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Preface

“Science means constantly walking a tightrope
between blind faith and curiosity; between
expertise and creativity; between bias and
openness; between experience and epiphany;
between ambition and passion; and between
arrogance and conviction — in short, between an
old today and a new tomorrow.”

Heinrich Rohrer

The current state of brain research could be compared to the complex processes taking
place in the brain of a 2-3-year-old child. The changes in our brains in the early stages of our
individual development, the formation of junctions and connections and their subsequent
selections represent this rapidly evolving and diversified field and its ongoing processes well.
As in the case of every field of science, the principle that one can never declare anything with
100% certainty is prevalent in brain research as well, as novel technological developments can
emerge and rewrite previously accepted views, helping the research community understand a
question more accurately. One thing, however, is constant: the drive to achieve progress for the
benefit of humanity and the pursuit of the betterment of an individual’s life. It may seem to be
a fundamental truth that the mapping of certain systems can only be possible through their
"disruption™ and that from a certain degree of complexity onwards, all systems are able to "fail".
Researchers use these fundamental truths when they aim to describe and then understand a
system. When it comes to the brain, in most cases, "failure™ is associated with extremely
prominent symptoms and can lead to considerable changes in the quality of the individual's life.
The main purpose of the present thesis was to develop a tool which would make the examination
of brain disorders such as epilepsy and schizophrenia more accurate and would, hopefully,

supplement our previous knowledge of these diseases and aid their research.



1. Background

1.1 The neuronal basis of signal generation

The nervous system contains two types of cells: neurons and glial cells. According to
the latest research, the human brain has somewhere around 86 billion neurons®. The nerve cell,
which is the basic unit of the nervous system, is one of the most specialized cell types in the
body. The basis of all neural functions is the complex interaction that develops between nerve
cells. In terms of their general structure, three main regions are distinguished: the cell body that
receives incoming impulses, a variable number of soma-associated dendrites that receive most
of the excitatory inputs, and the axon that is the impulse-transmitting part of the nerve cell., The
so-called Nissl bodies are located in the cytoplasm of neurons: these are junctions of free-
floating ribosomes between the cisterns of the rough- endoplasmic reticulum. The terminal part
of the axon is branched, with a presynapse at its end. Dendrites also branch: these branches are
thinning away from the soma. Dendrites have dendritic spines that provide a surface-enhancing
function, and a significant proportion of excitatory synapses end there. Neurons communicate
through synapses, which have symmetrical (Gray Il1) and asymmetric (Gray 1) forms. The
former is usually an inhibitory, the latter an excitatory synaptic relationship. Three types of
neurons are distinguished: sensory neurons are responsible for picking up and transmitting
stimuli, interneurons are transmitting stimuli and maintaining connections between neurons,
and motor neurons are responsible for responding to stimuli. Nerve cells are also able to form
macro- and micro-networks?*4,

Nerve cells are surrounded by special glial cells which are not involved directly in
synaptic interactions and electric signalling. These cells were previously thought to play a
supportive role in cells but were later found to perform a number of other functions
outnumbering the neuronal cells by a ratio of perhaps 3 to 1°. They are responsible, for instance,
for myelination, secreting trophic factors, maintaining the extracellular milieu and for collecting
molecular and cellular debris from the extracellular space. The largest categories of glial cell
types are microglial cells, and macroglial cells (Figure 1). Microglial cells are the tissue
macrophages of the nervous system, the immune cells of the brain, protecting it against injury
and disease. They also directly contribute to the synaptic pruning process (the process of
synapse elimination between early childhood and adulthood) by eating up the synapses tagged
and unnecessary in the developing brain®. There are two main categories of macroglial cells.

Oligodendrocytes produce a fatty substance called myelin which is wrapped around axons



allowing electrical messages to travel faster. Astroglial cells are responsible for mechanical
support and the functional division of the adult brain. It is important to note that an astrocyte
cell disorder can even lead to epilepsy or schizophrenia, for example, epileptic foci can form
because of neuronal damage in which the space left by dead neurons is filled by astrocyte cells.
Astrocytes with abnormal function also play a role in Alzheimer's disease as their inadequate

enzyme secretion contributes to the formation of beta-amyloid plaques’™.
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Figure 1. Glial cells of the central nervous system surrounding neurons and maintaining their

environment2°,

The nervous system conveys information both electrically and chemically. The ionic
composition of the cytoplasm of cells differs from that of its environment, which is insulated
by a lipid membrane. The membrane is only permeable to small amounts of ions at the resting
state of the neuron. The movement of ions is regulated by ion channels and pumps, which also
allow the cells to function electrically. The interior of animal cells is more negative than their
environment - the difference between the two (taking the environment as 0) is called the resting

potential. Electrical activity can occur in the cells of irritable tissues (nerve, muscle), during



which the membrane potential changes; it can also turn positive, which is called action potential
(AP). Basically, two conditions determine the direction of motion of an ion: the potential
difference (in case of irritable tissues, this is between -60 mV and -90 mV) between the
cytoplasm of the cell and the extracellular space and the equilibrium potential (Na* and Ca?*:
~+70mV, K" and CI" ~-70 mV) of the given ion. The driving force of ion flow is the
electrochemical gradient, i.e., the diffusion propulsion due to the difference in concentration
and the electric propulsion depending on the membrane potential and the charge of the ion. If
an inward cation current or an outward anion current occurs, the charge separation is reversed,
and the membrane polarization changes. When the degree of separation decreases, the
membrane potential becomes less negative (Na* influx), this is called depolarization. If the
membrane potential becomes more negative (K™ outflow or CI" inflow), then we speak of
hyperpolarization. Hyperpolarizing processes are almost always passive events, as is minor
depolarization. Depolarization, however, can reach a critical value (typically about -55 mV) at
which voltage-dependent ion channels open in the cell in an active response and lead to the
formation of an action potential (AP). This triggers a chain reaction resulting in the action
potential to form an electric field that spreads from the neuron via its synapses. This can be
detected with an electrode placed nearby as single-unit activity (SUA, action potential from
isolated neuron). Local field potential (LFP, low frequency power fluctuations of the raw
voltage signal) is generated by a summation of low frequency inhibitory and excitatory
postsynaptic potentials. Although electroencephalography (EEG) and electrocorticography
(ECoG) will be explained in more detail in the following subsections, it is important to lay the
foundations of the LFP recordings here which they measure. LFP recording holds information
about not only the APs, but also on slow glial potentials and the hyperpolarization phase after
APs which is the calcium spikes therefore it describes whole population activities such as
neuronal oscillations. Similarly to EEG measurements, ECoG is thought to be primarily
generated by the cortical pyramidal neurons (layer 3 and 5) that are oriented perpendicularly to
the brain’s surface and it is composed of LFPs and in rare cases APs. It is also possible to record
threshold crossings (TCs, when the voltage signal crosses a predefined threshold) and multi-
unit activity (MUA, the average spiking of small neuronal populations)**'? However, the
unfortunate truth behind these measurements is that the recorded electrical signals of the brain
is easily overwhelmed by other electrical activities of the surroundings or the body itself and
the further the device is from the source it must first pass through multiple biological filters that

reduces amplitude and spreads the signal more widely than its source vector'>*3-2° This is one



of the reasons behind the fabrication of new cortical electrodes that will be presented in Chapter

2 and 3.
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Figure 2. Schematic drawing illustrating the chemical transmission process of a nerve impulse?.

1.2 The origin of electroencephalography

To make the fundamentals of electroencephalography more comprehensible, the history
of electrophysiology — the discipline which laid its foundations — is provided.

The beginning of the experimental era of electrophysiology can be dated to the 16th
century. The first one to build a frog neuromuscular preparation was Jan Swammerdam Dutch,
a microscopist and natural scientist in the 1660s. Swammerdam overturned the previously
accepted notions of the "animal spirit" promoted by Galen (c. 129-216) and instead recognized
that "... the simple and natural motion or irritation of the nerve alone is necessary to produce
muscular motion, whether it has its origin in the brain, or in the marrow, or elsewhere."?! In his
experiment he used the frog’s leg, separated the thigh with its adherent nerve in a way that it
remained intact and triggered muscle contraction with mechanical stimulation. Swammerdam

also developed a method by which he could register the mechanical activity of muscles?*?2, It



was most likely Sir Isaac Newton who first referred to the electric nature of nerve signals as
such: “...and all sensation is excited, and the members of animal bodies move at the command
of the will, namely, by the vibrations of this spirit, mutually propagated along the solid filaments
of the nerves, from the outward organs of sense to the brain, and from the brain into the
muscles...” in the conclusion of one of his famous essays “General Scholium” published in
1713%2 1t is considered unlikely that Luigi Galvani was familiar with Swammerdam’s work,
but there is no doubt that Galvani based his experiments on the same frog preparation. Of his
many remarkably significant experiments, two should be highlighted for the purposes of the
present dissertation, that took place between 1794-1797. Galvani discovered the essence of
propagating bioelectricity (action potential) by connecting the sciatic nerves of two frog legs.
He found that when one stimulates one of the nerves, the contraction appears in both legs?2"28,
He also formulated the theory of electrical excitation: he realized that biological tissues exist in
a state of rest which is the state of disequilibrium, and that this is the state in which a tissue is
ready to respond to electrical stimuli by generating electrical signals?”2°31, Up until this point,
despite the theories promoted by Galen and the experiments conducted by Swammerdam, the
question of the “animal spirit” and “animal electricity” had remained unanswered. The one
theory that resonated through the world was that of Galvani, which contemplated the existence
of water-filled channels allowing electrical excitability by penetrating the surface of fibres.
According to Galvani, positive and negative charges on external and internal surfaces of the
muscle or nerve fibre are resembling the internal and external plates of the Leyden jar (invented
independently by Jirgen Georg von Kleist and Pieter van Musschenbroek) and this is the
essence of “animal electricity”?"?°, After Galvani’s death in 1798, his nephew Giovanni Aldini
became the propagator of animal electricity. He continued to investigate animal electricity
himself and combined the theories of Galvani and Alessandro Volta (Italian physicist,
developer of the theory of the electric current) and established a coherent theory of electrical
stimulation of biological tissues. Aldini was the first to apply electrical currents to mammalian
brains. He stimulated the corpus callosum and the cerebellum thus eliciting motor responses.
Aldini’s work marked the end of the experimental age of electrophysiology®23°,

The first representative of the instrumental era was Leopoldo Nobili who used an
electromagnetic galvanometer to record animal electricity from a frog neuromuscular
preparation??2®, Between 1850-1852, Hermann von Helmholtz, a German doctor and physicist,
determined the velocity of nerve impulse propagation using the well-known neuromuscular
preparation. He measured the delay between the applied electrical stimulus and the muscle

contraction using a technique developed by Claude Pouillet that was used in military practice
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for the determination of the speed of cannon balls. He described this delay as “le temps perdu”
- the lost time26:36-38:3% This experiment generated a problem: according to the measurements,
the velocity was in a much slower range than the propagation of the electric current, which was
already known by then. The next step was made by the inventor of the “differential rheotome”,
Julius Bernstein. This machinery made the recordings of very fast electrical processes possible,
which allowed Bernstein to make the first true recordings of resting and action potentials®®-44,

The 1800s brought an extraordinary pace of development to the field of
electrophysiology and laid the foundation for electroencephalography. The discovery of small
fluctuations in electric potential on the surface of the rabbit cerebral cortex can be linked to two
researchers independently: Richard Caton made the discovery in 1875 and Adolf Beck in 1890.
Their pioneering work concluded that these potentials may indicate biological events from
being altered by anoxia and anaesthesia, or from vanishing with death. However, generally
Hans Berger, a German psychiatrist is considered to be the “father and inventor of
electroencephalography”#°4°,

In 1924 Berger made a recording from the scalp of humans and gave the first
comprehensive description of the human EEG although he searched for “the correlation
between objective activity in the brain and subjective psychic phenomena”*">?, He was the first
to describe brain waves that could be associated with different normal and abnormal brain
conditions. He was the first to observe the 7 Hz-13 Hz alpha wave that occurs when the subject
is relaxing with closed eyes, also known as a “Berger’s wave” (Figure 3). Furthermore, he also

studied and described the nature of EEG alterations in brain diseases such as epilepsy®!°2.
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Figure 3. Gamma, beta, alpha, theta, and delta brain wave bands and the typical states when they

appear®,

His method was simple and elegant: he put silver foil electrodes on the hairy scalp of
the subject attached to a double-coil Siemens recording galvanometer®®54¢° Berger’s invention
has greatly accelerated the development of not only biological but also clinical research,
especially epilepsy research and it was followed by important discoveries such as the
demonstration of epileptiform spikes®, the description of interictal epileptiform discharges and
3 Hz spike-wave patterns during clinical seizures®? and the discovery of interictal spikes as the
focal signature of epilepsy®3®. As operating funds were not yet available at that time, but EEG
technology became a crucial tool in diagnostics, they initiated charging the patients, and the
first hospital-based clinical EEG laboratory was established at the Massachusetts General

Hospital in 1936668, Over the next several years, EEG laboratories began to appear across the
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United States and the rest of the world and in 1947, the first International EEG congress was

held in London®-70,

1.3 Electrocorticography

Hans Berger, mentioned above, was also the discoverer of electrocorticography
(EC0G), with the assistance of neurosurgeon Nikolai Guleke in 1924. Together they made the
first ECoG measurement on a 17-year-old boy with a skull defect™. The first instrument
designed to record an electrocorticogram was a differential amplifier and a five-channel ink-
writing unit used by A.S. Kornmuller in 1932-1933, nonetheless Wilder Penfield and Herbert
Jasper, who made recordings at the Montreal Neurological Institute in the 1950s, are considered
to be the pioneers of electrocorticography®®7273, Later their aim became to identify seizure foci
and facilitate epilepsy surgery more precisely by using this technique ™.

Electrocorticography is a method of recording electroencephalographic signals with
direct cortical electrodes, thus the attenuating effect of the extracerebral tissue is smaller than
in the case of f classical EEG-recordings. ECoG includes recordings made with intracranial,
subdural or depth electrodes (Figure 4/A). Monitoring can be performed acutely for a relatively
short duration at the time of surgery or chronically for a longer time period capturing abnormal
electric signals from the brain. There are two kinds of electrode systems for ECoG recordings:
arrays of evenly spaced electrodes can be embedded in grids or strips of silicone plastic, or a
collection of individual rigid wire electrodes held in place over the exposed cortical surface
attached to the skull can be used”™. This technique uses platinum-iridium or stainless-steel
electrodes to record electrical activity’®’”. The spatial resolution of the recorded field can be

improved by using a flexible coating material that follows the surface of the cortex!®.

11



A

Subdural ECoG Intracortical

Electrode Electrodes EEG Electrode

Intradural/epidural
ECoG Electrode

Depth Electrode

7

1nys
djeas

RV

Japew ajym I /’

Japew Aeio
eld

prouyoely
eing

Figure 4. (A) Different electrode types and their position relative to the brain tissue%. (B) Polyimide
based pECoG device for large scale recording’®’, (C) Transparent pnECoG array made of Parylene HT

substrate®.

Today electrocorticography has become a very popular tool in brain research for
studying various cortical phenomena®! as their invasiveness is between EEG recording devices
and penetrating intracortical probes®. One of the huge advantages of this technique is that
ECoG devices are freely designable tools for brain research, as microfabrication allows
researchers to develop ECoG devices fitting their experimental setting. Various flexible
polymer materials®®®* are used as substrates for tECoG devices, such as Polyimide®8, poly(p-
xylylene with different functional groups as parylene C*%%-11 parylene HT®, SU-8%'12 and

silicone rubber'*3115(see examples on Figure 4/B&C).



1.4 Immunohistochemistry

Simultaneously with the development of electroencephalography, there has been a
growing need amongst researchers for the post-mortem investigation of samples already tested
in vivo, and for the deeper understanding of cellular mechanisms.

