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Abstract

The purpose of this dissertation is to develop a bioelectronic device with the
ability to measure cell-to-cell communication, more specifically in the astrocyte
population. The cell communication system under study involves one type of
neuronal cell: astrocytes. Neurones are well-known brain cells that use electrical
impulses, spikes, called action potentials (APs). However, astrocytes are the ones
in control of the communication between neurons. Unlike neurones, astrocytes
do not generate electrical spikes. Instead, they generate ultra-slow oscillations, or
calcium signals, that can last for several seconds or even minutes. Because of their
distinct bandwidths — APs measurements use a recording system in the kilohertz
(kHz) bandwidth, and astrocyte signal measurements use a recording system in
the millihertz (mHz) bandwidth — and the amount of studies about neurones,
the lack of information about measurements of astrocyte signals presents a sig-
nificant challenge in understanding how the brain works. Considering this gap,
the project aims to develop a device that can accurately capture signals over var-
ious bandwidths with little noise.

The research included the fabrication of a bioelectronic device that includes
tive lanes of varying widths of gold and a circular electrode placed at the centre
of Graphene Oxide (GO). The designed device and the commercial 8 Well PET
Array (IBIDI device) with varying areas were used to capture extracellular signals
using previously developed methodologies for extracellular electrical recording
established by the research group hosting this thesis. These electrodes can detect
small bioelectric oscillations in astrocyte populations. Despite their recording, the
precise function of these oscillations remains unclear.

In order to better understand astrocyte communications, two hypotheses are
proposed: (1) Astrocyte clusters synchronise to produce discrete extracellular
electrical oscillations; (2) these synchronised oscillations propagate as electrical
waves across connected cell populations. Two electrode types were employed:
round electrodes (IBIDI device), to examine how electrode size affects extracel-
lular signals, and fingered circular electrodes (fabricated device), specifically de-
signed to detect travelling waves within the astrocyte network.Additionally, other
experiments were conducted, and it was found that astrocytes generated signals
in the nanowatt (1079 W) power range, with noise primarily being 1/ f noise at
low frequencies.

This thesis aims to enhance the field of bioelectronics by diminishing the knowl
edge gap between neurones and astrocytes. The findings not only enhanced the
understanding of neural networks but also provided new, relevant information
for the development of neuromorphic systems.

Keywords

Bioelectronics, astrocytes, neurons, action potentials, signal propagation, cell
communication, extracellular communication, signal processing






Resumo

O objetivo desta dissertagdo é desenvolver um dispositivo bioelectrénico com
a capacidade de medir a comunicagdo célula-a-célula, especificamente na popu-
lagdo de astrocitos. O sistema de comunicagdo celular em estudo envolve um tipo
de célula neuronal: os astrécitos. Os neurénios sdo células cerebrais bem conheci-
das que utilizam impulsos elétricos, chamados APs. No entanto, sdo os astrdcitos
que controlam a comunicagdo entre os neurénios. Ao contrdrio dos neurénios, os
astrécitos ndo geram impulsos elétricos. Eles geram oscila¢des ultra-lentas, sinal-
izagdo de calcio, que podem durar véarios segundos ou mesmo minutos.Devido as
suas larguras de banda distintas — as medi¢oes de APs utilizam um sistema de
registo na largura de banda de kHz e as medigdes de sinais de astrécitos utilizam
um sistema de registo na largura de banda de mHz — e a quantidade de estu-
dos sobre neurdnios, a falta de informacao sobre medicoes de sinais de astrécitos
representa um desafio significativo na compreensdo do funcionamento do cére-
bro. Tendo em conta esta auséncia de informagao, o projeto pretende desenvolver
um dispositivo que possa captar com precisdo sinais em vérias larguras de banda
com pouco ruido.

A investigacdo incluiu o fabrico de um dispositivo bioelectrénico que inclui
cinco pistas de diferentes larguras de ouro e um eléctrodo circular colocado no
centro de GO. O dispositivo fabricado e o dispositivo comercial PET Array de 8
pocos (dispositivo IBIDI) com &reas varidveis foram utilizados para captar sinais
extracelulares utilizando metodologias previamente desenvolvidas para o registo
elétrico extracelular implementado pelo grupo de investigacdo que acolhe esta
tese. Estes eléctrodos podem detetar pequenas oscilagdes bioeléctricas em pop-
ulagdes de astrécitos. Apesar do seu registo, a fungdo precisa destas oscilagdes
continua por esclarecer.

A fim de compreender melhor as comunicagdes astrocitarias, sdo propostas
duas hipoteses: (1) os aglomerados de astrécitos sincronizam a sua atividade
para produzir oscilagdes elétricas extracelulares distintas;(2) estas oscilagdes sin-
cronizadas podem propagar-se por populagdes de células interligadas, formando
uma onda elétrica. Foram utilizados dois tipos de eléctrodos: eléctrodos redon-
dos, para examinar a forma como o tamanho do elétrodo afeta os sinais extracelu-
lares, e eléctrodos circulares, especificamente projetados para detetar ondas de
viajantes na rede de astrdcitos.

Esta tese tem como objetivo melhorar o campo da bioelectrénica, diminuindo
a diferenca de conhecimento entre neurénios e astrécitos. Os resultados néo s6
melhoraram a compreensao das redes neuronais, como também forneceram in-
formacoes novas e relevantes para o desenvolvimento de sistemas neuromorfi-
cos.

Palavras-Chave

Bioelectrénica, astrdcitos, neurénios, potenciais de agdo, propagacdo de sinais,
comunicagdo celular, comunicacdo extracelular, processamento de sinal
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Chapter 1

Introduction

The introduction aims at introducing the research line, the motivation, and the
outcomes of this dissertation. This project aims to develop a bioelectronic device
capable of measuring cell-to-cell communication, focusing on the detection and
analysis of extracellular bioelectrical signals. This chapter delineates the structure
of the dissertation, offering a summary of the content in each following chapter.

1.1 Motivation and objectives

The field of neuroscience has been extensively studied due to its fundamental
role in a comprehensive understanding of brain functionality in health and dis-
order, making it possible to develop targeted treatment strategies. The research
line is also attracting the attention of electrical engineers and computer scientists,
who approach it as a fundamental layer in developing innovative machine learn-
ing and computational strategies [1, 2, 3].

Neurons, at the core of central nervous systems, are the well-known messenger
cells of the brain that communicate through spikes known as action potentials
(APs) [4]. However, neural communication is not only the responsibility of the
neurons. Astrocytes are a type of glial cell that plays a fundamental but less
known role in neural networks. Unlike neurons, astrocytes use a more subtle
language of ultra-slow oscillations, creating a series of signals that can last several
seconds or minutes[5, 6].

The study of these two cell types presents an engineering problem. The strong
contrast in their modes of communication-electrical spikes in neurons and very
slow oscillations in astrocytes-requires a measurement approach that can be used
for both. The measuring techniques that exist can capture the fast APs of neu-
rons in the kilohertz (kHz) bandwidth. However, they are unable to record the
astrocyte signals, which reside in the millihertz (mHz) bandwidth [7]. This dis-
crepancy in signal bandwidths highlights a significant gap in our ability to fully
understand and measure the dialogues within the brain’s cellular network. This
occurs due to the general focus of the electrophysiological scientific community
on the quantification of neural communication.
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Chapter 1

In a way of fixing this lack of information about astrocytes and the lack of
electrical techniques to measure these types of cells in vitro (engl: in the glass),
electronic devices have been developed. These devices have evolved with the
micro- and nanotechnologies. These technologies have allowed the creation of
smaller components like sensors. Despite this progress, there is still a lack of a
reliable device capable of measuring multiple signalling domains. Hence, the
focus of this dissertation is to develop the design of a bioelectronic device that
effectively connects several signalling domains with high accuracy. The proposed
device will help with the integration of both neuronal and astrocytic cells within a
network, while also including a recording system with two different bandwidths.
This device will be optimised to accurately detect the spikes of neurones and
the prolonged oscillations of astrocytes, while also maintaining a very low level
of interference to ensure the high quality of the recorded signals. By providing
more information about how astrocytes communicate with each other, this thesis
aims to enhance neurologists” understanding of neuronal communications and
increase their understanding of the functionalities of these cells, enabling their
implementation in neuromorphic circuits.

