexpression if a single vector is used to carry both the receptor and
the ligand. The AAV serotypes have different tropism and also vary in the ability to
spread in tissue (Burger et al., 2004). Moreover, a single bicistronic vector, carrying
both NPY and the Y2 receptor require an intermediate element, separating the proteins
after translation. The IRES sequence fit that purpose, but has been reported to reduce
expression of the downstream gene (Mizuguchi et al., 2000).

To investigate how these factors affect seizure suppression, a screening study was
performed, investigating candidates that differed in AAV serotype and transgene
orientation. It was found that the AAV1-NPY-IRES-Y2 vector had a significant
inhibitory effect on KA induced acute seizures, as it decreased time spent in motor
seizures and increased the latency to SE. Why this particular vector performed better
than the other candidates could be explained by the AAV1 serotype’s ability to achieve
widespread expression in the hippocampus, especially in comparison to AAV2, which
was unable to elevate both NPY immunoreactivity and Y2 functional binding.
Surprisingly, the AAV8 vectors did not perform well in suppressing seizures, even
though it is reported to be superior to the AAV1 serotype in this aspect (Aschauer et
al., 2013). Further investigation of the cell-type specific expression (tropism) of the
transgenes could shed light on these observed differences.

In preparation for the efficacy study in the i.h. KA model of SRSs, a dose-response
study was performed. Based on the better performance of AAV1-NPY-IRES-Y2 driven
overexpression in supressing acute seizures, this vector was administered bilaterally to
rats in concentration varying from 10”to 10" gp /ml. Concentrations greater than 10"
gp/ml were able to supress KA induced acute seizures. However, the highest dose of
10" gp/ml failed to significantly increase the effect. A similar narrow therapeutic
window has been described for AAV based gene therapy in Parkinson’s disease
(Cederfjall et al., 2013), indicating that further increases of the dose might not lead to
better therapeutic effect, but increase the risk of adverse effects. Thus, for translational
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purposes, it was decided to minimize the number of viral particles delivered. Thus, the
dose of 10"* gp/ml AAV1-NPY-IRES-Y2 was administered to chronic epileptic rats in
the efficacy study.

Seizure suppressing effects of combinatorial NPY and Y2
receptor gene therapy

Few studies have investigated the seizure suppressing properties of NPY in models of
SRSs (No¢ et al., 2008), and particularly, no data is available on the supressing effect
of combinatorial NPY and Y2 receptor gene therapy on SRSs.

Thus, for proof-of-principle, combinatorial NPY and Y2 receptor gene therapy was
achieved with two separate AAV vectors in the i.h. KA rat model, administered
unilaterally in the presumed seizure focus. A disease modifying effect was found in the
treated rats, as they on average maintained SRS frequency. In contrast, the control
group exhibited an increase in SRS frequency, illustrating the progressive features of
the disease in the model. Moreover, a tendency to shorter seizures along with the
reduction in SRS frequency resulted in the treated animals exhibiting a significant
difference in the relative change in time spent in SRSs compared to control. A clinical
interpretation of the results gives at hand a responder rate (> 50% reduction in SRS
frequency) of 20% and a seizure free rate of 20%, since one animal became seizure free
after treatment. No animals in the control group reached these criteria. However, the
low number of animals included in this initial study limits the strength of these
conclusions.

To further investigate these findings, an efficacy study was performed utilizing a single
vector for transgene overexpression. The choice of vector and administered
concentration was based on the preceding screening and dose-response study. AAV1-
NPY-IRES-Y2 gene therapy, administered unilaterally aided by MRI resulted in a
responder rate of 31.3% (5 out of 16) and a seizure free rate of 12.5 % (2 out of 16),
which is comparable to the outcomes of vagal nerve stimulation in humans (Ben-
Menachem, 2002). Again, no animals in the control group fulfilled these criteria. Thus,
the results are in line with, or even slightly better than the two vector approach, again
with reservation for the low number of animals included in the proof-of-principal
study.