Today, immunohistochemical stainings are based on a simple method, during which an
antibody binds to an antigen and the site of the reaction is visualised so that one can observe it
via a microscope. There are several immunochemical techniques now, but there are two basic
methods in use: the direct and the indirect method. In the former case, the primary antibody is
directly conjugated to a label, and in the latter case, an unlabelled primary antibody is used
against the target antigen and the secondary antibody is labelled, which binds to the primary

antibody!16-118,

Direct immunostaining method  Indirect immunostaining method
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Figure 5. Schematic method of direct and indirect immunostaining (Figure of Buchwalow et al.,
modified)™,

To arrive at this rather simply executable technique, more than 100 years of

developments and discoveries had to pass. Although the practice of pathology is dated to
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Egyptian medicine (Edwin Smith Papyrus 17" century BC), the scientific potential was realized
with the invention of the light microscope!'®. Antoni van Leeuwenhoek (1632-1723),a Dutch
draper is considered to be the father of the light microscope despite the fact that he did not lay
claim to being the inventor'?. With a jump in time, immunohistochemistry was developed from
immunofluorescence with the discovery of the antigen-antibody reaction. The series of
discoveries that led to the development of immunohistochemistry started in 1890, when Dr.
Emil von Behring German, bacteriologist and immunologist (widely known as a “saviour of
children”), noticed that the formerly diphtheria-injected animals are producing anti-toxins that
can be isolated from their sera and can be used therapeutically for the disease. For his
discoveries, he was awarded the first Nobel Prize in Physiology or Medicine in 19012, In those
days, the enrichment and quantitation techniques to characterize antibodies were not evident.
In the interest of solving this problem, Behring teamed up with Dr. Paul Ehrlich, a German
immunologist, who was a noted pioneer at histochemistry at that time. Amongst his other
achievements, Ehrlich designed the lock-key model of antigen-antibody binding, realizing the
importance of their structure!??. After Behring’s and Ehrlich’s work, immunohistochemistry
went through rapid development. In 1987 Dr. Rudolf Kraus demonstrated that antitoxins react
with antigens in the precipitin test'?. Dr. Michael Heidelberger quantified this reaction'?*,
while Dr. John Marrack visualized it by attaching dyes to antibodies in 192312, These steps led
to the launch of immune-electron microscopy in 1959 which was carried out by Dr. S. Jonathan

Singer118,126—134

1.5 Brain connectivity and its disorders

The brain is a network. An extremely efficient, highly complex, restless web of
information zooming through neurons. This web can be interpreted on three levels. “Anatomical
connectivity” is the pattern of anatomical links, “functional connectivity” refers to statistical
dependencies and “‘effective connectivity” is between distinct units of the nervous system.
These units correspond to individual neurons, neuronal populations or even brain regions'®.
The examination of this integrative network provides us with new insights about the large-scale
communication of the brain and more importantly, about how this organization may be altered
in neurodegenerative diseases'®**". Nearly all disorders are somehow related to the dysfunction
of communications between nerve cells which is defined as Brain Connectivity Disorders. The
members of this super-family are neurodegenerative, neurodevelopmental, psychiatric,

sensory-motor, immune and infection-related brain diseases'®13°,

14



Epileptic seizures reflect abnormal neuronal synchronization, the disorder of neuronal
connections. In human patients it is known that functional connectivity is altered in epilepsy,
which was proven by Englot et al. in resting-state functional connectivity in multiple brain

140 These aberrant functional and structural connections between neurons, and therefore

regions
in networks are responsible for epileptogenesis and ictogenesis, produce hypersynchrony and
result in seizures'4!.

Schizophrenia is a disorder of brain connectivity affecting especially the large-scale
prefronto-temporal interactions'*>°, It has been found that there is an alteration in brain
oscillations in patients with schizophrenia, there is an increased delta beta and/or theta activity
and a low mean alpha frequency, and amplitudes and phases are abnormal as well*4147 As
there is evidence in animal studies that the synchronization of brain oscillations depends on
cortico-cortical connections within and between hemispheres, the impaired oscillations and the
reduced phase synchronization in schizophrenia patients is considered to be a marker for

dysfunctional cortical networks!42147,

Epilepsy

This medical condition is the same age as humanity. The first description of an epileptic
seizure is from 2000 B.C and was written in the Akkadian language. The patient was described
to have epilepsy-like symptoms: head turning, tense hands and feet, eyes wide open without
any consciousness'“®4°, Because of the rather noticeable symptoms, stigmatization became a
significant part of the patients’ lives up until today*®. The classification introduced in 2017 by
the International League Against Epilepsy [ILAE] describes three levels: seizure type, epilepsy
type and epilepsy syndrome.

Epilepsy is a predominantly convulsive brain disorder affecting around 50 million
people regardless of age worldwide; most commonly, it has no identifiable origin (idiopathic
epilepsy). There are several cases, when the cause of the disease is known however
(symptomatic epilepsy), these can be: severe head injury, ischemic conditions in the brain
(either because of pre- or perinatal injury or stroke), brain infection and genetic syndromes®.
One of the key facts about epilepsy is that it is characterized by recurrent epileptic seizures (per
definition two or more unprovoked seizures) due to abnormal neural synchrony, because,

interestingly, up to 10% of people worldwide have a single seizure during their lifetime.
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An epileptic seizure is mostly a brief episode of involuntary movement that may involve
a part of the body (partial) or the entire body (generalized) and is sometimes accompanied by
loss of consciousness and loss of bowel control or bladder function®®°. Seizures can be divided
into partial and generalized types in terms of their origin and underlying mechanisms.

In partial (focal) seizures, pathological hypersynchrony is limited to a specific area of
one hemisphere, while in the case of generalized epilepsy, epileptic activity affects both
hemispheres simultaneously®®2. In the case of partial seizures, a distinction has traditionally
been made between non-conscious (simple) and unconscious (complex) types™2. It should be
noted that partial seizures may also evolve into bilateral convulsive seizures. Generalized
seizures are divided into convulsive, and non-convulsive types. Convulsive seizures are divided
into myoclonic, clonic, tonic, clonic-tonic, and atonic categories. Myoclonic seizures are brief,
recognizable from muscle jerks and in a lot of cases happen shortly after waking. During a
clonic seizure, rhythmic jerking movements may appear on one side of the patients’ body or
the whole body may be involved, depending on the starting point of the seizure. The tonic type
of seizures makes the patients’ muscles suddenly stiff, often resulting in the tumbling of the
patient. Tonic-clonic seizures are often referred to as “convulsive” or “shaking” seizures, most
people imagine this type of seizure when they imagine an epileptic seizure. In these cases, the
patient loses consciousness, their muscles stiffen, and jerking movements can be seen for 1 to
3 minutes. Like tonic seizures, atonic seizures are also very brief and happen without warning.
They are also called “drop attacks”, because the patients’ muscles suddenly relax and they
become floppy, resulting in tumbling or falling. Non-convulsive generalized, so-called absence
epilepsy can be divided into three groups, typical, atypical, and absence seizures with special
features. Finally, a separate group from generalized and focal seizures should be mentioned as

a separate category, which includes diseases associated with unclassifiable epileptic seizures>*
159
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Figure 6. Illustration of three brain states: normal, partial, and generalized seizure with the

corresponding EEG samples®,

There is currently no universal cure for epilepsy, only symptomatic treatment, which is
mostly about managing seizures in the long-term. Seizures can be stopped from happening by
taking anti-epileptic drugs (AED); however, these drugs do not work in every case. There are
over 20 types of AEDs each effective for a particular type or types of seizures'®’. ECoG

technique was primarily designed to more precisely identify epileptic seizure foci and help
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epilepsy surgery’®. Monitoring with ECoG technique can be performed during operation for a
short time acutely (intraoperative EcoG) or after surgical electrode implantation for a longer
period chronically. During intraoperative ECoG recording the main goal is to find the seizure
foci and guide the extent of surgical resections. In 1992 a survey found that the 80% of epilepsy

surgeons around the world are using ECoG monitoring*®2.

Schizophrenia

The name of the disease can be traced back to Bleuer who introduced it in the early
twentieth century®3, Schizophrenia is a chronic, frequently disabling mental disorder affecting
20 million people worldwide!®*. According to the National Institute of Mental Health [NIMH],
this disease is typically diagnosed in the late teen years to the early thirties and emerges earlier
in males. Usually, the first episode of the disease is psychosis, which can be preceded by gradual
changes in thinking, mood, and social functioning.

There are numerous factors that have a role in the development of schizophrenia, but
the generally accepted view is that the main cause of the disease is an interaction between genes
and environmental factors. Sometimes schizophrenia runs in families although that does not
necessarily mean that it is caused by a single inherited gene. There are environmental factors
that trigger the disease, such as poverty, a stressful lifestyle, and some viruses or nutritional
problems that occur prenatally or during childhood can also trigger the development of
schizophrenia later in life. As mentioned earlier, the first symptoms of the disease appear as
early as during adolescence. Changes in the brain at this time of individual development can
trigger the disease, reacting with genetic and environmental factors6>-167,

Three categories of symptoms are distinguished: psychotic, negative and cognitive
symptoms. Psychotic symptoms (also known as positive symptoms) are alterations in
perception, abnormal thinking, and odd behaviour. These symptoms usually manifest in
hallucinations (hearing voices and seeing things that are not there), delusions (paranoia,
irrational fears) and thought disorder (unusual thinking, disorganized speech). Negative
symptoms include loss of function such as reduced motivation, difficulty to execute activities,
diminished feelings of pleasure in everyday life, reduced expression of emotions and speaking.
The third group of symptoms are related to cognitive functions, hence the term “cognitive
symptoms”. These symptoms are the affected attention, concentration, and memory. Patients
with such symptoms often have difficulty making decisions, have difficulty focusing and

monitoring, and, as a result, are slow to learn and utilize information8-172,
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Figure 7. Neurobiology, risk factors, and symptom severity of schizophrenia throughout different stages

of disease development!’2.

There are many ways to treat schizophrenia today, but all of them are just symptomatic
treatments that allow patients to live almost normal lives. The treatment for schizophrenia
consists of two components: pharmacologic treatment and psychological treatment. Although
the aetiology of the illness remains unclear, alterations in neurotransmitter systems such as
dopamine dysregulation and NMDA dysfunction have a role in the formation of the symptoms
173 Suitable pharmacotherapy during the early stage of the illness can set the stage for long-
term treatment and though these treatments all have their limitations and uncomfortable side
effects, antipsychotics can improve the psychotic symptoms of schizophrenia and prevent their
recurrencel’1® In the examination of schizophrenia, fMRI is used beside the EEG technique
because of its higher resolution. EEG can be used for the early detection of changes in emotional
or cognitive states. As changes in functional connectivity occur in schizophrenia patients
(Chapter 3) connectivity analysis has been in the focus of many researchers as well as finer

temporal connectivity analysis®’"84,
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2. Characterization of 4-AP induced epilepsy in B6 mice using
stainless steel electrodes

2.1 The 4-aminopyridine model of epilepsy

Epilepsy is a mostly convulsive brain disorder affecting millions worldwide!*

, although
most commonly, it has no identifiable origin (idiopathic epilepsy). There are several cases,
when the cause of the disease is known (symptomatic epilepsy), which can be: severe head
injury, ischemic conditions in the brain (either because of pre- or perinatal injury or stroke),
brain infection or genetic syndromes®. Treatments applied recently use controlled inhibition
of seizures that may result in endogenous self-reparatory processes and the recovering of the
subjects and may allow them to leave antiepileptic treatment behind later!€®,

Most of the studies use mouse models of neurodegenerative diseases'®’, because their
genetic constitution is well known and easily manipulated while they have a rapid reproduction
period with numerous offspring®. To observe spontaneous epileptic activity, countless genetic
models have been developed, such as the ElI mouse®, apathetic mouse!®°, epf mutants'®! and
tottering mutants®®2. These are engineered epilepsy model animals having one or more genetic
aberrations that result in epileptic activity'®. Another widely used method to induce epilepsy-
like seizures in varied animal models is chemical induction. Chemical induction can be
performed with several agents such as pilocarpine!®, pentylenetetrazole (PTZ)'°,
bicuculline!®®, kainic acid (KA)*, and 4-aminopyridine (4-AP)%,

4-AP is a well-known voltage-gated K* channel blocker that results in prolonged action
potential, stimulates neurotransmitter release, and facilitates inward Ca* currents, and,
therefore, causes neuronal hyperactivity!®®24 As it is simple and has a well-described
mechanism of action, 4-AP is proved to have a useful role in the fundamental research of seizure

206 and in animals07-210

development®®. It has a strong convulsive effect both in humans
therefore it is commonly used in epilepsy research both in vivo and in vitro in rodents206-208.211-
213 1t is also known that 4-AP elevates blood pressure and produces muscle contractions, and
its intraperitoneal administration induces discharges in the EEG such as isolated spikes, poly-

spikes, and spike-wave complexes?21,
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(c) epilepsy patient ictal state?!6,
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The sequence of behavioural changes associated with 4-AP in mammals was first
described as the following: “hyperexcitability, salivation, tremors, muscular incoordination,
clonic and tonic convulsions, cardiac or respiratory arrest, and death”?%’. Later Yamaguchi
concluded that appearing behavioural signs are in a typical order, however, there are exceptions
when behavioural changes do not occur or not in the described order which is: hyperreactivity
to touch or loud noise, vocalization, unsteady gait/immobility, blinking/eye closing, hyperpnea,
straub tail 1-10 min after injection, trembling, intermittent forelimb/hindlimb clonus 3-15 min
after injection, explosive running, hindlimb extension, opistotonus, continuous clonic limb
movements, and death 6-20 min after injection?!’. There is no uniform scoring for rating
behavioural features after administration like the Racine Scale for rats, although a revision of
the Racine Scale to accommodate murine epilepsy-like seizures has recently been proposed in
case of the PTZ epilepsy model?*8.

Investigations of the in vivo effects of different doses began as early as in the 1960s,
when Humphreys administered 4-AP at 3 different doses (16 mg/kg, 12.8 mg/kg, 10.3 mg/kg)
to male CDBA mice. He found that, at the highest dose, the death rate was 5/6 in the next 24
hours, whereas at the two lower doses all subjects survived?®®. Later, Schafer determined LD50
at 14.7 mg/kg by intraperitoneal (i.p.) administration with a confidence limit of 13.9-15.5
mg/kg?°. In male Swiss mice, ED50 for subcutaneous administration was found to be 10.9
mg/kg. At 10 mg/kg, only 2 out of 8 animals exhibited hindlimb extension and lethality. Death
occurred in these two with a mean latency of 37 min?!’. At 5 mg/kg i.p. dose, 90% of the mice
developed clonic seizures within 5-7 minutes after injection, while 92% developed tonic
seizures within 17-24 minutes after injection, and 80% produced post convulsive mortality®%.,
However, all dose dependence studies on mice aimed to establish the lethal dose but not the
dose dependency of EEG and behavioural symptoms.

To improve the applicability of the 4-AP model of epilepsy, this experiment is designed
to show the effect of i.p. administered 4-AP in 4 mg/kg and 10 mg/kg doses on the EEG and
behaviour of B6 mice. The two doses were established based on previous research described in
the relevant literature?t”2%-221 Dose dependency and the development of the seizures are

presented.
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2.2 Methods

2.2.1 Experimental conditions

A total of 18 in-house bred 3 months old male B6N mice served as experimental subjects
and their own controls in this study. For 4 days prior to the surgeries, animals were housed in
groups of 3-4 per cage (diurnal cycle, lights on from 9:00 to 18:00), with ad libitum access to
food pellets and water to habituate them to the environment and to minimize stress caused by

transportation. After three days, the surgical procedures were performed.

2.2.2 Induction of seizure activity

Prior and after (one day) the induction, one and a half hours of control recordings were
made. Seizures were induced by intraperitoneal injections of 4-aminopyridine dissolved in
0.85% NaCl solution (4 mg/kg or 10 mg/kg dose, Merck, Germany) and followed by the

recording of the EEG for at least one and a half hours.

2.2.3 Surgery and electrode fabrication

Surgeries and in vivo recordings were performed at the Research Group of Proteomics
of Eotvos Lorand University in cooperation with Dr. Zsolt Borhegyi and Prof. Dr. Gabor
Juhész.

In all cases, our experiments were conducted in compliance with EU directive in force
(2010/63/EU) and in accordance with the applicable government decree (40/2013. (11. 14.)),
making sure the animals suffer as little as possible. During the surgeries, animals were kept
under inhalational anaesthesia (Isoflurane, 0.5-1 %, Forane, Abbott). Firstly, the surgical area
was depilated, then the head of the animal was fixed in a stereotaxic frame while it was already
under anaesthesia. The surgical area was exposed and cleaned to provide a suitable surface for
electrode implantation. Small craniotomies were drilled through the skull, then stainless-steel
screw electrodes were placed on the top of the dura and fixed to the skull using dental cement.
The arrangement of the three electrodes was the following: two inserted anterior and posterior
to the left parietal bone (one rostral and one caudal, both 3 mms from the midsagittal line),
functioning as data channels from the somatosensory cortical area, and one inserted to the right

side of the occipital bone just above the cerebellum, used as a ground and reference for the
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measurements. One additional stabilizing stainless steel screw was placed opposite to the

electrodes above the somatosensory cortical area.