1.2 Outcomes for the design of neuromorphic circuits

The findings of this project could have implications for progress of neuromor-
phic systems. These systems are analogue circuits that mimic the intelligence,
learning, and memory capabilities of the brain.

Neuromorphic circuits have successfully incorporated astrocyte-like functions
to simulate and emulate their role in the phase synchronization of neuronal ac-
tivity. By mimicking the behaviour of astrocytes, these circuits have the ability to
control synaptic activity and facilitate synchronous neuron firing spikes. This en-
hances the performance and efficiency of neuromorphic circuits. Neuromorphic
systems of this kind have the capacity to influence the synchronisation of neu-
ronal phases, which is crucial for maintaining coherent neuronal activity patterns
and enhancing the computational capabilities of these systems. [1].

Self-repair strategies for electronic circuits have been influenced by astrocytes.
Astrocytes are responsible for the repair of faulty synaptic connections between
neurons, and this capability has been mimicked in this circuits. By incorporat-
ing of astrocyte-driven repair process into hardware, neuromorphic circuits can
address the problem of faulty synapse, which will enhance their reliability and
lifetime. This is extremely important for reducing problems related to geometric
scaling, wear-out and manufacturing defects [2].

On the other hand, neuromorphic systems may also provide feedback to neu-
roscientists by reverse engineering the brain. Since the interaction between neu-
rons and astrocytes in these circuits can offer valuable feedback to neuroscien-
tists, which helps them understand the functionalities of the brain and diseases
in more detail. This way, both fields of researchneuromorphic systems and neu-
roscientists, gain a better practical framework for studying complex neural pro-
cesses.
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The digital implementation of neuron-astrocyte interaction for neuromorphic
applications goes beyond theoretical models. Models that simulate the brain’s
functions are already being implemented. In the paper [3], a new model was pre-
sented that demonstrates the interaction between spiking neuron networks and
astrocytes to improve working memory capabilities. Using this model, it was ob-
served that astrocytes can store traces of neuronal activations for several seconds,
modulating synaptic connections during the retrieval stage, and consequently
enhancing memory recall.

Neuromorphic engineering is particularly useful for hardware that interacts
with the physical world, such as biological systems, sensory data, or prosthetic
devices, where small size and low power consumption are extremely important.

1.3 Dissertation organisation

The thesis is structured into eight chapters, with each chapter dedicated to a
specific topic of the project. Following the introductory chapter, which presents a
comprehensive summary of the thesis and it is motivation, the subsequent chap-
ters are structured in the following manner:

Chapter 2 delineates the current advancements in the field, along with a brief
summary of the scientific community’s efforts to improve their understanding of
brain performance. This chapter examines the current technology and methods
used in measuring electrical communications in neural networks. It also evalu-
ates the limitations of existing bioelectronic devices and emphasises the need to
enhance understanding of astrocytes within brain networks.

Chapter 3 describes the equivalent circuit that models the interface between
cells and the sensing electrode. This chapter also lays out the concepts relevant
to this study by introducing the biological basics of extracellular signals and the
noise in bioelectrical activity measurements.

Chapter 4 focuses entirely on the materials and methods used in conducting
the studies on cell cultures. This chapter provides a description of sensing struc-
tures that establish a physical link between two interfaces, thereby transforming
the signal from one interface into an equivalent signal with the mobility charac-
teristics of the second interface. The chapter will also explain the technologies
used to capture extracellular communications. Additionally, this chapter pro-
vides a description of the biological material used in this study.

Chapter 5 focuses on the classification and analysis of the different bioelec-
trical signals recorded during experiments with astrocytes. The chapter further
presents a signal that is equivalent to the typical one seen in this study. Using
this equivalent signal for calculating its power facilitates determining the order
of magnitude of the usual bioelectrical signals in this research.

Chapter 6 is focused on the analysis of the effect of electrode geometry and
material on the signal captured. This analysis explores the bioelectrical activity
generated by a population of astrocytes, which allows for the study of whether
the observed electrical oscillations are travelling waves or localised activities. Ini-
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tially, it also gives a brief description of the sensing electrodes and the methods
used in this study.

Chapter 7 explores the analysis of electrical noise within astrocyte populations.
This chapter used long-term recordings to explore bursts of bioelectrical activity
interspersed with periods of silence, both in the time and frequency domains. The
investigation of trigger signals, also known as master signals, provides insights
into the cell’s signal coordination. Additionally, it provides a brief description of
the GO electrode.

Finally, Chapter 8 summarises the research’s conclusions, emphasising the key
discoveries and knowledge gained. The chapter also addresses the problems that
surfaced during the study and suggests potential solutions to resolve some of
them.
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Chapter 2

State of the art

This chapter reviews the current methodologies and devices used to measure
electrical communication in biological cells. It offers an overview of the scien-
tific disciplines contributing to the study of electrical communication in biologi-
cal cells, focusing on techniques for recording extracellular bioelectrical signals.
The discussion emphasises the advantages and limitations of these approaches
and underscores the need for developing novel technologies to address cell-cell
communication, particularly in non-nervous cells.

2.1 Introduction

The concept of bioelectricity is primarily associated with specific types of cells,
most notably cardiac cells, which generate the cardiac impulse, and nerve cells,
which transmit signals from and to the central nervous system (CNS). In this
last case, complex neural networks, composed of various neurons, coordinate
and process information in the CNS. Neurons are in the core interest of research
focusing on electrophysiology of the CNS due to their ability to generate electri-
cal impulses, known as action potentials (APs). The interest of the neuroscience
community on understanding how APs are generated and transmitted across in-
tricate neural networks involving hundreds of neurons, comes from three rea-
sons: First, APs are signals that allow neurons to communicate with each other
across synapses, enabling all neural processes from sensory perception to com-
plex cognitive functions. second, many neurological and psychiatric disorders,
like epilepsy, schizophrenia, and Parkinson’s disease, are linked to abnormalities
in action potential generation and propagation. Third, and importantly, mea-
suring APs is relatively straightforward compared to other neural signals. This
ease comes from their distinct electrical nature, which allows scientists to use mi-
croelectrodes to directly record the rapid voltage changes during APs. In fact,
bioelectricity is not restricted to cardiac and neuronal cells. Back in the 18" cen-
tury, bioelectricity was also linked to other types of cells, namely skin cells in
dermal wounds, with early researchers discovering that skin injuries produced
small electrical fields. Despite this early insight, the role of bioelectricity in other
tissues outside the nervous system and the brain has largely been overlooked.
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The importance of neuronal APs and the ease of their measurements have dis-
tracted the attention of the scientific community from other types of cells in the
CNS. For instance, Glia cells, astrocytes in particular, were regarded as support-
ive cells to neurons since they have proven roles of maintaining ion and neu-
rotransmitter balance in the extracellular space and ensuring neurons have the
energy needed for proper functioning. Although it is accepted that astrocytes do
not general APs, new studies reported that astrocytes are also electrically active,
and highlighted their importance in the well-functioning of the CNS. To high-
light the magnitude of the role astrocytes play in the CNS, it is worth noting that
a protoplasmic astrocyte can contact between 270,000 and two million synapses,
in humans. In addition, astrocytes are highly interconnected via gap junction, al-
lowing an internal flow of information. therefore, studying the synergies between
astrocytes and neurons has become the focus of many communities. [8, 9, 10].

In recent years, two distinct scientific communities have shown increasing
interest in astrocytes: (a) neuroscientists and (b) the neuromorphic engineering
community. Neuroscientists are focused on unravelling the role astrocytes play
in neural communication, while the neuromorphic community seeks inspiration
from the brain to develop electronic circuits and computational algorithms that
move beyond binary systems.