An interesting question is to what extent the bicistronic expression of the Y2 receptor
contribute to the suppression of SRSs in comparison to only NPY. A consequence of
simultaneous overexpression of NPY and the Y2 receptor is the possibility that the Y2
receptor inhibits not only release of glutamate, but also modulate the release of NPY
by auto-regulation (Silva et al., 2005). Studies in hypothalamic rat slices have indicated
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that application of Y2 selective agonists reduce both basal and high-potassium induced
NPY release (King et al., 1999). Such auto-regulation of NPY release could potentially
limit the therapeutic effect of the combinatorial gene therapy approach. However, a
synergistic affect has been described on the development of kindling induced
afterdischarges (Woldbye et al., 2010). In addition, another study has investigated the
effect of only NPY gene therapy on SRSs (No¢ et al., 2008). This study utilized the
model of SRSs following electrically induced SE and bilateral administration of the
vector. It was reported that one animal (10%, 1 of 10) had a response to treatment that
reduced the SRS frequency with more that 50%. This is significantly lower than the
responder rate of 31.3% that was found after unilateral combinatorial gene therapy.
This indicates that combinatorial NPY and Y2 overexpression could have a synergistic
effect on SRS inhibition that is not defeated by auto-regulation of NPY release.
Though, more studies are required to investigate to what extent the potential
autoregulation affects transgenic NPY release.

Effect of NPY and Y2 receptor overexpression on SRS

clustering

Interestingly, the continuous video-EEG monitoring revealed a non-normal temporal
distribution of the SRSs following KA induced SE. Clustering of seizures seemed to be
present, as periods of more intense SRS occurrence was separated by SRS free intervals.
Such seizure clustering has been previously been described after both systemic and i.h.
KA induced SE, pilocarpine, and in the model of perinatal hypoxia-ischemia (Dudek
and Staley, 2011; Goffin et al., 2007; Grabenstatter et al., 2005; Kadam et al., 2010;
Rattka etal., 2013). Most importantly, seizure clustering is a frequent finding in human
epilepsy, and is often coupled to drug-resistance (Haut et al., 2005; Sillanpdd and
Schmidt, 2008). It has been hypothesised that the clustering of seizures might be
attributed to the accumulation of refractoriness as a result of repetitive seizure activity.
Successive  changes in ionic-microenvironment, pH-shifts and levels of
neuromodulators (such as NPY) could eventually render the epileptic focus incapable
of generating further seizures. However, as the seizure events disappear, the
refractoriness would gradually wear off, and the seizures re-emerge (Loscher and
Kohling, 2010; Rattka et al., 2013).

AAV1-NPY-IRES-Y2 gene therapy had an overall effect on the inter-SRS intervals but
also modified the clustering of the SRSs. A prolonged duration between seizures in
general, but also between seizure clusters was observed compared to the control group.
It is possible that the modulation of the NPY and Y2 receptor levels by AAV derived
overexpression could explain this effect. The replenishment of neuropeptides is slow
compared to neurotransmitters, and it has been shown that immunoreactivity of NPY
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decreases during 3 hours following SE in rats (Marksteiner et al., 1989; van den Pol,
2012; Vezzani and Sperk, 2004). NPY overexpression might lead to a faster refilling of
the releasable pool, increasing the NPY contribution to the accumulating refractoriness,
e.g. by its ability to act as a volume transmitter (Serensen et al., 2008b). Moreover,
since the Y2 receptor exhibits low internalization and desensitization (Nederpelt et al.,
2016), episodic release of NPY could lead to accumulation of Y2 signalling, eventually
decreasing the excitability to a level where seizures are no longer generated and
terminates the seizure cluster. Enhancing this effect by also overexpressing the Y2
receptor could explain the modification of the clustering pattern (Figure 13). This
hypothesis requires further investigation, possibly with an NPY radioligand and PET
imaging at different intervals following a seizure.
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Figure 13. A schematic illustration of the accumulation of refractoryness.
Modifying the NPY and Y2 receptor levels by AAV driven overexpression might lead to larger contributions to
refractoryness following a seizure, resulting in lower seizure frequency and altered clustering patterns.