Figure 9. Experimental arrangement of screw electrodes (1&2), reference electrode (R), and stabilizing

screw (black dot) relative to the sagittal suture and Lambda (Figure of G. Paxinos and K. B. J.

Franklin, modified)??2.

After the arrangement of the electrodes and the screw, the electrodes were soldered to a
connector and dental acrylic cement (GC America Inc., USA) was used to cover the
construction. The operations lasted for 45 min maximum and were followed by a one week long

recovery period, during which the animals were housed separately to avoid infections.

2.2.4 Electrophysiology and data analysis

During the experiments, animals were housed with a 12-12 hour light-dark cycle using a
light intensity of 500 lux. Electrophysiological measurements were performed in a Faraday cage
in darkness (under 0.17 msd), using a 32-channel Amplipex KJE-1001 (Amplipex Ltd.,
Hungary) amplifier. The behaviour of the animals was recorded with a camera and their
movements were monitored with a 3D accelerometer (ACC-2x, Supertech, Hungary). The

Spike2 (Cambridge Electronics Design Limited, UK) program was used for the measurements
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at a 2 kHz sampling rate for the EEG and 500 Hz sampling rate for the accelerometer channels.
EEG was recorded in five channels, two for the implanted cortical screw electrodes and three
for the accelerometer channels (x, y, z directions). The reference and ground for the
measurements was a third screw electrode occipitally implanted. During the recordings, animals
were freely moving.

Data analysis was performed with the Spike2 (Cambridge Electronics Design Limited, UK)
and the Origin (OriginLab Corporation, USA) programs. EEG recordings were analysed off-
line. Raw data were filtered with a 1 Hz highpass filter (3" order Butterworth) and a 200 Hz
lowpass filter (51" order Butterworth). Sonography (Figure 10&12) was calculated from caudal
screw electrode data and the X axis of the accelerometer using an 8192 block size and a 14 dB
range for the EEG and a 24 dB range for the accelerometer. Power spectrum density estimations
(Figure 12) were calculated from 0.5 hours of EEG and accelerometer data using a 65536 sized
Fast Fourier Transformation represented applying a Hanning window correction. In the case of
Figure 10/C, the sections used for analysis were half hour data from 0-1800 s control and 2000-
3800 s seizure activity. The points between the lower edge and 2 mV were calculated, then
average and deviation were estimated from 9 lower- and 9 higher dose subjects. Figure 10/D
shows seizure peaks estimated using 8 higher and 8 lower dose subjects after filtering data
(EEG: 20-40 Hz, ACC: 25-55 Hz) using RMS amplitude (the square root of the average of the
squares of a series of measurements, 100 s constant). In this case, peak means the time between
the 4-AP administration and the maximum of amplitude On Figure 10/E and F. Half an hour
control and seizure data (Figure 12/C) were analysed at 0.01 bin size, while the number of bins
was set to 300. The lower limit for the analysis was estimated individually according to their
own control (one day before) limit, which was considered as 100%. Start of spiking activity
enrichment was calculated from raw data analysis and the comparison of the high frequency
activity of both EEG and accelerometer channels. The spike number count analysis was
performed with the Amplitude histogram script of the Spike2 program. The amplitude threshold
from which the program counts spikes was estimated based on the analysis of control activity.
In each subject, the threshold for control and previously injected data was the same, then seizure
spike number was normalized with the control data. Peak of seizure activity was determined
according to the highest frequency of spiking activity. Start of enrichment, peak, and spike
number characterizes a seizure and allows a comparison between doses. Statistical analysis was
performed using data from 9 low (4 mg/kg of 4-AP) and 9 high (10 mg/kg of 4-AP) dose

injected subjects.
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Figure 10. A, B: Seizure EEG in two doses represented in two sonograms with raw data on the
satellite.

In summary, the following analytical comparisons were made:
e onset of spike enrichment compared with the onset of locomotor activity in two
doses
e analysis of spike number average and standard deviation
e comparison of peaks of brain activity and motor activity
e spike amplitude and frequency analysis

e spike shape sorting (performed but was not effective)

2.3 Results

The applicability and dose-dependency of epileptic seizure activity evoked by
intraperitoneally injected 4-AP in mice were examined. It was observed that the onset of post-
administration after administration EEG spike enrichment was different for the two doses,
starting at the average of 954.1 +250.7 s after the administration of 4 mg/kg and 580.3 £171.5 s
in the case of the administration of the higher dose. Locomotor activity followed brain activity
in both cases (4 mg: 318.2 +£389.6 s; 10 mg: 468.8 = 190.4 s, on average).
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Compared to the control recordings, there was a remarkable difference after administration
at both doses, but the maximum amplitude at the higher dose was the double of that of the lower
dose (Figure 10/A&B). The average number of spikes during the seizure increased to 325.6%
(4.9+£4.4 t0 20.8 £27.2) at the 4 mg/kg dose, compared to the 339.1% (5.8 £5.6 to 25.3 £ 17)
at the 10 mg/kg dose, although, as standard deviation shows, the data showed high variability
(Figure 13/A). After data normalization with the control spike number, the increase in spiking
activity was 222% larger in case of the higher dose. Spike shape sorting was also performed
but revealed no significant results, since spike shapes were heterogeneous at both doses. The
peak of movement was determined based on the accelerometer, while the peak of the seizure in
terms of brain activity was determined based on brain activity measurements.

Regarding the seizure peak of brain activity calculated from the highest frequency of
spiking activity, EEG reached its seizure activity peak 358.3 s earlier in the case of the higher
dose (4 mg peak: 2825+512.3 s, 10 mg peak: 2466.7 £ 367.4 s); meanwhile, motor activity
calculated from the highest frequency spiking activity of the accelerometer reached its peak
611.1 s earlier after the administration of the lower dose (4 mg peak: 2966.7 + 758.3, 10 mg
peak: 3577.8£917.6). The peak of motor activity at the 4 mg/kg dose was 141.7 s delayed
compared to cerebral activity at the same dose, whereas at the 10 mg/kg dose, the peak of the
locomotor activity preceded the seizure activity by 1111.1 s (Figure 13/B). When the mortality
is concerned, it was revealed that the 10 mg/kg dose did not cause death in the studied subjects
but evoked severe changes both in brain activity and in behaviour.

To determine whether the 10 mg/kg dose is suitable for epilepsy research, the changes of
the different stages of brain activity and behaviour were studied. Seizures reached their peak at
an average of 2466.7 £367.4 s after 4-AP administration. In one and a half hours, the EEG
pointed toward normalization (approaching control). Nonetheless, spiking activity was
generated occasionally in the EEG even one and a half hours afterwards, but in decreasing
numbers. The control recording on a day after 4-AP administration was the same in amplitude
and frequency as the pre-administration control without spiking activity (Figure 11).
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Figure 11. 0.1 s EEG traces are showing the effect of i.p. injected 10 mg/kg 4-AP in the mouse. Traces
from control EEG recordings one day before and after 4-AP injection are coloured with blue. EEG
sample is represented shortly (10 min) after 4-AP injection and at the end (90 min) of recording (green).

A trace from a developed seizure (80 min) is shown with red.

Another aim was to characterize the behaviour using video recordings, yet the application
of the Racine scale on mice proved to be ineffective. Instead, accelerometer data were used to
examine the behaviour. It was observed that the onset of seizure activity and motor activity did
not coincide with the EEG. Brain seizure activity appeared 468.8 + 190.4 s earlier on average
than motor activity. In addition to the appearance of EEG spiking activity, clonus appeared as
shown by the accelerometer (Figure 12/A). Motor activity started to attenuate from
5061.2 +460.8 s after 4-AP application on average (Figure 12/A). The power spectra of
accelerometer recording, and EEG showed a 7 Hz peak before 4-AP administration, which is
increased by 4-AP, and a novel 29 Hz peak appeared in the EEG power compared to the control.
Additionally, in the accelerometer recordings, 4-AP produced a new peak at 16 Hz and peaked
above 50 Hz, but the 40 Hz peak that was present in the control decreased (Figure 12/B). It was
examined how the number of spikes changed because of 4-AP administration. EEG and

accelerometer also showed a remarkable increase in spike number, but the spiking activity on
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the EEG had a higher amplitude, whereas the accelerometer showed lower amplitude, high-
frequency spikes than in the control (Figure 12/C). The average number of spikes during the
seizure increased to 325.6% (4.9 +4.4 to 20.8 £27.2) at the 4 mg/kg dose, compared to the
339.1% (5.8 5.6 to 25.3 £ 17) at the 10 mg/kg dose, although, as standard deviation shows,
the data showed high variability (Figure 13/A). After data normalization with control spike
number, the increase in spiking activity was 222% larger in case of the higher dose. Spike shape
sorting was also performed but revealed no significant results, since spike shapes were
heterogeneous at both doses. The peak of movement was determined based on the
accelerometer, while the peak of the seizure in terms of brain activity was determined based on
brain activity measurements. Regarding the seizure peak of brain activity calculated from the
highest frequency of spiking activity, EEG reached its seizure activity peak 358.3 s earlier in
the case of the higher dose (4 mg peak: 2825+ 512.3 s, 10 mg peak: 2466.7+367.4 s);
meanwhile, motor activity calculated from the highest frequency spiking activity of the
accelerometer reached its peak 611.1 s earlier after the administration of the lower dose (4 mg
peak: 2966.7 = 758.3, 10 mg peak: 3577.8 £ 917.6). The peak of motor activity at the 4 mg/kg
dose was 141.7 s delayed compared to cerebral activity at the same dose, whereas at the 10
mg/kg dose, the peak of the locomotor activity preceded the seizure activity by 1111.1 s (Figure
13/B).
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Figure 12. Control and seizure activity data from cortical electrode and accelerometer (X-axis) are
compared, both presented in sonogram as well. Power spectrum from EEG and accelerometer is shown
in b (blue—control, red—seizure activity). Spiking activity is rated by counting spikes in different
amplitudes (c), colours correspond to b.

30



A C

[ ]Control

[[]Seizure I I Control
4 mgkg — N 4-AP
0.1 ' Significance
10 mg/kg — e
5
z
- 2
N ’ N [spikes] * -8
N
B [Jacc = 0.01F
[ EEG E F
4mgkg | — 1 £
10 mg/kg —t —
0.001 L | i | M| I | i L 1 i | M| I | i |
4000 0 3000 0 20 40 60 80 100 120 140 160 180 200
sl Frequency [Hz]

Figure 13. Spike number average and standard deviation is compared in two doses both during
control (white) and seizure activity (green) on panel A in two doses. Average peak of behavioural
activity (accelerometer data—white) and average EEG seizure activity data (green) correlation is shown
on panel B in two doses. Normalized power spectra comparison is presented on panel C where different
degrees of 4-aminopyridine effect are compared. Red stars indicate the sections where there is a
significant difference between the two sections at p = 0.05 significance level with Bonferroni correction
(2000 frequency value, 10 state comparison). Averages are calculated from 30, 10 s long data for each

state and their Standard Error of Mean (SEM) are shown.
2.4 Discussion

In this study, the electrophysiological and behavioural properties of the already described
4-AP mouse epilepsy model were examined. The convulsive effect of 4-AP in different species
was demonstrated in the early 1970s. Since then, it has become known that 4-AP has a strong
effect in mammals; they show the following symptoms: hyperexcitability, salivation, tremors,
muscular incoordination, clonic and tonic convulsions, cardiac or respiratory arrest, and
death??®. Our findings support that 4-AP has a reliable electrographic and behavioural
convulsive effect in mice. Although there are several chemical models of epilepsy in rodents,
there seem to be a need for a well-investigated model in mice for the benefit of further molecular
research, as molecular research uses mice as model animals owing to the fact that they have
short reproduction times and several genetic alterations have already been made in them. The
main finding of our study is that there is a remarkable difference between the effects of low and
high doses of 4-AP regarding the frequency of EEG seizures and motor activity. The lower dose
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is characterized by a subsequent increase in lower amplitude range, number of spikes, later
onset of seizures, and more variable seizures, as shown by standard deviations. In this case, the
development of behaviour also shifted relatively to the enrichment of EEG spiking activity. The
higher dose is characterized by intense EEG spiking activity and motor action. Behaviour in
mice differs from that seen in rats, with no characteristic stages of epileptic seizures, mice
instead perform a continuously increasing and then decreasing spiking activity in the cortex
presented in Figure 12. An increase of activity was observed in the beta-, theta-, and gamma-
bands. At the 10 mg/kg dose, behaviour follows brain activity with a constant delay, the
amplitude of spikes approximately doubles compared to that seen in the lower dose, and the
seizure reaches its peak earlier but lasts for at least one and a half hours (Figure 13). It is
concluded that the 10 mg/kg dose set by Yamaguchi & Rogawski in Swiss mice is effective for
B6N mice and this study also supports Van Erum et al.'s suggestion of revision of the Racine-
scale in the case of mice?!"?'8, Based on the results, we can suggest the 4 mg/kg dose to study
the seizure onset stage of epilepsy in mouse models. Nevertheless, the 10 mg/kg dose can be
reliably used for severe epileptic activity in spite of the fact that mice have no status epilepticus
like rats. Adjusting the dose of 4-AP, the mouse model can be tuned from the early stage to the
late stage of epileptic activity and can be applied for molecular studies with higher confidence
in the future. However, it is emphasized that the mouse model of epilepsy is very different from
the human disease because of the continuous EEG spike genesis instead of bursts of seizures.
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2.5 Thesis statement related to this chapter

| established an epilepsy model in B6N mice using intraperitoneal administration of 4-
aminopyridine (4-AP). | characterized the model with intracranial EEG measurements. |
observed that there is a remarkable difference between the effects of low (4 mg/kg) and high
doses (10 mg/kg) of 4-AP regarding the frequency of EEG seizures and motor activity. The
average number of spikes during the seizure increased to 325.6% (4.9+4.4 to 20.8+27.2) at the
4 mg/kg dose, compared to the 339.1% (5.8+5.6 to 25.3+17) at the 10 mg/kg dose.

Regarding the seizure peak of brain activity calculated from the highest frequency of
spiking activity, EEG reached its seizure activity peak 358.3 s earlier in the case of the higher
dose (4 mg peak: 2825+512.3 s, 10 mg peak: 2466.7+367.4 s), meanwhile motor activity
calculated from the highest frequency spiking activity of the accelerometer reached its peak
611.1 s earlier after the administration of the lower dose (4 mg peak: 2966.7+758.3, 10 mg
peak: 3577.8£917.6). The peak of motor activity at the 4 mg/kg dose was 141.7 s delayed
compared to cerebral activity at the same dose, whereas at the 10 mg/kg dose, the peak of the
locomotor activity preceded the seizure activity by 1111.1 s.

Behaviour in mice differs from that seen in rats, with no characteristic stages of epileptic
seizures, instead, mice show a continuous increasing and then decreasing spiking activity in the

cortex.

In summary:
e comparison of 4 mg/kg and 10 mg/kg doses of 4AP was shown
e evoked spike number count showed that spiking activity was fairly the same in case
of the two doses
e EEG seizure activity reached its peak earlier in case of the higher dose
e seizure in movement (ACC) reached its peak earlier in the case of lower dose
e 4 mg/kg dose: EEG seizure peak preceded the peak of the motor seizure

e 10 mg/kg dose: peak of motor seizure preceded the peak of EEG seizure
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2.6 Scientific paper related to thesis chapter

Fedor, F. Z., Paraczky, C., Ravasz, L., Toth, K., Borhegyi, Z., Somogyvari, Z., ... & Fekete, Z.
(2020). Electrophysiological and behavioral properties of 4-aminopyridine-induced epileptic

activity in mice. Biologia Futura, 1-8.
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3. Investigation of schizophrenia in rat models using a flexible,
polyimide based uECoG array

3.1 Animal models of schizophrenia

Modelling human diseases using animals has been and still is the basis of clinical
research. Although the set of skills to study psychiatric disorders via animal models is immense,
the main obstacle is still the lack of knowledge about their origins and their underlying neural
mechanisms. Schizophrenia is such a complex human disease with prominent positive
(hallucinations, delusions, thought disorder) and negative (avolition, social withdrawal, poverty
of thought, anhedonia) symptoms*®’ that mimicking it in its full complexity in one animal model
is almost impossible; the main goal of existing models is the reproduction of different sets of
symptoms. These models represent a disease on three levels: the reproduction of inducing
factors, mimicking phenomenology, and the prediction of the responsiveness of a certain
treatment?23224,

The available animal models of schizophrenia can be divided into 4 main categories:
there are drug-induced, developmental, lesion, and genetic models. The most widely used are
the drug induction models, which rely on the manipulation of the neurotransmitter system,
firstly, dopamine enhancers such as amphetamine and apomorphine. As amphetamine-induced
psychosis was first described in the 1950s, scientists have seen the opportunity for it to be used
as a schizophrenia model, however, it turned out that the chronic administration of
amphetamine, although it does induce psychotic-like changes, does not replicate the positive
and negative symptoms of schizophrenia?®>?%, The second approach is the family of non-
competitive NMDA receptor antagonists, such as phencyclidine (PCP), ketamine and MK-801.
PCP administration was found to produce full-spectrum behavioural changes associated with
the positive and negative symptoms of schizophrenia in rodents?°-3, Ketamine is proved to
induced schizophrenia-associated behavioural changes, but its excitotoxicity is lower than
PCP’s. Overall, ketamine models are more widely used, as it can induce persistent symptoms
related to negative and cognitive symptoms?33-2%, MK-801, also known as dizocilpine, increases
dopaminergic activity in the frontal cortex?®. This, however, may not be consistent with the
cortical hypodopaminergic state of schizophrenia patients?.