The neuromorphic community quickly recognised the value of incorporating
a second cell type to regulate signal flow across synapses. As a result, astrocytes
have recently been integrated into artificial circuit designs to enhance the func-
tionality of neuromorphic circuits [1, 2, 3]. This concept is briefly explored in the
section 1.2 . In parallel, several research groups, including the team hosting this
thesis, have become increasingly interested in the bioelectrical activity of astro-
cytes, particularly in how these cells interact electrically with neurons. To ad-
vance this understanding, these groups are developing and fabricating novel de-
vices that guide neurons and astrocytes to form precise, interconnected networks
on a chip. These devices enable the detailed observation of spatial movement and
signal exchange between cells, providing deeper insights into their interactions.
After providing a brief overview of the scientific communities interested in neu-
ral networks formed between neurons and astrocytes, this chapter provides to
the reader the background information about the various extracellular recording
techniques. Furthermore, it provides a succinct explanation of the bioelectronic
devices currently in use.

2.2 Recording techniques

The electrophysiological scientific community has primarily concentrated on
recording neural communications, leading to the development and improvement
of several techniques.

Two primary types of technologies are used to record cell signals: (a) the patch
clamp method and (b) extracellular electrodes.

The patch clamp method probes exclusively punctual ion channels or, at most,
one individual cell, examining specific ion channels across the cell membrane.
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While it provides critical insights into the functioning of these channels, the method
is invasive, does not offer information about cell-to-cell communication, and can-
not be applied to networks of cells.

To study intercellular communication, extracellular electrodes are used instead.
These electrodes measure the collective extracellular electrical activity resulting
from ionic movements across cell membranes, allowing researchers to probe en-
sembles of cells and their interactions within a network. The sections below de-
scribe the two technologies and their advantages and limitations.

(a) Patch-Clamp Techniques

Patch-Clamp technique permits researchers to measure ionic currents flowing
through individual ion channels in cell membranes or across the membranes of
excitable cells[11, 12, 13]. This technique, developed in the late 1970s and early
1980s, uses a glass pipette with an extremely narrow tip. This pipette is carefully
attached to a small section of the cell membrane, forming a high-resistance seal
called a "gigaseal". The term "seal resistance" is commonly used to refer to the
electrical resistance between the cell and the surrounding solution (also known
as ground) [7]. The "gigaseal" facilitates the manipulation of membrane poten-
tial and ionic environment on both sides of the membrane, making it simple to
generate electrical signals at the single-channel level.

Figure 2.1 shows the following configurations are possible with the patch-
clamp technique:

¢ Cell-attached configuration is used to study ion channels while preserving
the intracellular environment;

¢ Inside-out and outside-out patch configurations allow the manipulation of
the ionic environment;

* Whole-cell configuration enables the measurement of currents across the
entire cell membrane.
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Figure 2.1: Schematic representation of the procedures that lead to recording
configurations[14].

All these configurations have contributed to understanding cellular excitabil-
ity, synaptic transmission, and pharmacological characteristics of ion channels.
As such, patch-clamp has become an unavoidable tool for the investigation of
excitable cells, such as neurons, muscle fibers, and cardiomyocytes.

Two acquisition modes are available for parch clamping: the current clamp
and the voltage clamp. The current clamp technique rely on regulating the cur-
rent passing through the membrane and records the resulting changes in mem-
brane voltage, typically observed as APs. In contrast, the voltage clamp technique
is a measurement of currents resulting from the establishment of a predetermined
level of membrane voltage.[15]

Although astrocytes were not regarded as electrogenic cells, researchers con-
ducted studies on the use of patch clampt to investigate channels of this cell type.
For instance, in 1986, EN Quandt and B.A. MacVicar analysed single channel cur-
rents in intact and excised patches of glial cell membranes developed in primary
cultures taken from newborn rate brains. The researchers confirm that Calcium
ions (Ca?*)-activated Potassium ions (K*) channel is present in the membrane
of astrocytes grown in culture. This finding, along with the evidence indicating
that the Ca®* channel is dependent on voltage, supports the notion that glial cells
play a crucial role in controlling excitability in the CNS. Furthermore, the study
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shows that when depolarisation occurs, the influx of Ca?>* would enhance the
permeability of the membrane to Kt and could increase the "buffering” capacity
of the glial cells for extracellular K*.[16]. Other researchers reported that the -
aminobutyric acid (GABA) receptor channels in astrocytes have similar character-
istics to those observed in neuronal cell membranes. Some of the results obtained
using patch clamp indicated a non-uniform distribution and possible clustering
of GABA receptors on astrocyte surfaces, which may influence the "buffering" of
chloride ions (C1™) activity in the extracellular environment.[17]

In a more recent study [18], the researchers used the patch-clamp technique’s
whole-cell configuration to investigate the impact of astrocyte activity on the ef-
fects of ketamine, a general anesthetic, on spontaneous postsynaptic currents (SP-
SCs) in S1 pyramidal neurones. It was concluded that astrocytes have an impact
on the effects of ketamine on both pre- and postsynaptic components, therefore
contributing to synaptic transmission.

(b) extracellular electrodes

The study published in [6] comes to the conclusion that, while the patch-clamp
technique is appropriate for measuring individual cells, it is not ideal for measur-
ing astrocyte populations. However, the patch-clamp technique made possible to
understand that each living cell acts like a signal generator.

The sharp electrode technique is used to perform intracellular recording from
neurons. In the next section, the sharp electrode will be briefly mention.

The recording technique using MicroElectrode Arrays (MEAs) includes the use
of an array of small electrodes to detect and record the electrical activity of neural
networks in vitro (engl: in the glass) [19]. The following section will provide a
more detailed explanation of the electrodes used in this technique.

2.3 Bioelectronic Devices

Over the past few years, there has been rapid growth in the development of
electronic devices designed for medical and biological applications. These de-
vices have made significant contributions to the advancement of healthcare and
the expansion of knowledge about the human body, specifically the brain. These
tools are valuable for monitoring and measuring both in vitro (engl: in the glass)
and in vivo physiological responses. This progress has been further accelerated
by advancements in nanofabrication, which involves the super miniaturisation of
electronic circuits and mechanical structures. Advancements in technology have
made it possible to create smaller, more targeted, and more efficient bioelectronic
devices that can connect with living tissues, cells and organs. [20]

The electrodes are essential components in the bioelectronic devices discussed
in this dissertation, as they have an important function in measuring cell activ-
ity. Previously discussed recording techniques, such as patch-clamp, generally
require the insertion of electrodes into different biological tissue preparations.
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These techniques use the following main types of electrodes:

1. Basic solid conductors, such as discs and needles (either individual or grouped
together, usually with insulation covering except for the pointed end);

2. Tracings on printed circuit boards are insulated, except the tip;

3. Hollow tubes filled with an electrolyte, such as glass pipettes containing
potassium chloride or another electrolyte solution.

[15]

Sharp electrodes are tools with high impedance that are used for intracellu-
lar recording, particularly in small neurons, as previously mentioned. Although
they are effective, they present challenges such as limited membrane penetration,
resulting in a burst of spikes and sustained depolarisation of the neuron. The
presence of these electrodes can also result in a decrease in input resistance and
reduce spike amplitudes as a result of their low-pass filtering effect.[21]

MEAs are devices composed of a grid of electrodes, usually fabricated on a
substrate, designed to interface with cultured cells or brain slices. The use of
this devices showed more progress because they were better at keeping an eye on
individual cells and making it easier for electrogenic cells to talk to each other [22,
23,24, 25]. Using electrodes with a small surface area allows for spatial resolution,
enabling the identification of the specific neuron responsible for generating an
action potential.

Furthermore, few research groups have also focused on studying astrocytes
using extracellular microelectrodes. Several research groups have employed MEAs
for this particular purpose. For instance, the authors of [26] documented the ap-
plication of planar MEAs to measure the spontaneous electrical activity of iso-
lated astrocytes. For the first time, they discover slow oscillatory activity. Fur-
thermore, they also observe the differences in the impact of drugs on primary
astrocytes and iPSC-derived astrocytes. This shows that MEAs could be used to
study how drugs affect astrocytes.