Seizure supressing effects of encapsulated cell biodelivery

of GDNF

Accumulating evidence suggest that GDNF is capable of modulating seizure in various
models of epilepsy. Specifically, the seizure suppressing potential of GDNF released by
ECB has been demonstrated to inhibit electrically induced SE, and to supress SRSs in
the pilocarpine model (Kanter-Schlifke et al., 2009; Paolone et al., 2019). ECB offers
some important advantages over both in-vive gene therapy and direct cell therapies, as
the encapsulation of cells enables explantation of the device, thus the option of
cancelling the treatment if there are concerns about safety or if the treatment is
ineffective (Lindvall and Wahlberg, 2008). Moreover, it offers a method of localized

71



delivery of the therapeutic agent directly to the parenchyma. This is important from a
translational perspective, since i.c.v. administration has been associated with adverse
effects, such as nausea, anorexia and vomiting, demonstrated by a double blind clinical
trial in Parkinson’s disease (Nutt et al., 2003).

To further strengthen the translational potential of ECB as a treatment of TLE, a study
was performed to investigate whether ECB of GDNF has a supressing effect on SRSs
when delivered unilaterally into the presumed seizure focus. The results indicate a
significant inhibiting effect on SRSs, with a responder rate of 50% (> 50% reduction
is SRS frequency). Similar to the efficacy study with NPY and the Y2 receptor, no
animals in the control group had this level of reduction. Instead, 6 out of 7 animals in
the control group displayed disease progression while 5 of 6 animals in the treated
group had a reduction in SRS frequency. These results show that unilateral ECB of
GDNEF is sufficient to supress SRSs.

A question of the long-term function of ECB is valid, since we observed decreased levels
of released GDNF for the devices after explantation. In-line with this, a clinical trial
utilizing ECB devices for delivery of NGF in Alzheimer’s patients reported that the
devices released 10% of the original levels 12 months after implantation, and that this
could be attributed to cell death within the implants (Eriksdotter-Jonhagen et al.,
2012). However, long-term release of GDNF from explanted ECB devices has been
demonstrated in naive rats after 24 weeks post implantation. Interestingly, the released
levels of GNDEF were higher than the pre-implantation measurements (Paolone et al.,
2019). Similarly, another clinical study with ECB of NGF in Alzheimer patients
identified some devices that released elevated levels after explantation as compared to
the initial values (Eyjolfsdottir et al., 2016). Further development of the encapsulation
of cells might lead to better homogeneity of the release of products. Though, the
longevity of the devices might not be crucial for modulating the disease with GDNF,
as a supressing effect on SRSs in epileptic rats was detectable 20 days after explantation
(Paolone et al., 2019). Thus, a transient increase in GDNF levels might be enough to
ameliorate the disease. This makes further investigations of the anti-epileptogenic
properties of GDNF highly warranted.

The mechanism behind the inhibitory effect of GDNF on SRSs is not fully understood.
ECB of GDNF has been shown to partly prevent the morphological changes in
hippocampal volume and the neurodegeneration that is associated with the pathology
in the pilocarpine model. Furthermore it promoted the survival of GABAergic
parvalbumin positive interneurons (Paolone et al., 2019). Since GABAergic
dysfunction is suggested to play a crucial role in the generation of seizures (Isomura et
al., 2008; Shuman et al., 2020), it is possible that the rescue of GABAergic signalling
could explain the observed therapeutic effect. Interestingly, GFRal knockout mice
showed a significant loss of interneurons in the subventricular zone - olfactory bulb
neurogenic system, indicating that GFRal could be crucial for the differentiation,
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migration and survival of interneuronal precursors (Marks et al., 2012). Thus, an
exciting hypothesis would then be that increased levels of GDNF in the hippocampus
redirects the differentiation of newborn granule cells into becoming interneurons.
However, this must be investigated further, e.g. with BrdU labelling of newborn cells.

Harmonization and standardization in preclinical studies

The problems in translating preclinical treatments into the clinic, especially when it
comes to CNS disorders, are jeopardising the pharmaceutical industries’ interest in
supporting and developing new drugs. Issues with the pathophysiological relevance of
models, lack of reproducibility and statistical power are suggested to be important
factors that have been contributing to the failure to meet the need of novel treatments
for drug-resistant epilepsy (Simonato et al., 2014).