There are two main developmental models of schizophrenia: the MAM
(methylazomethanol) and the MIA (maternal immune activation) models. In the first case,

scientists apply prenatal administration of MAM into pregnant rats?*”-23, This results in several
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developmental disorders in the offspring, causing a wide range of changes, such as increased
dopamine neuron activity in the ventral tegmental area, decreased volume of the medial
prefrontal cortex, increased volume of the third ventricle, decreased social interaction
etc.237,238.240-242 MIA or maternal immune activation is induced by the administration of agents,
such as viral mimetic polyinosinic-polycytidylic acid (poly I: C). This causes schizophrenia-
like anatomical, neurochemical, and behavioural changes?+3248, These models permit scientists
to investigate the development of schizophrenia as well as the testing of early treatments24%2%,

The basis of the lesion models of schizophrenia is the artificial design of the anatomical
symptoms of schizophrenia (increased volume of ventricles that expand at the expense of brain
tissue volume) via direct damage inflicted to the brain tissue. This technique is often combined
with the above-mentioned developmental methods, in the case of neonatal ventral hippocampal
lesion, the local injection of the exotoxin ibotenic acid causes the schizophrenia-like
abnormalities that will only appear after puberty?°-253,

One of the earliest genes that was found to be involved in schizophrenia is DISC1
(Disrupted in schizophrenia 1). DISC1 mouse models mimic the anatomical changes seen in
schizophrenia, they have enlarged lateral ventricles, reduced cortical thickness and brain
volume?®*. Since then, numerous genetic schizophrenia models were invented based on genes
related to the disease, such as: NRG1 gene (that codes neuregulin 1, a growth factor involved
in the development of the nervous system?>>2%) DTNBP1 (that codes a protein called dysbindin
which plays a role in neurotransmission®’-2¢%) and RELN (coding reelin, which is implicated in

synaptic formation and plasticity within the CNS?61)22%:237,

3.2 Method details

3.2.1 Fabrication of the microelectrode array

Polymer ECoG arrays of 32 recording channels have a 4 x 8 site configuration with 300
microns site diameter and 1 mm inter-site distance. The fabrication of the polymer-based array
relies on MEMS (micro-electro-mechanical systems) processes utilizing photolithography, thin
film deposition and dry etching steps*. The advantage of the approach is that it can be upscaled
to human and macaque studies?®2-264 and can potentially be combined with other neuroimaging
techniques®®. A 4” silicon substrate is used as a handle wafer throughout the micromachining
process. After dipping into 1:20 hydrogen-fluoride solution, the wafer is coated by 4 microns
thick polyimide (P12611, HD Microsystems GmbH, Germany) layer. The hardbake process of
the layer was performed at 300 °C for 60 minutes on a 200 CBX hotplate (Brewer Science, US)
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after a soft bake process at 130 °C for 3 minutes. The patterning of the metallization layer was
based on the lift-off process. The 300 nm aluminium layer was e-beam evaporated and etched
via a photoresist mask (Microposit 1818, Rohm and Haas Company, USA). 15 nm TiOx and
270 nm platinum was sputtered on the aluminium/photoresist double layer in a DC magnetron
sputtering machine (Leybold GmbH, Germany) in a single vacuum cycle. After the deposition
step, the photoresist and the aluminium were removed in acetone and in Al etchant (a mixture
of phosphoric, nitric, and acidic acid), respectively. A second layer (4 microns thick) of
polyimide as a top passivation layer was spin-coated and baked on top of the metallization. The
opening of the recording sites, pads and releasing of the PI/Pt/PI1 structure was performed by
reactive ion etching in CF40- plasma (gas ratio was 1:1) in an Anelva DEA 506 reactive ion
etching equipment (Anelva Corporation, USA) at 300 W power through a 100 nm aluminium
evaporated hard mask. After RIE etching, the Al mask was removed in Al etchant and the
released arrays were simply peeled off the wafer mechanically by lab tweezers. The pads in the
backbone of the ECoG structures are soldered on a 2x16 channel PreciDiP electrical connector
(Preci-dip SA, Switzerland) at 265 °C using Sn/Ag soldering alloy. The fabrication of the
microelectrodes was performed in the clean room laboratory of the Centre for Energy Research

of the Hungarian Academy of Sciences in cooperation with Dr. Anita Zatonyi.
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Figure 14. (A) Photo of the ready-to-use nECoG array. Close microscopic view on a 32-channel sensor
array (B) and on a platinum recording site (C). Scale bars show 10 mm, 0.5 mm and 150 pm,

respectively. Schematics on the manufacturing process of the microdevice (D).

The impedance of electrophysiological recording sites was measured by electrochemical
impedance spectroscopy (EIS) in a three electrodes compartment in physiological saline using
an Ag/AgCI reference electrode and a platinum wire as a counter electrode. Reference 600
(Gamry Instruments, PA, USA) potentiostat, Gamry Framework 6.02 and Echem Analyst 6.02
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were used for experimental control, data collection and analysis. Experiments were performed
in a Faraday cage. The probe signal was sinusoidal, with an RMS value of 25 mV. The
assessment of the electrochemical stability of the flexible neural interface is provided in Figure
15a. To evaluate coherence between cortical structures, it is essential to record intracranial EEG
with microarrays of low variability in impedance. Soaking the polyimide-based interface in
phosphate buffered saline for several days at a bath temperature of 37 °C is a typical procedure
to evaluate the structural integrity of the ECoG device. In our case (16 days of soaking) the
average impedance at 1 kHz was found to be relatively stable, and the low standard deviation
among individual recording sites makes the device suitable for measuring coherence between

cortical areas.
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Figure 15. (A) Impedance of a representative recording site plotted against frequency measured by
electrochemical impedance spectroscopy (Z @ 1 kHz = 5.39 +- 0.065 kOhm). Change of average

impedance of all recording sites at 1 kHz along the course of a 16-day long soaking test (B).

3.2.2 Surgery

Surgeries, experiments, and the evaluation of data were carried out at the Research
Group of Proteomics of E6vos Lorand University in cooperation with Dr. Zsolt Borhegyi and
Prof. Dr. Gabor Juhasz.

Wistar rats (350-500 g) were used in this study. The animals were housed in groups of
2—4 per cage (diurnal cycle, lights on from 9:00 to 18:00), with ad libitum access to food pellets
and water. Rats were anaesthetized with Isoflurane (0.5-1 %, Forane, Abbott), and mounted in
a stereotaxic frame. The skull was exposed and cleaned, then skull bone was thinned to provide

a suitable surface for electrode implantation. Three stabilizing screws were fixed around the
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thinned bone surface at anterior, posterior, and medial directions while a reference plate is
placed under the skin in front of the left ear (Figure 16/A). The thin bone surface was folded up
(toward the medial direction) without harm to the dura mater and the electrode was positioned
so that all recording sites had direct contact with the brain surface (Figure 16/B). The 25th
contact was positioned 0.5-1 mm lateral in line with the Bregma, and the longitudinal axis of
the assembly was parallel to the midsagittal line. After the proper positioning of the electrode
assembly, the bone was folded back to the top of the electrode to give protection and insulation
(Figure 16/C). UV-bound cement (TetricEvoFlow, IvoclarVivadent; Liechtenstein) was used
to stabilize the bone surface above the foil electrode and the skull was covered by dental acrylic
cement (GC America Inc., USA) which also held the sockets and covered the screws (Figure
16/D). A screw ground electrode was placed above the cerebellum. A 5 mm diameter red LED
(Bright LED Hong Kong Ltd.) was placed retrobulbally as a light source and had minimal
contact with the tissue (Szabo-Salfay et al., 2001) (Figure 3/E). After surgery, antibiotics were
given to the animal (2,5% Baytril, Bayer Hungaria Ltd., Hungary). Animals were allowed to
recover at least for 3 days after implantation.
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Figure 16. The method of electrode implantation. The stabilizing screws (3,4,5,6) are arranged around
the electrode assembly, while the reference plate (1) is placed in front of the left ear. A screw ground

electrode (2) is placed above the cerebellum.
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3.2.3 Electrophysiology and data analysis

During the experiments, animals (n=11) were housed with a 12-12 hour light-dark cycle
using 500 lux light. Electrophysiological measurements were performed in a closed Faraday
cage in darkness (under 0.17 msd), using a 32 channel Amplipex KJE-1001 (Amplipex Ltd.,
Hungary) amplifier. The behaviour of the animals was recorded with a camera and their
movements were monitored with a 3D accelerometer (ACC-2x, Supertech Ltd., Hungary). EEG
recordings were made on 35 channels (32 for the electrode, and 3 for the accelerometer) at a 20
kHz sampling rate using AmpliRec (Amplipex Ltd., Hungary) program for 2 hours each. During
stimulation with LED, the animal was exposed to a series of 0,2 Hz stimuli after 10 minutes of
dark adaptation. The Spike2 (Cambridge Electronics Design Limited, UK) program was used
to provide stimuli (1 ms wide, 100 / session) via the BioStim stimulator (Supertech Ltd.,
Hungary). Ketamine (Calypsol, in 15 mg/kg or 50mg/kg dose) was injected intraperitoneally
followed by the recording of the EEG for at least 2 hours. EEG recording was made on 36
channels (32 for the electrode, 1 for the stimulus events and 3 for the accelerometers) at a 20
kHz sampling rate using the AmpliRec (Amplipex Ltd., Hungary) program. The basic timeline
of the experiments was the following: after a minimum of 3 days’ recovery period, control
recordings were made with and without visual stimulation for 2-2 hours. The control recordings
were followed by recording with ketamine injection when a recording with visual stimulations
was also performed. At the end of the experiments, the animals were anaesthetized, perfusions
were made, and their brains were removed for further research. LFP pre-processing was made,
the input signal went through a DC offset subtraction and low pass filtering at 200 Hz, then data
analysis was performed (3.2.4 Data analysis).

3.2.4 Data analysis

Data analysis was performed in cooperation with Dr. Dorottya Cserpan and Dr. Zoltan
Somogyvari from the Wigner Research Centre for Physics.

The method was validated on simulated data. Each channel out of the 32 is constructed
as a sinusoidal oscillation of 5, 25, 30, 80, 90 Hz representing the different clusters. Each cluster
contains at least 3 channels of the same frequency, but the initial phase was set differently. Our

algorithm identified the exact same clusters as in the ground truth as shown on Figure 17.
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Figure 17. Validation of the coherence clustering algorithm on simulated data. a)-h) The channels are
arranged in a grid shape and are allocated to different clusters as the cluster number changes. The clusters
are shown by various colours, the saturation and the numbers at the channel locations show the silhouette
value to describe how similar this channel is to its cluster. i) The spatial distribution of the 5 clusters, the
blue, magenta, red, yellow, and green clusters correspond to the 30, 80, 5, 90, 25 Hz frequency signals,
respectively. j) We selected the optimal cluster number based on the highest value of the average
silhouette width. As expected, in this case the optimal cluster number is 5, the method performed well
on this dummy data by finding the correct clusters. k) The silhouette width for each cluster changes as

the number of clusters increases, in case of 5 clusters all the silhouette values are high.
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3.2.5 Source localization

Local synaptic currents generate spatially widespread LFP distributions, according to
the Poisson-equation. The aim of the current source density analysis is to calculate the spatial
distribution of the summed synaptic currents based on the measured LFP signals. This inverse
problem is underdetermined if the LFP is not known in 3D with the spatial resolution
comparable to the sources. To get a well-defined solution, different Current Source Density
(CSD) analysis methods apply to different assumptions. Here, we applied the kernel Current
Source Density (kCSD)?° method, which is well suited to the geometry of the 2D grid
measurements. It assumes that the current sources form Gaussian shaped source blobs under
the plane of the electrode grid, thus it describes any smoothly changing source distribution well.
Different versions of the method were developed to adopt the different measurements with 1D,
2D and 3D electrode systems and different source distributions, or even to make it applicable
to single neurons with known morphology?®. The resulting distribution of current sources is
less spatially correlated than the LFP was, and it helps the identification and localization of the

synaptic activity.

3.2.6 Coherence analysis

Coherence can be interpreted as a measure, which gives information about how much
populations are co-working. Between two series, a value close to 1 means very similar patterns
with a certain delay in time, a value close to 0 means negligible relationship. For estimating
relationships between populations, it is possible to select either the extracellular potentials or
the KCSD values. Calculating the coherence between all the KCSD values related to the
population of neurons close to the certain electrodes resulted in a table, the coherence matrix,

informing about the similarities between the functional behaviour of the neuron populations.

3.2.7 Coherence clustering

The electrode channels, belonging to one functionally connected area were determined
by a clustering algorithm, in which the coherence was utilized as a pair-wise similarity measure.
This method assumes that channel pairs which show high coherence, characteristic to
the tight phase relation between the two kCSD time series, are functionally connected and

belong to one functional unit. Thus, functional units can be revealed by clustering the channels
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into highly coherent clusters. Coherence clustering was initially applied to reveal and
distinguish hippocampal subfields and synaptic layers, as well as areas and granular, infra- and
supragranular layers in the neocortex®®’.

Using the coherence as similarity, partitioning around the medoid clustering algorithm
was applied to reveal coherent clusters. The clusterings were run by different cluster numbers,
from 2 to 20 and the optimal number of clusters were determined by measuring the quality of
the resulting clusters, in terms of average silhouette width.

3.2.8 Description of the program used for analysis: BrainAreaR

The BrainAreaR is a software with graphical user interface developed in R
[BrainAreaR]. Besides generating images of simple quantities as raw and filtered data, power
and frequency spectrum, kernel source density distribution map and coherence are also
calculated. One of the main features is the coherence-clustering, which can be used for

identifying functionally cohesive neuron populations.

Coherence

Loading the data Scouting Filtering Activity map T

Figure 18. Flowchart diagram of the data processing steps. First, we performed frequency filtering on
the selected data interval based on the frequency band of interest. Then the kernel current source density
value is calculated from the filtered potential. As a next step, the coherence value is calculated between
each pair of channels. We cluster into a varying number of clusters the pairwise coherence values by
using the partitioning around medoids algorithm. We select the optimal number of clusters based on the

highest average silhouette width value of the clusters.

e Step 1 - Loading the data
After selecting the data file, the sampling frequency and the time range of the recording
will be detected, an option to load only part of the data is available as well. Certain channels
might be discarded from further analysis, which can be useful in case of damaged electrodes,
which will be marked by red crosses on the electrode distribution map.

e Step 2 - Scouting
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A simple view of the raw filtered data is provided for a certain time window and channel
on the second tab. 5 frequency bands are shown and amplitude scaling is provided. This figure
is intended to help the filtering of the data.

e Step 3 - Filtering

A frequency range of interest can be selected on the next panel and the spectral density
related to each channel will appear on separate figures. The peaks of different frequencies in
case of the simulated are clearly visible. In case of the experimental data the frequency spectrum
of an awake animal shows the typical drop of intensity at higher frequencies, on some channels
a peak at 40-60 Hz regime can be observed.

e Step 4 - Activity maps

A color-coded spatial distribution of the potential and kCSD values, as this latter is a
more direct measure of the underlying neural mechanisms at a certain time step, is displayed
on the next tab?®®, By selecting arbitrary instants in time or downloading a short video along
time might help in observing spatial pattern formation and propagation.

e Step 5— Coherence clustering

By applying the partitioning around medoids (PAM) clustering algorithm we aimed to
identify the functionally cooperating brain areas®®®. PAM is a partitioning method which
operates on a distance matrix, e.g. Euclidean distance matrix. For K as the number of clusters
(during testing we used 2-9, for real EEG data we used 2-20), the PAM procedure is used in the
search for K representative objects (medoids).