In the same way, the researchers in [27] employ a PDL pre-coated 24-well
MEAs plate (Axion Biosystems) equipped with 16 microelectrodes arranged in a
grid of 4 x 4 in each well to record extracellular electrical activity. An objective of
this work is to characterise the Extracellular Vesicles (EVs) cargo proteins derived
from primary astrocytes (ADEVs) under both physiological (normal) and patho-
physiological (diseased) states. Through their discovery, a deeper understanding
of the functions of astrocyte EVs was achieved. This knowledge is believed to
contribute to the advancement of new diagnostic and therapeutic possibilities for
neuroinflammatory disorders such as Alzheimer’s disease and Parkinson’s dis-
ease.

On the other hand, other groups employ different types of microelectrodes.
For example, in [28], the authors show a microelectrode that was specifically cre-
ated to measure the flow of Hydrogen ions (H") in the extracellular environment
from individual astrocytes. This study investigates the influence of extracellular
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ATP on an increase in H flux from astrocytes. The findings suggest that ATP-
mediated extrusion of HT from astrocytes can have a significant impact on the
regulation of electrical signals in the nervous system.

The Utah Array is a small device consisting of multiple electrodes that are
used to record neural activity inside the body, specifically in brain-computer in-
terface applications. The device contains 100 microneedles, allowing precise and
detailed recordings of neural activity. The Utah Array is highly advantageous
for its accurate neural targeting. Still, it is also vulnerable to limitations such as
tissue encapsulation and degradation of recording quality over time due to the
biological response[29, 30, 31].

It is important to mention that when operating in voltage detection mode, the
thermal noise originating from an electrode becomes increasingly noticeable as
the electrode dimensions decrease [?]. As previously stated, non-electrogenic
cells such as astrocytes cannot generate action potentials, unlike electrogenic cells[32].
However, they still have mechanisms to transport ions across their cell membranes|[33].

2.4 Conclusions

In summary, two electrophysiological techniques are used to measure electri-
cal impulses generated by cells: the patch clamp method and extracellular elec-
trodes.As previously stated, the patch clamp technique provides detailed insights
at the single-cell level, but it is too invasive to the cells and limited in terms of
capturing extracellular communication.

Recent advances in materials and microelectronic fabrication have enabled
the development of miniature arrays consisting of thousands of electrodes, com-
monly referred to as MEAs. MEAs have revolutionised the study of neural net-
works by allowing researchers to decode the complex ensembles of APs exchanged
between neurons during communication.

However, commercially available MEAs are specifically optimised for neurons
and, as a result, are unable to detect signals from cells that do not generate action
potentials. A good example is the astrocyte cell, which does not produce APs.

Even though these limitations exist, the scientist became more interested in
astrocytes and what role they play in the brain. This led to an improvement of
MEAs and other extracellular microelectrodes adapted to record astrocyte cell
signals.

The earlier studies talked about in this chapter show that MEAs are getting
better because they were used to slow oscillatory activity, characterise EVs cargo,
and detect H". These researcher’s findings contributed to an understanding of
astrocyte functions.

Considering the significant focus on astrocyte cells, it is important to develop
bioelectronic devices that can accurately measure the electrical activity of astro-
cytes. Further development of recording techniques is necessary to enhance the
accuracy of capturing astrocyte activities using these devices. This technological
progress would not only enable the growth of neural network understanding but
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also enhance the identification and treatment of neurological disorders.

In this chapter, we review the current technologies used to measure astrocytes,
highlighting some studies that have successfully captured extracellular commu-

nication.
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Fundamentals

This chapter aims to provide an overview of the fundamental concepts and ter-
minology used throughout this thesis. Initially, it will be provided a brief expla-
nation of the biological aspects related to the origin of extracellular signals, with a
particular focus on astrocytes. Following this, an equivalent circuit that describes
the interface between cells and the sensing electrode is presented, focusing on
the Electrical Double Layer (EDL). The chapter ends with an explanation of the
importance of noise in bioelectrical activity, describing noise evaluation and two
types of noise: thermal noise and 1/ f noise.

3.1 Introduction

This chapter aims to explain the key concepts, which will be mentioned through-
out this document. Since this dissertation focuses on the study of the interface
between living cells and electronic devices, the following section will provide
discussions of how it is possible to capture signals generated by cells with elec-
tronics and how electronics can interfere with this recording.

The main electronics in this work are the bioelectronic devices. They can mon-
itor and regulate the interior environment of biological objects in real-time, mak-
ing them ideal for therapeutic and implantable biomedical applications, includ-
ing drug delivery, electrophysiological recording, and regulation of intracellular
activities [34, 35].

An equivalent circuit is presented to facilitate the description of the electrical
coupling between the cell and the sensing electrode. The EDL, also known as the
Debye-Helmholtz layer, is formed at the interface between a conductive material
and a conductive solution. Ions in the conductive solution facilitate the move-
ment of electrical charges between the electrode and the cells. This solution is
also known as an electrolyte medium. This solution serves as the environment
for the transmission and capture of cell signals. This layer is an extremely thin
layer, normally just a few nanometres thick, that acts as a dipole layer, which
consists of ions on the electrolyte side and electrons (¢~) on the electrode side.

This thesis mainly investigates glial cells, known as astrocytes. The investiga-
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tion of these cells aims to reduce the deficiency of knowledge about them, trying
to explain their signal generation, their function within neural networks, and the
differentiation from neurones, the other kind of neural cell. This thesis will inves-
tigate extracellular signals, specifically the alternating currrent (AC) signal type,
to gain this knowledge.

3.2 Biological background

The biological field studies all living species, all of which originate from a
unicellular ancestor that originated about 4 billion years ago [36]. In this thesis,
the term "cells" is the most relevant biological term. Hooke first used the term
during his study of cork microstructures in 1665, using optical equipment with a
30X magnification capability [37].

Further discoveries and technical advancements have enabled the microscopic
study of cells and the growth of knowledge about them. This thesis attempts to
clarify the role of astrocytes — a kind of glial cell within the neuronal network of
the brain — with an emphasis on their extracellular signalling activities.

3.2.1 Electrogenic cells and non-electrogenic cells

The primary objective of this thesis is the eukaryotic cell known as the as-
trocyte. Eukaryotic cells possess a nucleus and membrane-bound organelles. It
is mostly multicellular and has a considerable size, ranging from 10 to 100 mi-
crometres (ym). This living thing is complicated, and its DNA is linear [38].

Biologists classified these cells into two categories: electrogenic and non-electrogenic
cells. Electrogenic cells generate electrical impulses, such as action potentials
(APs) or cardiac impulses. Some of these cells are neurones, nerve cells, and car-
diac cells. On the other hand, non-electrogenic cells, such as astrocytes, lung cells,
and skin cells, do not generate individual electrical spikes [39]. Even though these
cells are classified as non-electrogenic, most of them in their membrane have
a complex machinery of pumps, transporters, and ion channels that enable the
exchange of ions with the extracellular environment, which allows them to pro-
duce voltage fluctuations in the environment surrounding them.These charges
produce electric fields named endogenous electric fields (EFs), which often coor-
dinate ionic exchanges to create electrical oscillations or waves capable of spread-
ing across biological tissue. These electrical oscillations are very slow and may
last for many seconds or even minutes. In contrast to APs that spread at a veloc-
ity of meters per second, a calcium wave (ultra-slow oscillations) propagates at a
speed of um per seconds (s).

To better understand the difference between electrogenic cells and non-electrogenic
cells, it will briefly explain one cell of each type: (a) neurones, which are electro-
genic cells, and (b) astrocytes, which are non-electrogenic cells.
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(a) Neurones

The nervous system has 80 to 100 billion neurones essential for the transmis-
sion of information via electrochemical signals. The structure of a neurone com-
prises a cell body, dendrites, and an axon. The axon transmits signals to other
neurones or effector cells, while the dendrites receive signals from other neurones
[40].