Recent initiatives in harmonizing experimental procedures and standardizing reporting
aim at solving some of these issues and thereby enhancing the probability of pre-clinical
findings reaching the clinic. In-line with this, CDEs for pre-clinical research in the
fields of SCI and TBI have been developed in similarity to how NINDSs suggest to
gather clinical information from neurological disorders (Lemmon et al., 2014; Smith
et al., 2015). Acknowledging the need of standardisation also in field of pre-clinical
epilepsy research, CDEs were developed by the EPITARGET consortium.

To further facilitate the use of these CDEs, an implementation in form of a data
dictionary was generated based on the REDCap database (Harris et al., 2009).
Adhering to the FAIR guiding principles, this online resource is expected to reduce
miscommunication and increase data comparability between the research groups
(Wilkinson et al., 2016). Good maintenance of the data dictionary will facilitate
[findability, accessibility and interoperability, but most importantly reusability of the data
produced by the research groups.

However, there are some challenges with the implementation. During the development
of the database, there were issues with the data security. Even though no clinical data
is contained in the database, still unauthorized access to the files could compromise the
integrity of the system, e.g. by researchers hesitating in sharing data or by the risk of
data misinterpretation. This could be addressed by limiting the number of people that
have access to the database and by logging user activity. Moreover, there is a challenge
in motivating researchers to put in data into the dictionary. The current
implementation is by some considered to be too cumbersome and hard to navigate.
Further development of the user interface along with training the users might solve
these issues.
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Taken together, the development of pre-clinical CDEs for epilepsy is expected to
enhance reproducibility and may provide a foundation for multicentre studies.
Hopefully, this will result in more successful translation of pre-clinical finding and in
extension, better treatments for patients.
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Conclusions and future perspectives

Epilepsy is a complex and diverse disorder, with multiple continuously ongoing
mechanisms facilitating the disease. Still these underlying processes are not fully
understood, which is a major contributing factor for the lack of progress in developing
new treatments for drug-resistant epilepsy. The need of novel approaches to address
these cases are urgent, as the disease is burdensome, not only for the patient, but also
for the nearest caring and society in general.

The studies presented in this thesis further strengthens the translational value of both
ECB of GDNF and combinatorial NPY and Y2 receptor gene therapy as treatments
for TLE. Though, before these treatments are considered for clinical trials, the toxicity
and safety must be investigated. Specifically, studies exploring the biodistribution of
viral vector administration must confirm that transgene overexpression is located only
in the target site with no adverse effects. In this context, tissue resected from epileptic
patients could serve as an important bridging platform, by providing an intermediate
step between animal and clinical research. In addition to the question about safety,
practical issues need to be solved. Targeting of the epileptic focus in humans require
upscaling, and it is possible that research on larger animals, e.g., pigs or primates, is
necessary to address these challenges. Moreover, production of the larger quantities of
viral vectors or ECB devices needed for administration in humans must follow good
laboratory practice (GLP), as well as good manufacturing practice (GMP), with reliable
assays that would address the reproducibility/homogenicity of all products.

Gene therapy is a powerful and flexible tool, and the development of cell-type specific
vectors and novel molecular techniques is rapid. Both in-vivo gene therapy based on
the NPY system, and ex-vivo gene therapy with GDNF takes advantage of endogenous
mechanisms to supress seizures. However, this also brings the risk of off target effects.
Novel inventions such as optogenetics or chemogenetics circumvent some of these
issues by being activated by light or inert molecules. Further development of these
techniques might enable better selectivity and specificity, and thereby resulting in
potentially also better efficacy.

Finally, the studies presented in this thesis have investigated the seizure supressing
effects of focal gene therapy administrated in the chronic stage of the disease. They have
shown that both ECG of GDNF and overexpression of NPY and the Y2 receptor could
reverse the disease progression, decreasing the frequency of SRSs. Now, an intriguing
question is whether these approaches could prevent epileptogenesis, rescuing the brain
form developing seizures after an insult such as stroke and head trauma. This should be
investigated in accurate models with high translational value and could possibly be
performed as multicentre studies.
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