M* = argminy Z min d(x;, my)
Tk
i

Where MX states for the medoid “coordinate” of medoid k, x; is the coherence value of
channel i and d is the distance between them. By minimizing the value M* (which is calculated
as the sum of the distance between the coherence values), k number of medoids is found,
resulting in the formation of the clusters. The reasonable number of clusters were selected by
the average silhouette with a width measure. The silhouette width of observation i (to select the
number of clusters) is defined as

sil; = (b; — a;)/max (a;, b;)

where a; denotes the average distance between i and all other observations in the cluster

to which i belongs, and bi denotes the minimum average distance of i to objects in the other

clusters. For a given number of clusters, the overall average silhouette width is the average of

mi = Z Sili/n
i
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The highest silhouette width marks the optimal cluster number that we accept from the
earlier made PAM clustering. Global and local maxima values were considered as meaningful
for indicating the number of optimal clusters with an expectation to be greater than 0.4. The
resulting map of functional brain areas might be used for estimating the anatomical brain areas
and show changes in electrophysiological behaviour due to various brain states or drugs.
Validating the method on the simulated data it is visible that the channels group according to
their frequencies and the silhouette width measure finds the optimal number of clusters. In case
of the experimental data, based on the recordings of an awake animal, 6 clusters were found to
be optimal, which could be identified with the V1, V2, S1, M, MPta and LtA cortical areas.

45



3.3 Results

Schizophrenia is a chronic disease that has both negative (affective flattening, alogia,
avolition, anhedonia, and attentional impairment) and positive (prominent delusions,
hallucinations, positive formal thought disorder, and persistently bizarre behaviour) aspects?®.
To observe this phenomenon, an animal model is needed that can imply transient cognitive and
behavioural symptoms that mimic those observed in schizophrenic patients. NMDA receptor
antagonists such as ketamine applied in subanaesthetic doses induce symptoms of
schizophrenia in humans and animals?’®. Schizophrenia is also characterized by abnormalities
in gamma oscillations. In the gamma frequency range, ketamine enhances both background,
evoked power, and induces spontaneous high-frequency oscillations as well>’*. Brain diseases
are based on a pathologically altered functional connectome, resulting in pathological outputs
to physiological input. Ketamine injection in a subanaesthetic dose is introduced as a model of
human schizophrenia based on its marked antagonistic action on NMDA receptors including

the receptors of the fast-spiking cortical interneurons?’2273,

A Control Ketamine 15 mg/kg Ketamine

Figure 19. The spectral comparison of normal EEG with ketamine induced EEG. Sonograms (A) of
control and ketamine injected (15mg/kg) states are shown on top left and right panes. Red lines are
labelling the middle of those EEG frequency ranges that showed clear disturbances in response to
ketamine. Below the Control sonogram colour coded areas label the identified behavioural states (Green
— Awake; Blue — Slow wave sleep; Red — REM sleep), and darker areas to indicate the parts used in
analyses. Purple areas label the time ranges after ketamine injection also used in analyses (Str. — Strong

(early) ketamine effect; Weak (late) ketamine effect). Panel B shows the power density spectra of the
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labelled time ranges on a logarithmic scale and the dashed red lines label the same frequencies as on the
sonograms. The sonograms were made with Spike 2 (upper two: top dB — 26, range dB — 24, block size
—8192; lower two: top dB — 42, range dB — 24, block size - 32768).

After a control period, low dose (15 mg/kg IP.) ketamine injection was given inducing
a schizophrenia-like state. In control and ketamine treated animals visual evoked potentials
(VEP) were recorded to measure visual data processing. Comparing the phase and power
relationship between the two groups of data, the nature of ketamine induced schizophrenia-like
states was disclosed and then validated with the normal states (awake, slow wave sleep, REM
sleep) (Figure 19). The spectral analysis of data showed distinct peaks after ketamine injection
that lasted but gradually disappeared as the time passed. Beside the characteristic high
frequency oscillation around 150 Hz, other EEG bands were also affected. Further investigation
of the observed peaks (Figure 20521) was made to reveal the spectral changes over the cortical
surface and the significance level of the changes. Further investigation of the observed peaks
was made to reveal the spectral changes over the cortical surface (Figure 20). While gradual
power changes were dominating when the rat was in normal states, after ketamine injection, the
cortical distribution showed a rather fragmented, mosaic-like picture which coincides with the
behavioural changes and the literature as the

Spectral density map of rat
Aailtie, AhUHE Rl 025z rat was visibly disoriented.

Early ketamine

Figure 20. The power spectrum values of four EEG
frequency bands (columns: 135-160 Hz, 40-70 Hz,

5-9 Hz, 0,2-5 Hz) were calculated and colour-
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coded to show their distribution over the rat’s
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Figure 21. Normalized power spectra comparison is presented. Awake activity is compared with strong
(A) and weak (B) ketamine effect. On panel C the different degrees of ketamine effect are compared.
Red stars indicate the sections where there is a significant difference between the two sections at p=0.05
significance level with Bonferroni correction (2000 frequency value, 10 state comparison). Averages

are calculated from 30, 10s long data for each state and their Standard Error of Mean (SEM) are shown.

Data are analysed with coherence mapping combined with advanced 2-dimensional
kernel current source density analysis. High stability in different EEG synchronization states
and during ketamine effect was revealed. The pattern of high coherence cortical sites
corresponds to the anatomically identified functional areas of the rat brain. Multichannel
coherence analysis also allowed us to demonstrate the connectome changes in different
vigilance states of the rat. Flash induced VEP as a stimulus driven form of connectivity

controlling mechanism also showed consistent changes under ketamine application (Figure 21).
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Figure 22. Visual evoked potentials from 32 channels (0,2 Hz, 1 ms wide LED flash behind contralateral
eye bulb) has been averaged from the control as well as the ketamine injected state of a rat. Panel A
shows responses from 8 example channels (their position is shown on the satellite image), the control in
blue and the ketamine affected in red, overlapped. Panel B and C: kCSD plots in 4-4-time windows (5
ms wide) are shown, the intensity of colour red marks the amplitude of the current sinks while the blue
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stands for the current sources. While panel B shows control, panel C shows ketamine effect, numbers
are corresponding to the indicated points of recording on the left panel. The corresponding coherence
maps are shown on the right side of panel B and C: Coherences were calculated from the 5 ms long time
window in the 0-200 Hz frequency range. Different clusters are marked by arbitrary colours on the maps,
while the intensity of the colours and the numbers in the rectangles represents the strength of the
affiliation to the actual cluster. Note the differences in the spreading of the VEP on the KCSD and the

delicate differences on the coherence map.

To further quantify the changes in the cortical information flow induced by ketamine
application, we measured the delay of the VEP response appearance. We have calculated the
cross-correlation functions between mean VEP responses for all channel pairs and defined the
delays as the positions of the maxima of the cross-correlation functions. Based on these delays,
we concluded that the earliest (and strongest) response appears on channel 30 in correspondence
with its anatomical position in the V1 (Figure 22). Compared to channel 30, the delay increased
up to 50ms at the most medio-rostral and the medio-caudal channels in the control case. This
resulted in a concentric pattern of increasing delays, which is a characteristic signal of the wave-
like propagation of the VEP response through the whole measured part of the cortex (Figure
22/B). Parallel to the increasing delay, the peak correlation decreased from close-to-one values
to 0.4 (Figure 22/C). After ketamine administration, the amplitudes of the evoked potential were
smaller, but clear signs of the VEP response were still observable on many channels. In contrast
to the control case, the maxima of the cross-correlation functions were at Oms for almost all
channels, relative to channel 30, after ketamine administration (Figure 22/DgE). The peaks of
cross-correlation functions were higher for most of the channels, but wave-like propagation was

not observable through the cortex, the responses appear in synchrony on almost all channels.
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Figure 23. Propagation of the VEP response through the cortex in control and ketamine treated periods.
A and D: Cross-correlation functions (coloured lines) between mean VEP responses (400ms) on channel
30 (insert, black star) and 8 chosen channels through the whole diagonal of the electrode grid (insert,
coloured dots) during control periods (A) and after ketamine treatment (D). The peaks of cross-
correlation functions shift and attenuate by the increasing distance from the V1 cortex in the control
case, but there are no signs of shifting peaks in the ketamine treated case and the attenuation is less
pronounced. The position of the peaks defines the characteristic delay of information flow from the
visual cortex. B and E: The delay values colour coded for all channels. The earliest (and strongest)
response appeared on channel 30 (black star) and the delay increased up to 50ms at the most medio-
rostral and the medio-caudal channels in the control case (B). The concentric pattern of the increasing
delays is the hallmark of the wave-like propagation through the cortex in the control case. In contrast,
VEP responses appear in synchrony on almost all channels after ketamine treatment, without delays or
signs of propagation (E). C and F: The peak correlation values decrease by increasing cortical distance
in both control and ketamine treated cases, but correlation is higher with most channels in the ketamine
case (F). White numbers on panel C correspond to the functionally different cortical areas: 1 —Primary
somatosensory cortex, forelimb region; 2 —Primary somatosensory cortex, hindlimb region; 3 —Primary
motor cortex; 4 —Secondary motor cortex; 5 —Primary somatosensory cortex; shoulder region; 6 —
Primary somatosensory cortex, trunk region; 7 —Lateral parietal association cortex; 8 -Medial parietal

association cortex; 9 —Primary visual cortex; 10 —Secondary visual cortex.
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3.4 Discussion and conclusion

The recording of cortical connectivity is a challenge because of the complexity and the
diversity of the brain functions and the limitations of the EEG techniques. The temporal cortical
oscillations have a major role in the pathomechanism of connectome diseases such as
schizophrenia and autism. The aim of the presented study was to develop a chronically
implantable nECoG device that can measure neural oscillations from a bigger proportion of the
cortical surface. The schizophrenia-like dissociative state was induced by intraperitoneally
injected ketamine. After the injection the raw data showed significant increase in the high-
gamma frequency band. After better examination of the gamma frequency band with power
spectrum analysis a peak was visible at 150 Hz which was earlier reported by only Cordon et
al. in 20152, There was a highly disturbed frequency power distribution in the background of
the stable coherence map when ketamine is injected. This can influence synchronicity relations
among brain areas causing the disorganized behaviour. This may explain the same behavioural
signs in decreased (schizophrenia) or increased (ketamine) gamma power states. Coherence
analysis confirmed that the high-frequency attachment of each cortical area varies between
areas and this attachment is distorted by ketamine, suggesting the disintegration of normally
functionally related areas. The generation of visual evoked potential resulted in the primary
visual area was more active during stimulation, which is consistent with that described in the
literature?’>. After ketamine administration, the amplitudes of the evoked potential were
smaller, but clear signs of the VEP response were still observable on many channels.

Extracellular events can be measured with several techniques from simplest handcrafted
multiple screw electrode arrangement to epi-cranial electrodes, glued multi-electrode assembly
or complex prefabricated thin layer multi-electrode assemblies such as ours?’®2’8, One of the
major advantages of the polymer uECoG array is the potential of recording from multiple
functionally different cortical areas at the same time invasively from the cortical surface and
non-invasively from the skull and the possibility to detect brain oscillations as well as
synchronization. The simple handcrafted screw electrodes can harm the cortical surface and
their relative position is not constant, their number is limited. The number and the position of
recording sites of the polymer array are freely variable, the polymer layer can be made
transparent and it can easily be combined with other measuring techniques such as optical
imaging . Our array can be freely placed to the cortical surface or to the skull, it follows surface
changes. It is able to detect brain waves of freely moving rats similarly to the human EEG

mapping technologies 2’°. Revealing functional connectivity and its changes are often central
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questions in electrophysiological investigations of the brain. This requires the delineation of
different brain areas as well as a proper measure of functional connectivity between them.
Coherence clustering is a unique approach, which solves these two problems in parallel: it
utilizes the similarity measure to define functional units on the brain surface, while able to track
the changes of the connection structure as well. Furthermore, visualizing the connection
structure of brain areas is not a straightforward problem. As coherence clustering offers a clear
representation of the connection structure, it could be useful for exploratory data analysis.
Ketamine had serious effect on signal propagation in rat brain and our electrode foil was shown
to be a reliable tool to investigate changes in these spatio-temporal patterns of electric signals.
Smaller number of spatially more extent clusters in optimal coherence clustering, as well as
higher cross correlations showed higher and wider synchronization in the cortex, resulted by
ketamine administration. Parallel, the normal propagation pattern of visually evoked responses
was impaired, showing that the normal chain of information transmission between brain areas
during visual information processing is blocked by the ketamine as well. Combined with the
presented analytical tool this method is suitable for translational studies on animal models of
schizophrenia and the results are comparable with the data obtained on human subjects. Our
present technology provided an excellent translational tool for schizophrenia research and drug

development.

3.5 Thesis statement related to this chapter

| contributed to the development of a surgical protocol relying on 32-channel polymer
nwECoG array recordings to characterize connectome diseases in rats. | validated the elaborated
procedure in a freely moving animal model of schizophrenia induced by the administration of
NMDA receptor antagonist, ketamine.

Ketamine induced disoriented behaviour in rats is paralleled with widespread spectral
changes in EEG. Beside the characteristic high frequency oscillation around 150 Hz, other EEG
bands were also affected. The clustered coherence map followed the basic anatomical/functional
map of the cortical surface in the control and with fine changes in the ketamine induced state as
well, demonstrating a high level of stability in different brain states and resistivity to
disturbances.

In the background of the stable coherence map, there was a disturbed frequency power

distribution over the cortex, when ketamine was affecting the brain, as well as when the animal
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was in different normal states such as awake, REM or SW sleeping. A moderate slow frequency
modulation of high frequency oscillation has been found during strong ketamine effect.

In control and ketamine (15 mg/kg) treated animals, | recorded visual evoked potentials
(VEP). Visually evoked potentials resulted in strikingly different activity pattern shown by the
kCSD plots, and moderate changes in the clustered coherence map during ketamine effect.
Flash-induced VEP as a stimulus driven form of connectivity controlling mechanism exhibited
reproducible changes under ketamine application.

| found that gradual power changes were dominating during the normal states of the
rat, while after ketamine injection, the cortical distribution showed a rather fragmented, mosaic-
like picture which coincides with the behavioural changes described in the literature as the rat
was visibly disoriented.

In summary:
e validation of a polyimide ECoG device was shown
e schizophrenia-like disoriented state was induced by the injection of ketamine in
sub-anaesthetic dose
o disoriented behaviour is paralleled with widespread spectral changes in the EEG
e peak at 150 Hz in brain activity after ketamine injection
o clustered coherence maps follow the anatomical map of the cortical surface
o ketamine effect disintegrates the normal functional coherence

o visual evoked potentials were also altered by ketamine

3.6 Scientific paper related to this chapter
Fedor, F. Z., Zatonyi, A., Cserpan, D., Somogyvari, Z., Borhegyi, Z., Juhasz, G., & Fekete, Z.