Neurones have the ability to form complex communication networks that en-
able all brain functions, such as elaborate processes like memory and more simple
functions like breathing.

As mentioned before, these cells are considered electrogenic cells because they
generate APs, which only have a duration of milliseconds and are commonly
known as spikes.

The electrophysiological scientific community has focused on neurones for
many years, paying particular attention to the recording of APs.

(b) Astrocytes

Astrocytes are named after their structure, with “astro’ meaning star and "cytes’
denoting cells. These cells have a star-like shape with many branches that facili-
tate connecting synapses between neurones. Synapses are junctions between two
neurones, where neurotransmitters facilitate communication. Upon the arrival of
an action potential at the presynaptic neurone’s terminal, calcium channels open,
initiating the release of neurotransmitters into the synaptic cleft [41]. These neu-
rotransmitters connect to receptors on the postsynaptic neurone, triggering a re-
action. Afterwards, neurotransmitters are either recycled or destroyed to prevent
overstimulation, thus ensuring accurate signal transmission and maintaining the
equilibrium of neuronal activity [42]. An individual astrocyte can interact with
thousands of synapses, enabling it to simultaneously affect several neurones (see
Figure 3.1(c)).
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Figure 3.1: Astrocytes and their interaction with neurons. (a) Schematic repre-
sentation of astrocytes in a neural network comprised of neurons. (b) Schematic
representation of how a single astrocyte may modulate several synapses. (c) Flu-
orescence image showing a single astrocyte and the surrounding synapses (in
green), from [43]. (d) Photograph of a culture of astrocytes on top of a glass (ob-
tained in the laboratory of the group hosting this thesis).

Astrocytes can also form connections with neighbouring astrocytes through
gap junction channels, creating a network that uses calcium to communicate (see
tigure 3.1). They also have sodium and potassium channels that create ionic cur-
rents, but unlike neurones, they do not generate or propagate APs. When internal
or external stimuli activate these cells, they transmit specific instructions to adja-
cent cells, making it possible to consider them "excitable".

The gap junction channels referred to before are intercellular connections that
enable the rapid exchange of ions and small molecules between adjacent cells.
Connexins, a protein family abundant in astrocytes, form these channels to facili-
tate electrical and metabolic coupling. This connectivity supports functions such
as energy supply to neurones, extracellular K+ and glutamate buffering, and cal-
cium wave propagation [44]. Neuroactive substances modulate gap junctions,
which are voltage-sensitive and allow their conductance to change with electrical
potential differences between cells. Blocking these channels locally can reduce
membrane voltage oscillations [45, 46].

Researchers have discovered that astrocytes play a role in the pathogenesis
of several motor illnesses, such as Parkinson’s disease [47, 48, 49], Alzheimer’s
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disease [50, 51], amyotrophic lateral sclerosis [52, 53], and Tourette’s syndrome
[54, 55].

3.2.2 Origins of Extracellular Signals

Extracellular signals refer to the electrical or ionic potential gradients gener-
ated on the cell membrane. These voltage gradients between cells arise due to
the EFs, which are generated by the movement of ions and charged biomolecules
across cell membranes [56]. Cell membranes not only have the ability to enclose
the cell, but they also function as barriers, selectively determining what enters
and exits the cell, thereby playing an important role in intercellular communica-
tion [57].

Small ions like protons, sodium, and potassium, as well as large molecules
like tissue factors, growth hormones, neurotransmitters, and signaling molecules,
form these gradients[56].

With all this information, it is possible to say that the source of extracellu-
lar signals relies on the structure and functions of the cell membrane, which are
directly influenced by the EFs. Since this electric field depolarises and hyperpo-
larises the membrane potential, it triggers the expression of signalling factors that
modulate processes like cellular regeneration and tissue remodelling[58].

It is important to mention that even in non-electrogenic cells, there are signals
generated because of the ionic changes across the membrane, which contributes
to the changes in membrane potential.

3.2.2.1 Equivalent circuit for the cell membrane

To better understand the concept of the cell membrane with ionic channels,
electrical circuit models were implemented [59, 60]. Figure 3.2 illustrates the
membrane equivalent circuit representing only one ionic channel, where the de-
scription of the behaviour of the membrane potential (V) and the movements of
ions across the ion channels is given by electronic components.
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Figure 3.2: Equivalent circuit of the cell membrane
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The electronic elements are a resistor Rg that represents the conductive path-
way from the ion channel permeable to a specific ion species, in this study case is
Calcium ions (Ca®"); a battery source Vs that represents the ionic gradients; and
a capacitor Cys that represents the membranes ability to store charge. A switch
is also added to this circuit to consider the capacitor charges or discharges condi-
tions, with the intuition of when the ion channel is close or open.

This circuit, in an electrical point of view, is a passive RC circuit, which means
that it can only respond to an applied electrical signal. The term passive refers to
the fact that neither the resistor nor the capacitor generates electrical signals on
their own and remains unchanged regardless of the external stimulus.

3.2.3 Calcium waves/ions

Calcium signalling and the propagation of calcium waves characterise the dis-
tinct excitability of astrocytes.

Astrocytes have the ability to propagate increases in intracellular Ca?* concen-
trations from a single cell to neighbouring cells, forming a wave-like pattern of
communication. This type of signalling can occur spontaneously or in response
to various external stimuli.

There are several ways that astrocyte Ca?* signals come from inside the cell.
These include pathways that involve different receptors, channels, exchangers,
and pumps on the plasma membrane and in parts of the cell like the Golgi, mito-
chondria, and acidic organelles [61].

The membrane potential shifts generate weak and slow bioelectrical signals.
These changes happen when charged ions move into or out of cells. This is closely
connected to calcium waves. However, astrocytes have many ion channels that
can also affect changes in membrane potential, such as Sodium ion (Na*) chan-
nels [62].

3.3 Extracellular signal recording

3.3.1 Electrical equivalent circuit

Signals captured with microelectrodes in vitro (engl: in the glass) are known as
extracellular signals. The microelectrodes are not implanted into the cell, hence
avoiding any intrusion into the cell body. Therefore, they are classified as extra-
cellular signals. The identification of these signals depends on the characteristics
of the electrodes and the adherence of the cell membrane to the sending electrode,
i.e., the coupling characteristics of the cell membrane to the electrodes.

The cells are placed in an electrolyte, and the areas between the cells and the
electrode are covered with this electrolyte, which may be shown by an electrical
equivalent circuit. These similar circuits facilitate understanding the coupling of
charge fluctuations produced by a cell into the sensing electrode and their mea-
surement as a voltage signal.
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Figure 3.3 illustrates the equivalent circuit model representing the electrode/electrolyte

interface with living cells adhered to the electrode’s surface. This equivalent cir-
cuit illustrates the sensor that compromises two parallel electrodes, one of which
acts as a measuring electrode and the other as a counter electrode. The electrical
coupling of the extracellular signal to the sensing electrode, i.e., detection and
capture of the signals generated by cells, and the electrode contribution to elec-
trical noise, known as thermal noise, are determined by the impedance of these
electrodes.

In the equivalent circuit, the extracellular signals in the equivalent circuit can
be described by the electrical potential difference, vs(t), between the cells and the
measuring electrode. This potential difference occurs because of the sum of all
the currents originating from all the cells that cover the sensing structure.

= Electrolyte solution

Double-layer

Rf

Counter Measuring
electrode electrode

Vo(l)

Figure 3.3: Schematic diagram of the equivalent circuit of the elec-
trode/electrolyte interface.

As shown in Figure 3.3, this circuit is composed by several key components, so
the electrical representation of the capture and amplification of the extracellular
signal can be understood.

The resistance Rp and the capacitor Cp in parallel represent a simplified model
of the EDL also known as Debye-Helmholtz layer, that is formed at the elec-
trode/electrolyte interface, and it will be explained in mode detail in the follow-
ing section.

The seal impedance (Zsg 41) is usually defined as the impedance between the
cell and the electrolyte, since is composed by the counter electrode double layer
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impedance in series with the electrolyte impedance. The electrolyte impedance is
illustrated by the resistance Rg in parallel with the capacitor Cg.