(2020). Application of a flexible polymer microECoG array to map functional coherence in
schizophrenia model. MethodsX, 101117.
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4. Characterization of a thiolene-acrylate based uECoG array

4.1 Background

Advances in electrophysiology enabled electrocorticography (ECoG) to become a
standard clinical tool for presurgical localization of epileptogenic brain tissue and for guidance
during surgical resection to avoid primary brain function areas. ECoGs are capable of recording
neural activity directly from the cortical surface, and its invasiveness is between devices
intended to record electroencephalographic (EEG) activity and penetrating intracortical probes.
ECoG signals are rich in frequency components (> 40 — 60 Hz) that are difficult to record in a
reliable manner with EEG due to the filtering properties of the skull, subcutaneous tissue and
the scalp®. These frequency components cover the gamma bandwidth (25 — 140 Hz) that
correlates with large scale brain network, e.g., sensory — motor activity, and cognitive functions
such as memory!182280-284 “Microfabrication processes allow the fabrication of structurally
diverse interfaces with densely packed recording sites®99285-2% enapling ECoG signals to
surpass EEG with their higher spatial resolution and better signal-to-noise ratio. ECoGs
designed for experimental and clinical studies can reveal the functional connectivity patterns
and, as they help to understand how the brain processes information, they are promising
candidates for brain — computer interfacing (BCI) technology?8-291-293,

Stress from micromotions (induced by breathing, heartbeat, brain pulsation, circulation
etc.) has been implicated as the main reason for neuroinflammatory response during prolonged
presence of uEC0Gs, which may result in glial scar formation and finally the encapsulation of
the artificial system?®*2%"_In chronic experiments, encapsulation of neuroprostheses will lead
to unreliable electrical recordings, unstable signal quality over an extended period of time, and
eventually resulting in impedance increase or even loss of functionality due to the spatial and
electrical insulation from active neuronal ensembles?®2%°, Previous research suggests that
mechanically compliant neural interfaces that conform better to the curvilinear surface of the
brain would be more likely to reduce stress at the biotic-abiotic interface?®”3%-32, Diverse
strategies have been discovered and exploited to soothe foreign body reaction (FBR) by
replacing rigid materials with more compliant alternatives or by temporarily covering rigid
silicon backbones with soft bioresorbable polymer materials®®3%", Recent studies have
employed various flexible polymer materials®8 as substrate for the fabrication of uECoG
devices e.g. Polyimide®®®8, poly(p- xylylene) with different functional groups as Parylene

C199%111 and Parylene HT®, SU-8%112 and silicone rubbert3115, especially Silastic®?282292.308-
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310 \which is a material approved by the United States Food and Drug Administration for human

research. Baek et al.®® and Rubehn et al.?’® fabricated a multichannel, flexible uECoG electrode
array with a mesh-form structure of open inter-electrode spaces, or fenestrae to enhance the
contactability with the curvilinear surface of the brain. Unfortunately, elastic properties of the
mentioned thin polymer interfaces are still significantly different from the neural tissue3®. The
reduction of mechanical mismatch can be attained via a variety of routes, including
bioresorbable polymer materials (eg. silk®2304311-313 ‘noly(lactide-co- glycolic acid) (PLGA)®°,
mechanically adaptive substrates (eg. hydrogel®'431%), and with the application of fenestrae or
aperture that disrupts the consistency of the device structure'®®. These attempts are either trying
to approximate the Young’s modulus of the device to the surrounding tissue or increase the
compliance by forming mesh-like structures. For instance, Wu et al.? facilitated the
implantation with a bioresorbable substrate of silk fibroin. After the WECoG device is
implanted, the silk starts to dissolve in the physiological environment, eventually only the thin
and conformal polyimide base structure will remain at the biotic-abiotic interface. S. Watanabe
et al.3® also applied bioresorbable PLGA in 30 pm thickness, which formed the substrate of an
actively multiplexed neural electrode array. Although the hydrolytic degradation of
bioresorbable polymers from natural materials results in the formation of non-toxic species
only®Y, their neural applications are still questionable due to the small time window of
operation. The group of mechanically adaptive materials constitutes of softening polymers (or
shape memory polymers, MP) e.g. thiol-ene/acrylate thermoset polymers®8-325 and hydrogels
(from natural materials e.g. collagen 1, collagen | — fibronectin, alginate, chitosan or from
synthetic materials for e.g. polyglycolic acid (PGA), polyethylene glycol (PEG), polyvinyl
alcohol (PVA)3%:32") Newly engineered softening polymer materials undergo stimuli
responsive transition (e.g. temperature, ion concentration, pH, aqueous environment) when they
are exposed to the extracellular space. Similar to hydrogels, softening polymer materials
maintain their mechanical robustness (Young’s modulus in the GPa range) during implantation,
thus providing easy handling before and after neurosurgeries. Thiol-ene/acrylate compositions
have been shown to undergo remarkable changes in their elastic properties, softening from over
1 GPa to 300 MPa with less than 3% fluid uptake upon exposure to 37 °C in PBS.

While currently available electrophysiology (e.g., ECoG) and neuroimaging methods
might approach their spatiotemporal resolution due to biological and technical considerations,
integration of multiple and complementary techniques in an attempt to leverage the temporal
resolution of electrophysiology and the spatial resolution of neuroimaging is expected to receive
greater interest in the following years. Understanding the relationship between anatomical and

55



functional neural connectivity is essential for both diagnostic and therapeutic applications, such
as a neuroprosthetic interface to restore lost motor functions in paralyzed patients. Although
the implantation of pECoGs is less invasive to the brain tissue, it has been reported that pECoG
devices do induce foreign body reaction (FBR) - the specific immune response of the nervous
system to implanted neuroprostheses®?-3%0,

Based on the above-mentioned reasons, we designed a thiol-ene/acrylate based nECoG
device. We hypothesized that by using a softening polymer as a substrate, the device will fit to
the curvilinear surface of the brain better, which would reduce foreign body related immune
response. In the present article, we demonstrate the in vivo functionality of our pECoG device
by recording extracellular activity from cortical regions in awake mice. To assess whether the
subdurally implanted pnECoG array is viable with respect to chronic foreign body reaction,
immunohistochemical analysis of the stained cortical tissue was carried out focusing on

astrocytes and the physiological state of neurons after 80 days of implantation.

4.2 Methods

The microfabrication of electrodes was conducted in Qualia Labs, Inc., while the
evaluation of electrochemical properties was performed in the Research Group for Implantable
Microsystems, Faculty of Information Technology & Bionics, Pazmany Péter Catholic
University. Surgeries, experiments, and the evaluation of fluorescent data were carried out at
the Laboratory of 3D functional network and dendritic imaging, Institute of Experimental

Medicine.

4.2.1 Design, fabrication, and packaging

Our uECoG device was designed to be used with ease in chronic mouse experiments,
where ease of use and challenges of limited space and weight need to be addressed. Since our
future aim is to make this device compatible with neuroimaging techniques through a cranial
window, a symmetric layout including 31 recording sites was defined. The final device is shown
in Figure 24/A. The first and last rows of the array are composed of three channels, while the
five rows in between consist of five channels, all equally distant from neighbouring sites. The
overall thickness of the device is ~14 um in the SMP only regions and ~18 um over the traces
(see Figure 24/C). The site diameter and the site-to-site distance are 100 um and 400 pum,

respectively. Overall device thickness is 14 um. Details of the microfabrication process, which
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was completed at Qualia Labs, Inc., relies on the micromachining scheme of our intracortical
probe published earlier®!®. Briefly, a thiol-ene/acrylate-based shape memory polymer (SMP)
substrate was used, with 2 um Parylene C encapsulation around the traces. The devices were
photolithographically patterned with 400 nm thick gold and a 300 nm thick sputtered iridium
oxide film (SIROF). The schematic of the layer composition of the device including dimensions
is shown in Figure 24/B. When microfabrication steps were finished, devices were mounted on
a through-hole Omnetics connector (A79022-001, Omnetics Connector Corp., USA).
Interconnection between the integrated conductive traces and the connector pins were made
through a two-component conductive epoxy (CW2400, Chemtronics, USA), which was dried
at room temperature for 24 hours. To encapsulate the through-hole joints, they were fully coated
with Araldite 1401 adhesive (Huntsman Advanced Materials, TX, USA), which was also cross-

linked without using any thermal annealing process.

I

SMP substrate Gold/SIROF Parylene C
(two layers) (conductive traces) encapsulation
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Figure 24. (A) Photo of the ready-to-use thiol-ene/acrylate based uECoG device and (B) top microscope
view of the recording array. Scale bars show 5 and 1 mm, respectively. (C) A schematic (not to scale)

presenting a cross-sectional view of the layer composition of the device.

4.2.2 Evaluation of electrochemical properties

In order to test the long-term stability of thiol-ene/acrylate based mECoG devices before in vivo
experiments, Bode plots of each SIROF recording site were recorded using electrochemical
impedance spectroscopy (EIS). The main components of the three-electrode electrochemical
cell include a 0.01 M phosphate buffered saline (PBS) solution (P4417, tablet diluted in 200
mL distilled water, pH 7.4, Merck KGaA, Germany), a platinum wire as counter, Ag/AgCl as
reference electrode (ET072-1, eDAQ Pty Ltd., Australia), and electrode sites of each mECoG
device. EIS measurements were performed using a Gamry Reference 600+ Potentiostat (Gamry
Instruments, Warminster, PA, US) at 25 mV rms across a frequency range from 1 Hz to 10 kHz
during 16 days of soaking experiment on two different but functionally equal mECoG arrays.
Bode plots were recorded immediately after arrays were submerged in the PBS solution and
thereafter daily. Data were analysed and equivalent circuit parameters were fitted with the
Gamry Echem Analyst software (Gamry Instruments, Warminster, PA, US). To obtain better
curve fitting, the common Randles circuit was extended with a capacitive parameter (Figure
25), which represents the porous surface of SIROF electrodes. EIS measurements were
conducted in a Faraday-cage. MicroECoGs, evaluated with EIS, were exclusively used in in

vitro experiments.

CPE
Figure 25.
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4.2.3 Surgery

All mice used in this study were in-house bred from the C57BL6/J strain. All
experiments were conducted in compliance with the EU directive in force (2010/63/EU) in
accordance with the applicable national government decree (40/2013.(11. 14.)) and were
approved by the National Food Chain and Safety Office (PE/EA/776-5/2021). In vivo
recordings and immunohistochemistry were performed in the Institute of Experimental

Medicine, in cooperation with Miklés Madarasz.

Three adult male C57BL6/J mice were used in total. ECoG device, reference electrode
and headbar implantation were carried out in a single surgery. Mice were anesthetized with
fentanyl (0.05 mg / kg), medetomidine (0.5 mg/ kg), midazolam (5 mg / kg) i.p. and ropivacaine
(5 mg/ kg, subcutaneously) was used for local anaesthesia. Eye ointment (Opticorn A) was
applied, and the surgical area was disinfected with Betadine. Skin on the top of the skull was
removed and the underlying bone was cleaned with 3% H202. The boundary of a rectangular
craniotomy 2.5 mm by 3.8 mm in size was marked on the bone, with the sagittal suture and one
of the short edges enclosing an angle of approximately 27° and the two vertices of this short
edge positioned against the sagittal and lambdoid sutures. The craniotomy was performed with
a 0.3 mm burr bit (LAU, Busch & CO). On the edge where the device would exit the craniotomy,
a bone ramp was formed for smoother placement. Sterile tampons (Gelita, BBraun) soaked in
Ringer’s solution were used for constant hydration. After the dura was removed, the device was
placed on the brain surface and covered with two custom-cut glass coverslips (inner: 2.5 mm
by 3.8 mm, outer: 3.2 mm by 4.2 mm, 0.15 mm thick glasses, joined by optical adhesive;
NOAT71, Norland). The covering glass was glued to the bone, sealing the craniotomy. After
curing, the connector was fixed to the skull in a separate step, and exposed parts of the substrate
were also covered with glue. An epidural reference electrode was implanted over the left
cerebellum. A mixture of dental cement (Relyx Luting cement, 3M) and quick curing glue
(Super Bond Gel, Loctite) was used in these steps. A steel headbar was fixed to the skull anterior
to the craniotomy with dental adhesive (Super-Bond C&B). Surgery involveed the implantation
of glass coverslip and the steel headbar to perform measurements combined with two-photon
microscopy, which will be presented in a following article. Revertor (2.5 mg/ kg), flumazenil
(2.5 mg/ kg) and nexodal (1.2 mg/ kg) were administered i.p. to wake the mice, as well as
melosolute (0.2 mg/ kg) for analgesia and Ringer’s solution for hydration. Mice were allowed

to rest for at least 3 days before measurements started.

59



Figure 26. (A) Surgical arrangement of the device on the top of the cortical surface. (B) Position of

SIROF recording sites compared to cortical vascularization. Scale bars show 5 and 1 mm, respectively.

4.2.4 Electrophysiological measurements

One a week after surgery, mice were head-fixed on a rotary treadmill recording their
movement speed. The implanted device was connected to a 32-channel RHD recording
headstage and RHD2000 Evaluation system (INTAN Technologies). Electrode impedance was
measured between 1-5000 Hz weekly. Sample brain activity was also measured from all 31
recording sites at a 2 kHz sampling rate. After data from 10 measurements were collected, mice

were sacrificed and processed for histology.

4.2.5 Data analysis

Electrophysiological data analysis was performed by a custom-made MATLAB
program. The recorded animal motion data were used to identify phases in the measurement
when there was no leg movement. A 30 s long segment was selected from every measurement,
when the subject remained in one place. The signal-to-noise ratio (SNR) was calculated based
on the work of Lecomte et al.3** as SNR = A/ 2 - SDnoise , where A is the peak-to-peak value
of the filtered data. The filter of the raw data contains a 200 Hz lowpass filter (5th order
Butterworth) and a 1 Hz high pass filter (3rd order Butterworth). The noise was derived from
the difference of the raw data and the filtered data, and its standard deviation was calculated to
determine the SNR.
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4.2.6 Brain tissue preparation for immunohistochemistry

The physiological state of the neuronal population and astrogliosis was examined to
validate the biocompatibility of our device.

In vitro immunohistochemical labelling was carried out post-mortem, 80 days after
implantation on average in three mice. Transcardial perfusion was performed first with 0.9%
NaCl until liver and lung de-stained, followed by 4% PFA solution for 20 minutes. We did not
use picric acid solutions. After 20 minutes of perfusion, the brain was removed after detaching
the electrode grid from the cortical surface. The brain was postfixed in 4% PFA solution until
histological staining was performed.

4.2.7 Immunofluorescent labelling

The samples were immersed in a 30% sucrose solution (in PBS) at 4°C at least overnight
or until the tissue was completely saturated. Coronal sections (cryo, 40 pm thick) were made
on a sliding microtome (Leica SM2010 R) and stored in 24-well plates in 1% PBS with 0.3%
Sodium Azide. Free-floating sections were washed 3 times for 10 minutes with 1X PBS, then
blocked for an hour at room temperature in a blocking buffer (5% Bovine Serum Albumin (
Thermo Scientific)) containing 0.3% Triton-X (Sigma) for membrane permeabilization. After
blocking and following 3 subsequent 10-min washing steps first with 0.3% Triton-X then with
1% PBS, GFAP primary antibody was applied directly. Slices were kept at 4°C overnight before
3 additional, subsequent 10-min washing steps and the application of the species-specific
secondary antibody. In addition to the secondary antibody, fluorescent Nissl stain was applied
to the tissue sections for 2 hours at room temperature. Unbound secondary antibodies were then
washed off with 1% PBS (3X10 min). Sections were mounted using 4’,6-diamidino-2-
phenylindole (DAPI) containing the Fluoromount-G (#00-4959-52, Invitrogen) mounting
medium to co-label total cell nuclei after rinsing with 1% PBS. Slides were stored at 4°C in

darkness until immunofluorescent imaging was performed the next day.

4.2.8 Antibodies and imaging

Free-floating sections were stained using the following primary antibodies: fluorescent
Nissl stain (NeuroTrace) (1:200, #N21480, Invitrogen) and chicken anti-glial fibrillary acidic
protein (GFAP) (1:2500, #PA1-10004, Invitrogen). GFAP was labelled with a species-specific
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secondary antibody (5 ug/mL, goat anti-chicken Alexa Fluor 647, #A-21449, Invitrogen).
Immunofluorescent imaging was made 2 days after staining using a 20X objective on a Slide
Scanner (Pannoramic MIDI 11, 3DHISTECH) under blue (DAPI-Q filter) green (FITC-Q filter)
and far red (Cy5-Q filter) illumination. Following the acquisition, images were processed using
Case Viewer (3DHISTECH) and images were exported at 300 dpi in TIFF file format.