The spreading resistance, R¢, represents the signal loss between the cell and
the measuring electrode, which only vailed when the cells are in contact with the
sensing electrode. To have an effective recording of the extracellular signals, R¢
needs to have a small value to ensure that the signal is coupled into the measuring
electrode:

Rc << Zsgar (3.1)

The amplifier shown in Figure 3.3 is a low-noise voltage preamplifier. The
output voltage, v,(t), is the extracellular signal, vs(t), amplified and is given by:

0o(t) = —Rros(t) (3.2)

where R is the feedback resistance, and v,(t) is the voltage at the terminals of
the measuring electrode impedance.

It is important to mention that the current generated by the cells that flows
through the Zsp 41 is represented by iy (f), and the current generated by the cells,
which flows through the measuring electrode impedance, is represented by is(t).
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Figure 3.4: Simplified schematic diagram of the equivalent circuit illustrated in
Fig.3.3.

To simplify understanding the equation that expresses the voltage across the
EDL, a simplified schematic of the equivalent circuit is illustrated in Figure 3.4.

Given that the (-) input of the amplifier is a virtual ground, the following equa-
tion can describe the voltage v, (f):

vs(t) = (UIC{(;) +Cp dv:lt(t) YRc + vc(t) (3.3

This equation can be rearranged to:
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doc(t) n (Rp + Re)os(t) _ os(t)
dt RpRcCp RcCp

(3.4)

Considering a particular solution of equation 3.4, when v,(t) is a voltage ramp
increasing at a constant rate m, i.e., m = dvs(t) /dt, then the solution of the equa-
tion 3.4 yields:

v(t) = k[t — (1 —e /7)) (3.5)

where,

RDm
k= ——— 3.6
Rp + Rc¢ (3.6
and,
RpRcCp

=2 — Cnh(R~|IR 3.7
T = 222 = ColRel|Rp) 67)

Here, T is the time constant associated with the charging and discharging of
the capacitor.

3.3.2 Electrical Double Layer (EDL)

As previously mentioned, the EDL is formed at the electrode/electrolyte in-
terface, i.e., interface between a conductive material and an electrolyte medium.
Initially, models of this layer were developed using aqueous solutions, but they
were later extended to include ionic liquids and other electrolyte solutions [63].
The study of this interface is considered complex, both experimentally and theo-
retically [64]. For this reason, a simplified explanation of the EDL will be given.
This layer forms when two phases with different electrochemical properties come
into contact, leading to a redistribution of charge and potential at the boundary.
This process persists until the electrochemical potentials of the charge carriers in
both phases are the same, i.e., they reach equilibrium [65].

The EDL acts as a dipole layer, consisting of ions on the electrolyte side and
electrons on the electrode side. The layer is only a few nanometres thick. The
high concentration of ions near the electrode’s surface arises from their attrac-
tion to counterbalance the electrode’s typically negative charge. Further from
the electrode, the ion concentration gradually decreases until it reaches the bulk
concentrationthe equilibrium level of ions in the electrolytewhere the electrode’s
influence no longer affects the ions [66].

The EDL consists of two distinct layers: Stern layer and Gouy-Chapman layer
[63].

The Stern layer, also referred to as the Helmholtz layer, is the region closest
to the electrode’s surface, where an accumulation of counterionstypically posi-
tive ionsoccurs due to strong electrostatic attraction from the charged electrode,

43



Chapter 3

typically negative. Because these ions are tightly connected and cannot move
freely, they form a compact layer that partially neutralises the electrode’s surface
charge. The Stern layer has behaviour similar to a capacitor, as the tightly bound
ions create a charge layer that closely balances the electrode’s charge.

The Gouy-Chapman layer, also known as the Diffusive layer, is a diffuse layer
that extends outward from the Stern layer into the electrolyte solution. The ions
in this region exhibit a more loose distribution, allowing them to move freely and
without tight connections. The concentration of ions gradually decreases as the
distance from the electrode rises. This layer represents a balance between the
electrostatic attraction pulling ions towards the electrode and the thermal motion
that disperses them.

3.3.2.1 Circuit model

An equivalent circuit model, also known as the Radels and Somerton model,
of the electrode-electrolyte interface is shown in Figure 3.5 to provide a better
perspective of this interface [67].
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Figure 3.5: Equivalent circuit model of the electrode/electrolyte interface.

This circuit model includes the EDL capacitance (Cp) in parallel with the EDL
resistance (Rp) and with the Warburg element (Zy).

In this model, the Warburg element (Zyy) is represented as a parallel RC cir-
cuit combination between Ryy and Cy. This element impedance is caused by the
ions diffusion, i.e., the ions slow movement through the electrolyte in the direc-
tion of the electrode. However, the contribution of the Warburg components to
the recording of extracellular signals is lower compared to the contribution of
the other elements, allowing their removal and hence simplifying the equivalent
circuit model [68].

The spreading resistance (R¢) represents the electrolyte resistance, also known
as the "bulk" solution resistance. R¢ is the resistance encountered by current
spreading out from the sensing electrode into the counter electrode through the
electrolyte. The electrode’s surface geometry determines this resistance.
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3.4 Noise

Noise refers to unwanted electrical impulses that have the potential to modify
the measured signal. The noise could be insignificant if the prediction of the
instaneous amplitude of noise was possible [69].

One challenge in monitoring low-frequency extracellular bioelectrical activity
is that the target signals are often weak and easily masked by both external and
internal sources of noise. To combat this challenge, the method recommended
by [7] will be used, with some modifications, to properly evaluate these signals
while minimising the influence of noise.

This method consists of measuring weak and low-frequency biological signals
using extracellular electrodes. This approach takes advantage of the Helmholtz
capacitive double-layer that was explained in Section before. This is achieved by
measuring the displacement current that flows through the double-layer capaci-
tor as a result of the small extracellular voltage fluctuation, which is measured in
the order of V (micro-volts).

The proposed of this method is to measure low-frequency neural oscillations,
such as signals generated by astrocytes, which play an important role in brain
functions and have been associated with brain disorders, using extracellular elec-
trodes.

To give the reader a better understanding of this method, there was a discus-
sion and presentation of the equivalent circuit used to describe the electrical cou-
pling between the cell and the sensing electrode in Section 3.3. In the following
section, it will be explained the noise evaluation based on this method.

3.4.1 Analysis of noise evaluation

The noise contributed by the electrodes depends on the noise they generate
and how effectively this noise is coupled to the front-end amplifier.

In [7], the authors evaluate the electrode impedance (capacitance and resistence)
and their frequency dependence to understand how the electrodes contribute to
the system noise. They simplified the circuit, without cells, of the high-impedance
double layers in series with the low-impedance double layer (Figure 3.3) to an
equivalent RC network, discribed by R and the capacitance Cs. This RC network
is schematically represented in Figure 3.6.
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Figure 3.6: Equivalent RC network of the high-impedance double layers in series
with the low-impedance double layer.

The equivalent admittance Yt of the R, in parallel with C; is given by:

1 .
Yr = — +jwCy (3.8)
Ry

where R, is the total parallel resistance and the C, is the total parallel capaci-
tance.

The total parallel resistance is described by:

(Rp + Rs)? + w?RER%(Cp + Cs)?

Ry(w) = 3.9
() Rp + Rs + w?RsRp (RpC? + RsC3) ()
and the total parallel capacitance is expressed as:
R%Cp + R3Cs + w?RHRECpCs(Cp + C
C)(w) = KD+ R5Cs + & RpRsCpCs(Cp + Co) (3.10)

(Rp + Rs)? + w?RER%(Cp + Cg)?

Ultimately, they determined that the noise generated by the electrode arises
resistance, R, indicating that this noise exhibits a considerable dependence on
frequency. This phenomenon is commonly referred to as thermal noise.

In the upcoming sections, a brief description of thermal noise and 1/ f noise
will be provided, since these types of noise will be mentioned throughout this
work.

3.4.2 Thermal noise

Thermal noise was first detected by ].B. Johnson in 1927 [70], followed by a
theoretical analysis by H. Nyquist in 1928 [71]. Hence, this phenomenon is also
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referred to as Johnson noise or Nyquist noise.

This noise originates from the random thermally induced vibrations in the
charge carriers of any material with a finite resistivity, specifically from the ther-
mal instabilities of the electrons. Even though the average movement of these
carriers is zero, the instantaneous random motion of the electrons creates instan-
taneous charge gradients. These gradients lead to wide-band random voltage
fluctuations, thereby creating a voltage across the conductor.

This noise can be modelled mathematically as an ergodic Gaussian random
process, representing random fluctuations in charge carriers within a material.
Figure 3.7 shows the simplified representation of this process by using an equiv-
alent voltage source, v, in series with a noise-free resistor [69, 72].

Figure 3.7: Equivalent voltage source in series with a noise-free resistor

Experimental studies have shown that the intrinsic noise of any circuit ele-
ment is basically thermal [73], following the standard Johnson noise equation
that quantifies the root mean square (RMS) voltage noise of a resistance at room
temperature as:

Vrms = \/ ff2 4KTR(f)df = /AKTRASf (3.11)

where k is Boltzmann'’s constant, T is the absolute temperature in Kelvin (K),
Af is the bandwidth of interest (f, — f1) in Hertz (Hz), and R is the resistance or
the real part of the conductors impedance in Ohms (Q2).

One of the most relevant features of thermal noise is its independence with
frequency, since the Power Spectral Density (PSD) for thermal noise is constant
from DC to frequencies up to near infrared and can be considered as white noise
[72], i.e., the noise is constant across all frequencies.

For spectral analysis of the electrode noise, equation 3.11 can be expressed in
terms of their PSD functions as:

(vn)?

Af

Sy = — 4kTR (V?/Hz) (3.12)
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where Sy represents the voltage noise PSD function and the term (v,,)? repre-
sents the square average of the voltage noise source.

Thermal noise is considered the fundamental noise level in any electrical sys-
tem, as thermodynamic equilibrium is unavoidable in most cases. Other sources
of noise in an electrical system, such as 1/f noise discussed below, are classified
as excess noise.

3.4.3 Flicker noise (1/f noise)

The 1/ f noise, also known as flicker noise, consists of the exhibition of an
unpredictable increase without limits as the frequency decreases in the spectral
density of a population of data. Many fields, including acoustics, physics, biol-
ogy, economics, construction, and most likely others, have discussed this phe-
nomenon [74,75,76,77,78,79, 80].

The name of this noise arises from the observation, in datasets from various
systems or even those gathered from identical systems, that the increase in spec-
tral density as frequency decreases follows a 1/ f, pattern, with the exponent «
typically reported as unitary (¢ = 1), although it has also been documented to
range from 0.5t0 2 (0.5 < a < 2).

Until now, it was not proposed a unified theoretical explanation that defines
1/ f noise, and its physical origins remain unsolved [74, 69]. For this reason, this
phenomenon is referred to in literature by various names, such as flicker effect
(or flicker noise), semiconductor noise, low-frequency noise, pink noise, current
noise, and contact noise. However, the literature has proposed some empirical

and theoretical models based on results from experimental measurements [69,
76, 81].

In this document, the discussion of this noise will focus on the increase in noise
levels commonly seen in electrical systems as the frequency decreases.

One of the empirical models that, even after being submitted to several revi-
sions and experiments by many scientists, is still valid and adapted to describe
the spectral density of 1/ f noise is the model presented by Hooge [82]. Interest-
ingly, while Hooge’s model primarily accounts for the passage of a direct time-
invariant current (Ipc) through the electrical system, it has not been refuted in
situations where no current is applied, suggesting its broader applicability. The
result for determining the voltage spectral density of 1/ f noise (S1/y), as pro-
posed by Hooge for homogeneous samples, is given by:

Sif K

omi/ 2 f° (3.13)

where K is a constant unique to a particular electrical system proportional to
the rate between the Hooges parameter (aH) and the number of charge carriers
(NC), fis the frequency, the exponent is a constant, typically in the range of 0.5 to
2, depending on the properties of the electrical systems, and the terms (v, 1, f>2
refer to the mean square of the voltage noise sources.
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Although the estimation of the spectral density of 1/ f noise is based on an em-
pirical model, it is possible to determine the noise content in a frequency band by
integration over the range of frequencies in which this thesis” interest lies. This is
feasible because the 1/ f noise is inversely proportional to frequency and because
of the consideration that 1/ f noise is a stochastic process modelled by a zero-
mean ergodic Gaussian. The total noise power (P,) considered for a frequency
band (Af) can be calculated as:

P, = /ff” ?df — KIn (%) (3.14)

where both P, and K have units in watts (W), and f;; and f] are the upper and
lower frequency limits of the Af being considered. Equation 3.14 shows that the
noise power depends on the logarithmical ratio of the upper and lower frequency
bounds. It is notable that, for any decade in frequency (fi; = 10f1, P,), P, ramains
constant and is given by K1In 10 . This arises because the logarithmic term simpli-
fies to In 10, leading to a constant P, contribution across any frequency decade. As
a result, 1/ f noise contributes an equal amount of power per frequency decade,
and, since the 1/ f noise is uncorrelated across different frequency ranges, the P,
increases as the square root of the number of frequency decades.

Moreover, increasing the length of the measuring time does not improve the
measuring accuracy while considering 1/ f noise. In contrast, when measuring
white noise, such as thermal noise, the accuracy increases as the square root of
the measuring time.

3.5 Conclusion

This chapter tries to provide a concise review of the concepts and methods
used throughout this thesis. These concepts focus on providing a biological con-
text, clarifying the extracellular signal capture process, and explaining the elec-
trode’s noise, which contributes to the overall system noise.
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Chapter 4

Methods and Materials

This chapter mentions the electrophysiological sensing structures used to record
the extracellular signals. Firstly, a brief explanation of the sensing electrodes used
in this study and the IT device sample holder fabricated to hold a set of electrodes
is given. The setup of the instrumentation used to record extracellular bioelectri-
cal activity using computer-base processing techniques is explained. Finally, a
brief mention of the biological material is provided.

4.1 Sensing structures

The purpose of sensing structures, often referred to as electrodes, is to establish
a physical link between two surfaces, which allows the acquisition of signals gen-
erated by cells in extracellular communications, i.e., the signal originated from
one interface is transformed into an equivalent signal with the mobility proper-
ties of the other interface. The fabrication and design of these devices must meet
specific parameters, such as incorporating a layer that promotes cell adhesion to
the electrode and using electrodes with low-impedance. To achieve these spec-
ifications, researchers optimise the dimensions and geometry of the electrodes.
In this thesis, the electrodes are transduction devices based on plain surfaces.
Typically, glass and polymers are used as materials to create the electrodes’ base
surfaces.

This dissertation employed two distinct types of devices. The first type is
the commercial 8 Well PET arrays, manufactured by Applied Biophysics in New
York, USA. The arrays consist of gold electrodes based on polyethylene tereph-
thalate (PET) substrate. The second type was designed by the team hosting this
thesis. This device consists of five distinct circular gold electrodes of different
widths and a centre round electrode with a diameter of 60 micrometres (um). The
round electrode is coated with a layer of Graphene Oxide (GO). The electrodes
are based on either glass or Silicon Dioxide (5iO,).

Two chapters of this thesis will provide a thorough description of each device.
These chapters conduct studies to emphasise the role of electrodes in capturing
intercellular interactions.
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4.1.1 IT devices sample holder

In this thesis, some experiments will use the device sample holder developed
by the group hosting this thesis, which can be seen in figure 4.1. This holder’s
design necessitated its mounting in a sandwich-like configuration. Each holder is
composed of two laser-cut components fabricated from 3 millimetres (mm) thick
transparent poly(methyl methacrylate) acid (PMMA). The upper portion of these
pieces served as a supporting layer. On the contrary, the piece on the bottom was
used to compress the sealing layer, a 35 mm diameter petri dish. Four pairs of
stainless steel screws and nuts were used to attach the bioelectronic electrode of
this experiment to the sample holder.