4.2.9 Image analysis and statistics

To be able to perform statistical analysis on the immunostained samples, the position of
the device was determined on the surface of the cortex manually using Case Viewer
(3DHISTECH). Cortical layers I - 11/111 were distinguished from layer V by the location of giant
pyramidal cells332, Bilateral cortical areas were annotated in a manner that the marked regions
were both rectangular, 500x500 pm and placed at the same distance from the midline at the
border of layers IV and V so that they would be the exact reflections of each other, thus suitable
for comparison. As reference for cortical layer distinction, nuclei of giant pyramidal cells were
stained amongst every cell nucleus with 4°,6-diamino-2-phenylindole (DAPI). Sample regions
of the cortex were annotated on sections covered with the implanted device both on the
implantation side and the contralateral hemisphere which served as control. As the parietal
associational cortical region (PTA) was completely covered by the electrode, the annotations
were selected from that area for further quantification. Pooled statistics were made from the
average intensity of the annotated regions from the PTA area. Image analysis was carried out
with an in-house written custom code in MATLAB (Mathworks). Analysis was performed for
each labelling separately. Average background intensity was calculated from a separate
annotation, subtracted from exported sample annotations and negative valued pixels of samples
were then discarded. Average intensities of electrode-side and contralateral side samples of
sections were then compared with Student’s paired t-test. To quantify the difference between
cell populations under the implant and the contralateral hemisphere, the number of nuclei was
counted using the ITCN plugin in ImageJ on DAPI stained annotated regions, then compared
with Student’s paired t-test. As manual cortical thickness measurements can lead to inaccuracy,
a custom, MATLAB based method was used. As sample annotations placed to the border of
layers IV and V extended beyond layer | and included background due to their size, the ratio of
tissue and background pixels were used to compare cortical thickness between hemispheres.
The 95th percentile of the pixel distribution of background annotations was used as the

threshold value in sample annotations.
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4.3 Results

4.3.1 Electrochemical performance

Results of long-term electrochemical impedance spectroscopy measurements are
summarized in Figure 27. Bode plots of a representative WECoG array were recorded
immediately after immersion (Figure 27/A) and on the 16th day (Figure 27/B, frequency range:
1 Hz-10 kHz) of a representative nECoG array. Impedance dropped from the initial value 7.33
+/- 1.93 kQ (n=31) to 5.54 +/- 0.49 kQ (n=31) between the 2nd and the 6th day of the soaking
experiment and stabilized thereafter while the arrays were constantly soaked in 0.01 M PBS
solution. At the last day of the stability experiment, recorded impedance was 5.31 +/- 0.50 kQ.
Phase angle switched from -40.00 +/- 6.99° to -18.53 +/- 2.52° on the 6th day and remained
stable during the experimental period. Equivalent circuit model applied to the measured data is
shown in Figure 25. As we expected, the analysis revealed that the resistance of the bulk
electrolyte (Rs) did not change during the testing period, while the constant phase element
(CPE) and the frequency-dependent constant, a showed a slight decrease in the first 2 days.
These findings suggest that electrode behaviour and conductivity are dominated by resistance.
Uniform decrease in the impedance (Figure 27/C), changes in the value and characteristics of
phase curves, mainly at higher frequency ranges, and the reduction of CPE and o, all indicate a
possible penetration of electrolyte throughout polymer layers. Magnitude of impedance at 1
kHz of two individual uECoG devices is shown in Figure 27/D. Both arrays show similar
characteristics, which proves the reliability of material composition, applied microfabrication
processes and the proposed packaging procedure. The electrochemical impedance spectroscopy
confirms that the impedance of SIROF microelectrodes is low (<10 kQ at 1 kHz) and stable
enough to test their in vivo performance and measure neural activities of the mouse cerebral

cortex subdurally.
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Figure 27. Electrochemical impedance spectroscopy. (A-B) Pale grey lines represent the impedance;

pale blue lines represent the phase across the 1 Hz — 10 kHz frequency range for all functional electrodes

immediately after immersion (A) and on the 16th day (B) of soaking test. Thick black lines and thick

blue lines represent the average of all functional electrode sites, respectively. (C) Impedance of all

frequencies (1 Hz-10 kHz) for a representative uECoG array at 13 time points (Mean of each electrode
+ standard error: initial (X), 1st (+), 2nd (O), 3rd (R), 6th (A), 7th (V), 8th (9), 9th (), 10th (>>),
13th (Q), 14th (), 15th (O), 16th ([*]) day of EIS test period). (D) Average impedance (thick red and

blue lines) at 1 kHz on two different but functionally identical uEC0oG devices. Shaded areas represent

the standard error.
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4.3.2 Impedance change and electrode yield during chronic experiment

In vivo experiments were designed to demonstrate reliable neural implant functionality.
Measurements were carried out in cooperation with Dr. Anita Zatonyi and Agnes Szabo.

The chronic recording performance of the cortical thiol-ene/acrylate uEC0oG device was
evaluated (Figure 28). The electrophysiological recording capability of SIROF electrodes was
studied in awake, head-fixed, freely moving measurements on a weekly basis. Representative
ECoG data (Figure 28/C) showed characteristic theta rhythms (3.5 - 11 Hz). Average post-
implantation SNR ranged from 1.04 to 5.74 on three different uECoGs (Figure 28/B).
Functional electrode yield decreased to 75% after implantation, but no additional loss was
observed throughout the rest of the in vivo experiment (Figure 31). The acceptance criteria that
we identified as the upper impedance limit was set to 400 kQ, above this, the electrode was
considered as non-functional. Figure 28/A shows representative traces for mean impedance at
1 kHz for a single device prior to implantation (in artificial cerebrospinal fluid, aCSF), and 6,
12, 19, 26, 33, 40, 54, 61, 68, 75 days following implantation. All functional electrodes
exhibited an increase in impedance 6 days post-implantation (73.10 + 27.81 kQ, n=24) versus
the benchtop measurement in Ringer’s solution, performed immediately before implantation
(16.56 + 2.62 kQ, n=28). There was an additional development in impedance 12 days post-
implantation (127.72 + 52.73 kQ, n=24), which remained relatively consistent at this value and
increased only slightly through the first 61 days. Impedance started to decrease at the 68th day,
then approached its value measured 12 days post-implantation. Functional electrodes (Z@1
kHz <400 kQ) were selected for electrophysiological recordings.
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Figure 28. (A) Post-implantation impedance of a single device at 1 kHz. Acceptance limit as a functional
electrode was set to 400 kQ. Post-implantation data are from n=24 electrodes on the same representative
device. Impedance magnitude stabilized from the second week. (B) Signal-to-noise ratio (SNR) at ten
time points (n=24). Data are shown as mean = standard error. (C) 2 s long filtered ECoG signal from a
representative electrode at the 33 day post implantation and the theta range (3.5-11 Hz) of the signal.

In (A)-(C), data collected and analysed from the same experimental animal (#2).

4.3.3 Immunohistochemistry

To evaluate the impact caused by the long-term chronic implantation of the designed
thiol-ene/acrylate probe, histology targeting astrocytes (GFAP) and the physiological state of
neurons (NeuroTrace) was performed after 80 days of implantation on average in three mice.
Figure 29. shows representative fluorescent images for each marker and the calculated

fluorescent intensity of the implanted and contralateral hemisphere, which functioned as
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primary control. For secondary control, only a glass coverslip was implanted to one subject,

without probe implantation.
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Figure 29. Fluorescent images of thiol-ene/acrylate mECoG implanted brains after 80 days of chronic
implantation. Images show layers I-1V of the mouse cortex. (A, B) Cell nuclei stained with DAPI. (C,
D) Astrocytes stained with GFAP. (E, F) Neurons stained with NeuroTrace, a fluorescent Nissl stain.
(G, H) Composite images of the three stains. (I) Box plots showing minimum, quartiles, mean and
maximum of DAPI staining intensity for control and implanted cortices in three subjects and averaged.

(J) Same as (1), for GFAP staining. (K) Same as (l), for NeuroTrace staining in 2 subjects.

Compared to primary control, there was no significant difference in the intensity and
number of cell nuclei (DAPI), while the difference in GFAP intensity was highly significant,

indicating that after 10 weeks of implantation, repairing and scarring mechanisms were
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continuing. The highly significant increase in the intensity of NeuroTrace staining (measured
in 2 of 3 mice due to technical difficulties) reflects the consistent high protein synthesis capacity
of neuronal cells, as in injured or regenerating neurons, Nissl substance is redistributed around
the periphery of the cell body. Secondary controls supported the results of the primary control
(Figure 32).
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Figure 30. Fluorescent images of immunostaining in a coverglass implanted control subject. (A-
H): Images of DAPI (A-B), GFAP (C-D), NeuroTrace (E-F) and composite (G-H) immunostaining.
Intensity of DAPI (1), GFAP (J) and NeuroTrace (K) was compared between coverglass implanted and

untreated contralateral hemispheres.
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4.4 Discussion and conclusion

Prior to the present study, the use of softening polymers was limited to intracortical
microprobes. F. Vitale et al.}%* presented a biomimetic extracellular matrix film as a hydrogel
coating to improve the chronic biocompatibility of microfabricated subdural microelectrode
arrays. In their dry state, hydrogels express Young’s modulus in the GPa range (e.g. 3.4 GPa
300y However, when they are exposed to the aqueous environment of the intracranial space,
even a few MPa (e.g., 2.6 MPa*®) is achievable. The main drawback (and controversially, the
greatest appeal) of hydrogels is their excessive water absorption. Their swelling rate varies
between 10-70 %, which is an additional risk for structural degradation and metal delamination.
Swelling also distances recording sites from active neurons and increases intracranial pressure.
Newly engineered softening polymer materials undergo stimuli responsive transition (e.g.,
temperature, ion concentration, pH, aqueous environment) when they are exposed to the
extracellular space. Like hydrogels, softening polymer materials maintain their mechanical
robustness (Young’s modulus in the GPa range) during implantation, thus providing easy
handling before and after neurosurgeries. Thermoset softening polymers that can be tuned to
undergo glass transition at physiological temperatures (37 °C) are currently being investigated
s%183%5 Even though shape memory polymers (SMPs) are very popular amongst researchers
performing in vivo studies, they mainly focus on SMP coated needle electrodes. Using SMP as
a carrier material for uECoG devices in chronic experiments is a yet undiscovered area and is

of great interest as it may mitigate foreign body response.

For the reasons listed above, our study focused on a new thiol-ene/acrylate pECoG
device specifically designed for chronic cortical experiments. Thiol-ene/acrylate compositions
have been shown to undergo remarkable changes in elastic properties, softening from over 1
GPa to 300 MPa with less than 3% fluid uptake upon exposure to 37 °C in PBS. Based on its
beneficial properties as flexible and compliant substrate material, we hypothesized that the use
of thiol-ene/acrylate is advantageous for uECoG devices. The presented device has 31 SIROF
recording sites in a symmetric layout, and it was designed to address the challenges of combined

experiments with neuroimaging techniques where a cranial window is also necessary.
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To evaluate the reliability of the packaging method and to test the electrochemical
stability of nECoG devices over time, we performed EIS measurements on different but
functionally equal arrays across all electrodes for 16 days (Figure 27). Results of impedance
and phase angle analysis revealed that the packaging procedure resulted in 29 functional
electrodes out of the designed 31 on average. Impedance decreased during the first few days
after the soaking period started and stabilized between the 6th and 8th day. Uniform decrease
in impedance, increase in phase angle and the equivalent circuit analyses all support the idea
that diffusion of solvent occurred into the polymer layers®'®33, This would undermine the
electrophysiological performance of the device, however, parylene C was used as an additional

layer in the microdevice that prevents the formation of shortcuts between conductive traces.
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Figure 31. Average (n=3) electrode yield (A) and average (n=3) number of functional electrode sites (B)
versus post-implantation weeks. Data are shown as mean (%) + standard error (%) from three different

uECoG devices.

In vivo electrophysiological recordings were carried out on all functional electrodes
weekly after EIS. Although electrode yield decreased after implantation by 25%, we observed
no additional loss in active electrode yield over the 75-day measurement period (Figure 31).
Impedance increased after implantation compared to pre-implantation, most likely in
association with acute inflammation. Impedance approached its highest value after 61 days,
then started to decrease until the 75th day when the magnitude of impedance was similar to

what we measured after 12 days (Figure 28/A). Stiller et al.®® reported similar results with
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thiol-ene/acrylate shape memory polymer probe. The SNR values are comparable to those of
DC sputtered platinum electrodes on polyimide pECoG (8.9%%). With the same SNR
calculating method, silicon-based arrays were examined®*® and in this previous study a signal
quality scale was defined according to which our device would have a “fair” signal quality.
Since this grouping was defined for penetrating electrode arrays, the SNR of our pnECoG is
appropriate. In vivo results validated the reliable functionality of pECoGs fully encapsulated

with SMP.

We observed an increased GFAP signal in the immunohistochemical staining under the
implant compared to the contralateral cortex of the same animal which indicated that foreign
body response may still be in progress 80 days after implantation. Beside this, there was an
unusually high protein synthesis made visible by NeuroTrace labelling. Compared to the
primary control, there was no significant difference in DAPI signal intensity which was
supported by cell counting. Histology from coverglass implanted animals (secondary control)
confirmed that this increase is likely not due to the presence of the device. This implies that the
increase in astrocyte activity and protein synthesis is due to the surgical procedure (e.g.,
removal of dura mater) and the use of coverglass as a substitute of skull bone (Figure 32).
Furthermore, it is clear on the fluorescent images that the electrode-cortex interface was
dominated by GFAP astrocytes (Figure 29/D). This finding is in good agreement with the work
of Saxena et al. who found the same high appearance of GFAP astrocytes at the electrode-cortex

336 Moreover, Ravikumar et al. found that GFAP

interface 16 weeks post implantation in rats
immunoreactivity was the highest at 2- and 16-weeks post implantation in mice but they
concluded that they did not find any correlation between neurodegeneration and activated

microglia which supports our findings in terms of cell numbers®’.
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Figure 32. Signal-to-noise ratio (SNR) (A, B) and post-implantation in vivo impedance values at 1 kHz
(C, D) measured from two different experimental animals with two different uECoG devices. A & C

data belong to experimental animal “1”, B & D belong to experimental animal “3”.

We introduced a newly designed nECoG device featuring the shape memory polymer
thiol-ene/acrylate as an encapsulating substrate. Using SMP as a carrier material for tECoG
devices in chronic experiments for the first time, we presented the electrochemical performance
of the device in a wide range of tests including long-term in vivo conditions. Chronic
experiments require the stability of recording quality for optimal utility. We measured electrode
impedance over a period of 75 days to characterize the electrode yield. Impedance increased
markedly after implantation, resulting in the loss of only 25% of the electrodes. However, it
remained virtually unchanged over 60 days until the end of the experiment, with 75% of
electrodes remaining under 400 kQ. The excellent recording quality was reflected by high SNR
throughout the course of the experiment, as well as by readily discernible theta oscillations in

sample recordings. Immunohistochemical staining supported the biocompatibility of the device
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as cortical thickness measurements showed no significant difference between implanted and
control cortices. GFAP and NeuroTrace labelling confirmed the ongoing foreign body response
after 80 days of implantation as well as altered protein synthesis. Surgery controls without
ECoGs confirmed that these changes are not caused by the implanted device, but instead may

be due to the removal of the dura mater, which requires further investigation.

Designed with the purpose of combined recordings of calcium sensors and ECoG in
mind, our novel device may allow concurrent two-photon imaging and electrocorticography in

the future.

4.5 Thesis statement related to this chapter

| examined the immune response to the chronic (10 weeks long) implantation of
thiolene-acrylate based pnECoG devices in mice. | applied DAPI, NeuroTrace and GFAP
antibodies on coronal brain slices to obtain fluorescence images for quantitative evaluation.

| observed cell number changes based on DAPI staining for every cell nucleus.
Compared to the primary control (which was the contralateral hemisphere) Student’s paired t-
test showed that there was no significant difference in cell quantity (P=0.77315). | also
investigated the fluorescent signal intensity of the three stainings. In case of DAPI, there was
no significant difference in signal intensity between the implanted cortex and the primary
control (P=0.067666). Chronic immune response characterized by GFAP staining for astrocytes
and fluorescent NeuroTrace staining for neurons revealed that ongoing foreign body reaction
after 80 days of implantation is modest. In both cases, the fluorescent signal intensity between
the two cortices was investigated. Compared to primary control, the difference of GFAP
intensity was highly significant (P=1,19E™®) indicating that after 10 weeks of implantation,
repairing and scarring mechanisms were continuing. There was also a highly significant change
in the fluorescent intensity of NeuroTrace staining compared to the primary control
(P=0.000186) that reflects the consistent high protein synthesis capacity of neuronal cells, as in
injured or regenerating neurons, Nissl substance is redistributed around the periphery of the cell
body. For secondary control, in one subject, only glass coverslip (substitute of skull above the
probe) was implanted without probe implantation to see whether the implanted coverslip had a
pressure effect that caused the changes. In the case of GFAP and NeuroTrace stainings, the
fluorescent  intensity  changes  were  very  significant  (GFAP:P=0.003566,
NeuroTrace:P=0.001807), meanwhile the fluorescent intensity of DAPI did not show

significant changes (P=0.199614). Histology from only coverglass implanted animals
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confirmed that the increase was not due to the presence of the designed electrode but rather

because of the presence of the coverglass and the surgical procedure (e.g., removal of dura

mater).

| determined that the increase in astrocyte activity and protein synthesis was likely due

to the surgical procedure (e.g., removal of dura mater) and the use of coverglass as a substitute

of skull bone. This study was the first that confirmed the feasibility of thiolene-acrylate based

LECoG device used as chronically implantable neural interface.

In summary:

the validation of a thiolene-acrylate based uECoG was shown

EIS measurements showed that there were 29 functional electrodes out of the
designed 31 on average, and impedance decreased during the first days then
stabilized

impedance increased after implantation but started to decrease from day 75
foreign body response still may be in progress 80 days after implantation
increased astrocyte activity and protein synthesis was observed because of the

removal of dura mater

4.6 Scientific paper related to this chapter

F. Z. Fedor, M. Madarész, A. Zatonyi, A. Szabo, T. Lérincz, V. Danda, L. Spurgin, C. Manz,

B. Rozsa, Z Fekete (2021). Soft, thiol-ene/acrylate-based electrode array for long-term

recording of intracranial EEG signals with improved biocompatibility in mice
https://doi.org/10.1002/admt.202100942
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Abstract

Applications of electrocorticography to investigate the

pathomechanism of brain disorders

Since Hans Berger made the first EEG recording in 1925, electroencephalography became
a fundamental tool of clinical diagnostics as well as scientific research used worldwide.
Although this one-of-a-kind approach is the basis of animal research, high frequency signals
are filtered by the skull, which makes the registration of high frequency oscillations (that are
the indicators of functional connectivity) impossible.

One of the major advantages of pECoG arrays is the potential of recording from multiple,
functionally different cortical areas at the same time, invasively from the cortical surface and
non-invasively from the skull, and the possibility to detect brain oscillations as well as
synchronization. Simple, handcrafted screw electrodes can harm the cortical surface, their
relative position is not constant, and their number is limited. The number and the position of
recording sites of the polymer array are freely variable, the polymer layer can be made
transparent, and it can easily be combined with other measuring techniques such as optical
imaging. For the better understanding of human diseases, animal models are needed in most
cases. These models must be designed for the further benefit of human research as well as for
the benefit of animal welfare. It is important to keep in mind the applicability, the practical
implementation, and the repeatability of the experiments based on these models. In addition to
developing new models, the revision of methods considered to be standard is required from
time to time.

In this PhD thesis, | address this issue by demonstrating the revision of the 4-aminopyridine
mouse model of epilepsy. Seizure behaviour in mice differs from that seen in rats, with no
characteristic stages of epileptic seizures, but with spiking and seizure activity. Seizure activity,
although produced at both doses without being lethal, induced different changes of the EEG
pattern. Smaller dose induced a lower amplitude seizure activity, decreased spiking activity and
later onset of seizures, while higher dose induced a much more intense brain seizure activity

and severe trembling. | investigated the other connectivity disease, schizophrenia using a
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flexible, custom-fabricated 32-channel polymer microelectrode array in a rat ketamine model
and mapped the functional coherence on large cortical areas during physiological activities.
Disoriented behaviour was paralleled with widespread spectral changes on the EEG while a 150
Hz peak was observed after ketamine injection. Clustered coherence maps followed the
anatomical map of the cortical surface and were disintegrated because of the ketamine effect.
Visual evoked potentials were visible above the visual anatomical regions in the kCSD maps
but were also altered because of ketamine injection. In the third part of my PhD thesis, | present
a comprehensive analysis of a thiol-ene/acrylate based nECoG device with 31 sputtered iridium
oxide (SIROF) electrodes via its long-term implantation and the investigation of the brain tissue
response to it in 3 immunohistochemical stainings. Impedance decreased during the first days
then stabilized but after implantation it increased and started decreasing from day 75.
Immunohistochemical evaluation showed that foreign body response was still in progress after
80 days of implantation, but the reason of increased astrocyte activity and protein synthesis was
the removal of dura mater.

The main finding of the study is that there is a remarkable difference between the effects of
low and high doses of 4-AP regarding correlation and frequency of EEG seizures and motor
activity. It is concluded that the 10 mg/kg dose set by Yamaguchi & Rogawski in Swiss mice
is effective for B6N mice and this study also supports Van Erum et al.'s suggestion of revision
of the Racine-scale in case of mice?!"?'8, Based on the results, we can suggest 4 mg/kg dose to
study the seizure onset stage of epilepsy in mouse models. The second study showed that
combined with the presented analytical tool this method is suitable for translational studies on
animal models of schizophrenia and the results are comparable with the data obtained on human
subjects. The presented technology provided an excellent translational tool for schizophrenia
research and drug development. In the last study of the thesis the designed device may allow
concurrent two-photon imaging and electrocorticography in the future as the study presented
novel data that confirmed the feasibility of softening polymer-based pnECoG devices as

chronically implantable neural interfaces.
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Osszefoglald

Elektrokortikografia alkalmazasai agyi rendellenességek

vizsgalatara

Amiota Hans Berger 1925-ben elkészitette az els6 EEG-felvételt, az elektroenkefalografia
a klinikai diagnosztika, valamint a tudomdnyos kutatds vildgszerte alkalmazott alapvetd
eszk6zéveé valt. Bar ez az egyediildlldo megkozelités az allatkisérletek alapja, a magas
frekvenciaju jeleket (amelyek a funkcionalis dsszekapcsolhatosag mutatéi) a koponya sziiri,
ezzel lehetetlenné téve a regisztralasukat.

A pECoG elektrodok egyik f6 elonye, hogy funkcionalisan kiilonb6zd agykérgi teriiletekrol
rogzithetiink altaluk, invazivan a kéreg felszinérdl és non-invazivan a koponyardl, igy egyszerre
regisztralva a magas frekvencidji oszcildcidkat és azok szinkronizacidjat is. Az egyszerl
csavarelektrodak karosithatjak a kérgi feliiletet, relativ helyzetiik nem 4allandd, szamuk
korlatozott. A polimer elektrodrendszer kontaktus pontjainak szama és helyzete szabadon
véltoztathatd, a polimer réteg atlatszova tehetd, és konnyen kombindlhatd mas mérési
technikéakkal, példaul optikai képalkotassal.

Az emberi betegségek mélyebb megértése érdekében a legtobb esetben allatmodellekre van
sziikség. Ezeket a modelleket az emberi kutatdsok tovabbi hasznat, valamint az allatok jolétét
szem el6tt tartva kell megtervezni. Fontos figyelembe venni az ezen modelleken alapuld
kisérletek alkalmazhatdsagat, gyakorlati megvalositasat és megismételhetoségét is.

A doktori értekezésemben ezzel a kérdéssel foglalkozom azaltal, hogy bemutatom tébbek
kozott az epilepszia 4-aminopiridin - egérmodelljének  feliilvizsgalatat. Az  egerek
rohamaktivitasa eltér a patkanyokétol, az epilepszids rohamok jellegzetes stadiumai naluk
masként jelentkeznek. Bar a rohamaktivitas egyik dozisban sem volt halalos kimeneteli, az
EEG mintazat kiillonb6z0 valtozasait idézte eld. A kisebb dozis alacsonyabb amplitudoju
rohamaktivitast, csokkent spiking aktivitast és késébbi rohamokat indukalt, mig a magasabb
dozis sokkal intenzivebb agyi rohamtevékenységet €s stlyos remegést valtott ki. Vizsgaltam a
masik konnektivitds betegséget a skizofréniat egy rugalmas, 32 csatornds polimer
mikroelektrod segitségével patkany ketamin modellben és feltérképeztem a funkcionalis
koherenciat kérgi teriiletek kozott fiziologiai tevékenységek soran. A dezorientdlt viselkedés

egyiitt jart az EEG spektralis valtozasaival, tovabba a ketamin injekcié utan egy 150 Hz -es
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cstces is megfigyelhet6 volt. A klaszterezett koherencia térképek a kéreg felszinének anatomiai
térképét kovették, de ketamin hatasara szétcsatolodtak. A vizualis kivaltott potencialok a
vizualis anatomiai régiok felett voltak lathatdak a kCSD térképeken és ebben az esetben is
ugyanaz volt tapasztalhatdé mint a koherencia esetében. Doktori értekezésem harmadik részében
egy 31 kontaktussal rendelkezé tiolén-akrilat alaput pECoG késziilék atfogd elemzését
mutattam be az eszk6z hosszatavu beiiltetésén €s az agyszovet immunhisztokémiai vizsgalatan
keresztiil. Az impedancia az elsé napokban csokkent majd stabilizalodott, beiiltetés utan pedig
nott a 75. napig amikor csokkenni kezdett. Az immunhisztokémiai értékelés soran kideriilt,
hogy az idegen test reakcié még a beiiltetést koveté 80. napon is folyamatban van, de a
megnovekedett asztrocita aktivitas és fehérjeszintézis oka a dura mater eltavolitasa volt.

A vizsgalat f6 megallapitasa, hogy kiilonbség van az alacsony és nagy dozisu 4-AP hatésai
kovetkeztetésre jutottam, hogy a Yamaguchi & Rogawski altal svajci egerekben bedllitott 10
mg/kg dozis hatasos a BON egerekre, illetve a tanulmany timogatja Van Erum és munkatarsai
javaslatat is a Racine-skala feliilvizsgalatarol egerek esetében?!’?18, A masodik tanulmanyban
bemutatott elektrod a fejlesztett kiértékeld programmal kombinalva alkalmas skizofrénia
allatmodellekkel végzett vizsgalatara. A bemutatott technologia kivalo eszkdz a skizofrénia
kutatasadhoz és a gyogyszerfejlesztéshez. Az értekezés utolso tanulmanyéban a tervezett eszkoz
a jovoben lehetdvé teheti a kétfoton képalkotassal egybekotott elektrokortikografiai vizsgalatot.
A bemutatott adatok megerésitették a polimer alapt hore lagyuld pECoG eszkozok

alkalmazhatdosagat, mint kronikusan beiiltetheté neuralis interfészek.
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Résume
Applications de 1'électrocorticographie pour étudier le

meécanisme pathologique des troubles cérébraux

Depuis que Hans Berger a réalis¢ le premier enregistrement EEG en 1925,
1'électroencéphalographie est devenue un outil fondamental utilisé dans le monde entier pour le
diagnostic clinique ainsi que pour la recherche scientifique. Bien que cette approche unique soit
a la base de la recherche animale, les signaux haute fréquence sont filtrés par le crane, ce qui
rend impossible l'enregistrement des oscillations haute fréquence (qui sont les indicateurs de
connectivité fonctionnelle).

L'un des principaux avantages des matrices LECoG est le potentiel d'enregistrement a partir
de plusieurs zones corticales fonctionnellement différentes a la fois de maniére invasive a partir
de la surface corticale et de maniére noninvasif a partir du crane et la possibilité de détecter les
oscillations cérébrales ainsi que la synchronisation. Les simples électrodes a vis fabriquées a la
main peuvent endommager la surface corticale et leur position relative n'est pas constante, leur
nombre est limité. Le nombre et la position des sites d'enregistrement de la matrice polymeére
sont librement variables, la couche polymére peut étre rendue transparente et elle peut étre
facilement combinée avec d'autres techniques de mesure telles que I'imagerie optique. Pour une
meilleure compréhension des maladies humaines, des modéles animaux sont nécessaires dans
la plupart des cas. Ces mode¢les doivent étre congus pour le bénéfice de la recherche humaine
ainsi que le bénéfice du bien-étre animal. Il est important de garder a l'esprit I'applicabilité, la
mise en ceuvre pratique et la répétabilité des expériences basées sur ces modeles. En plus de
développer de nouveaux modeles, la révision de méthodes déja standard est nécessaire de temps
a autre.

Dans cette thése de doctorat, j'aborde cette question en démontrant la révision du modéle
murin 4-aminopyridine de 1'épilepsie. Le comportement des crises chez les souris différe de
celui observé chez les rats, sans stades caractéristiques des crises d'épilepsie, mais avec des pics
et une activité épileptique. L'activité épileptique, bien que produite aux deux doses sans étre
mortelle, a induit différents changements du schéma EEG. Une dose plus faible a induit une
activité épileptique de plus faible amplitude, une diminution de l'activité¢ de pointe et une
apparition plus tardive des crises, tandis qu'une dose plus élevée a induit une activité épileptique
cérébrale beaucoup plus intense et des tremblements séveres. J'ai étudié¢ 'autre maladie de la

connectivité, la schizophrénie, a 1'aide d'un réseau de microélectrodes polymeéres a 32 canaux
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flexibles et fabriqués sur mesure dans un modele de kétamine de rat et j'ai cartographié la
cohérence fonctionnelle sur de grandes zones corticales pendant les activités physiologiques.

Le comportement désorienté a été mis en paralléle avec des changements spectraux étendus
sur I'EEG tandis qu'un pic de 150 Hz a été observé apres l'injection de kétamine. Les cartes de
cohérence groupées suivaient la carte anatomique de la surface corticale et se désintégraient a
cause de l'effet kétamine. Les potentiels évoqués visuels étaient visibles au-dessus des régions
anatomiques visuelles sur les cartes kCsD mais étaient également altérés en raison de l'injection
de kétamine. Dans la troisieéme partie de ma thése de doctorat, je présente une analyse compléte
d'un dispositif tECoG a base de thiol-éne/acrylate avec 31 électrodes d'oxyde d'iridium
pulvérisé (SIROF) via son implantation a long terme et 1'étude de la réponse du tissu cérébral a
celui-ci dans 3 colorations immunohistochimiques. L'impédance a diminué pendant les
premiers jours puis s'est stabilisée, mais aprés I'implantation, elle a augmenté et a commencé a
diminuer a partir du jour 75. L'évaluation immunohistochimique a montré que la réponse aux
corps étrangers ¢tait toujours en cours aprés 80 jours d'implantation, mais la raison de
I'augmentation de I'activité des astrocytes et de la synthése des protéines était I'élimination de
la dura mater.

La principale conclusion de I'étude est qu'il existe une différence remarquable entre les
effets des doses faibles et ¢levées de 4-AP concernant la corrélation et la fréquence des crises
EEG et de l'activité motrice. Il est conclu que la dose de 10 mg/kg fixée par Yamaguchi &
Rogawski chez les souris suisses est efficace pour les souris B6N et cette étude soutient
¢galement la suggestion de Van Erum et al. de révision de I'échelle de Racine dans le cas des
souris?t’?18 Sur la base des résultats, nous pouvons suggérer une dose de 4 mg/kg pour étudier
le stade d'apparition des crises d'épilepsie dans des modéles murins. La deuxieme étude a
montré que, combinée a l'outil analytique présenté, cette méthode convient aux études
translationnelles sur des modeles animaux de schizophrénie et les résultats sont comparables
aux données obtenues sur des sujets humains. La technologie présentée a fourni un excellent
outil translationnel pour la recherche sur la schizophrénie et le développement de médicaments.
Dans la derniere étude de la thése, le dispositif congu pourrait permettre a I'avenir une imagerie
a deux photons et une électrocorticographie simultanées, car 1'étude a présenté de nouvelles
données qui ont confirmé la faisabilité d'adoucir les dispositifs uECoG a base de polymere en

tant qu'interfaces neuronales implantables de maniére chronique.
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Utilization of results

In the first thesis chapter the 4-aminopyridine mouse epilepsy mode is revised. Most of
the studies use mouse models of neurodegenerative diseases because of their well-known
genetic constitution, easy manipulation, and rapid reproduction period with numerous
offspring; a strain-specific description was required. The findings of this revision are
confirming the applicability and the dose of the 4-aminopyridine epilepsy in B6N mice.

In the second thesis chapter a flexible, 32-channel polymer microelectrode array, its
validation in ketamine schizophrenia model and a customized method to analyse functional
coherence is presented. Combined with the presented analytical tool, this method is suitable for
translational studies on animal models of schizophrenia and the results are comparable with the
data obtained on human subjects. This technology provides an excellent translational tool for
schizophrenia research and drug development.

In the third thesis chapter | introduced a newly designed pEC0G device featuring the
shape memory polymer thiol-ene/acrylate as an encapsulating substrate. Via long-term
electrochemical measurements, in vivo impedance measurements and the investigation of
chronic immune response, it is proved for the first time that a softening polymer based nECoG

device is a feasible chronically implantable neural interface.

These experiments contributed to the following academic research projects:

e National Research, Development, and Innovation Office of Hungary Grants (2017-
1.2.1-NKP-2017-00002)

e National Research, Development and Innovation Office (grants: NKFIH K 120143, K
113147) and FIEK _16-1-2016-0005

e European Union through the grant EFOP-3.6.3-VEKOP-16-2017-00002 co-financed by
the European Social Fund

e HBP associative grant CANON (NN118902)
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