Figure 4.1: Photograph of the IT devices sample holder.

4.2 Instrumentation

The instrumentation used in the studies conducted for this thesis centres on
recording extracellular communications between cells, facilitated by specific soft-
ware and hardware.

4.2.1 Setup for the experimental recordings

The experimental set-up includes a signal acquisition system designed for
recording ultra-weak signals from non-electrogenic cells.
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Figure 4.2 shows that the system consists of a low-noise voltage preamplifier
directly coupled to the transducer device within a die-cast aluminium case. After
the amplification of the signals, they can be detected by the digital signal analyser,
where the time scale is carefully adjusted to capture the nuances of the signal. The
digital signal analyser then transfers the signals to the PC for further processing.

Incubat Low-noise voltage
ncubator HH
amplifier ' \

Transducer
device

Digital Signal
Analyser

PC with the
rcSoftware

J7 . J

Figure 4.2: Schematic diagram of the signal acquisition system

Gain

The real acquisition signals system components are shown in Figure 4.3, which
consists of a commercial low-noise voltage preamplifier, SR560 low-noise ampli-
tier (LNA)[83], produced by Stanford Research Systems, Sunnyvale, California,
USA, connected to a die-cast aluminium case containing the transducer device.
The SR560 LNA was coupled to an Agilent 35670A Fast-Fourier Transform (FFT)
Digital Signal Analyser (DSA) using a 0.5 meter low-noise coaxial cable. The DSA
is now held by Keysight Technologies in Santa Rosa, USA [84]. The acquired data
is then transmitted to the PC using the rcSoftware shown in Figure 4.4c. The
group hosting this thesis developed this software particularly for signal acquisi-
tion, collection, and processing for this type of system [85].
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) Agilent 35670A
DAS FFT

Figure 4.3: Photograph of the signal acquisition system

The transducer device is contained inside a die-cast aluminium case, as seen in
Figure 4.4a) and Figure 4.4b). The die-cast aluminium case has a Bayonet-Neill-
Concelman (BNC) connection for connecting the transducer device to the SR560
low-noise amplifier LNA via a 1 meter low-noise coaxial cable. The case is then
positioned into an incubator to preserve optimal conditions for the cells, hence
ensuring that the findings remain unaffected by external variables.
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Figure 4.4: Other components that are part of the experimental set-up system. a)
Die-cast aluminium case with transducer device. b) Die-cast aluminium closed c)
PC using rcSoftware

Before placing the transducer device inside the cast, the electrodes are con-
nected to the measuring device using gold wires secured with liquid silver. Both
materials are extremely conductive.

An impedance analyser, Fluke PM6306 (Fluke Corporation, Everett, USA), was
used to verify if the gold wires were connected correctly and to measure small
signal impedance. A self-developed software named RCL, compatible only with
Microsoft systems, was used to remotely manage and perform all measurements
in this study [86, 87].

To protect the recording system from electromagnetic interference, the system
was positioned on top of anti-vibrational mounts.

4.3 Biological material

Astrocytes (C8-Dla) were used in this study and were purchased from the
America Type Culture Collection (ATCC) Organisation, Manassas, Virginia, USA
[88].

(C8-Dla were maintained in culture with Dulbecco’s Modified Eagle’s Medium
(DMEM) with high glucose content and Neurobasal medium, supplemented with
10% (v/v) heat-inactivated foetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin
antibiotic solution, and 1% (v/v) Amphotericin-B fungicide solution (Sigma-Aldrich,
Missouri, USA). The culture was incubated at 37 °C in a humidified atmosphere
with 5% Carbon dioxide (CO,) (Thermo Fisher Scientific, New York, USA).

Aliana Vairinhos and Dr. Rute Félix were the only ones responsible for caring
for, handling, and preparing cell cultures for experiments.
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4.4 Conclusion

This chapter explained the methods and experimental setup used to achieve a
precise record of extracellular bioelectrical activity. The first part of the chapter
focuses mainly on the sensing electrodes and the instrumentation used for this
type of recording. The chapter concludes with a brief discussion of the astrocytes
used and their maintenance.
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Study of bioelectrical signals

This section focus on the explanation of the biological signals that will be en-
counter along the experiences made. This explanation will count with the follow-
ing structure: it first be present the different types of signals by describing their
evolution, then it will be explained and calculated the power of a typical signal
that occurs in this study.

5.1 Introduction

Over the years, numerous fields of science have intensively researched differ-
ent types of signals. The objective of this study is to get a comprehensive un-
derstanding and increase familiarity with the extracellular signals produced by
astrocytes, since this topic is currently lacking information in the existing litera-
ture.

Bioelectrical signals refer to the collective set of signals produced by cells, tis-
sues, and organs. The majority of these signals are action potentials (APs), which
are electrical signals produced by the mechanical contraction of a single cell when
activated by an electrical current that may originate from inside or outside the
human body [89, 90].

A concise literature overview of various bioelectrical signals is provided in
table 5.1. This table displays a variety of bioelectrical signals along with their
relevant features, including their origins, typical frequency, and amplitude range.
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Table 5.1: Different types of bioelectrical signals and their characteristics[90, 89,

91].

Frequency Amplitude

Bioelectrical Signal Signal Origin (Hertz (Hz)) (millivolts
(mV))
Electrocardiogram APs of Heart muscle cells 0.05-250 0.01-5
(ECG)
Vectorcardiogram
(VCG) APs of heart muscle cells 0.05-150 0.01-2
Fetal ECG (fECG) Fetal heart activity 0.05-250 0.01-0.02
Electroencephalogram | g i1\ 1 euirons activity 0.1-80 0.005-0.3
(EEG)
Evoked Potentials (EP) | Drain activity in reaction on | 4 45, 0.0001-0.02
external stimuli

Electrocorticogram Signal generated by cerebral 0.1-100 0.005-10
(ECoG) cortex
](EéeNcg;neurogram APs of peripheral nerves 0.01-1000 0.005-10
Electromyogram (EMG) | APs of muscle fibbers 0.01-10,000 0.1-10
Electrogastrogram . ..
(EGG) Gastric muscles activity 0.02-0.15 0.01-0.5
Electrooculography . . . 3
(EOG) Stiff muscles activity 0.5-15 0.05-3.5
Electroretinography . . 3 3
(ERG) Eye retina activity 0.2-50 0.005-1
Electrohysterography Uterus activity during con- 0.1-3 0.1-5
(EHG) tractions ' '
Phonocardiogram Signal of the sognd prpct.luced
(PCG) by the contractile activity of

the heart and blood together

The research on signals produced by brain cells, such as EEG signals, has
mostly focused on recording neuronal signals, therefore reinforcing the clearly
evident knowledge gap between neurons and astrocytes.

In this study, every type of signal acquired from the recordings of astrocytes
will be reported. Further, an analysis of the signal power will be conducted to
enhance comprehension of these results.

5.2 Types of signals

Upon analysing signals acquired using the materials and methods outlined
in Chapter 4, a variety of signals were identified, since it is hypothesised that
signals experience changes based on their amplitude. When the signal ampli-
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tude increases significantly, the biphasic signal exhibits symmetry. Additionally,
monophasic and biphasic signals with the same features are not distinct. One
notable feature is that the biphasic signals often exhibit a down-up; however,
sometimes they are up-down.

Voltage (1V) (\A

(@) (b)

Time (s)

v

Figure 5.1: (a) Evolution of a monophasic signal up to a biphasic signal up-down.
(b) Evolution of a monophasic signal down to a biphasic signal down-up. )

Biphasic signals are characterised by a waveform that shows two different
phases, normally a rapid depolarisation followed by a repolarisation (down-up),
as can be seen in figure 5.1. However, these signal phases can also be a rapid
repolarisation followed by a depolarisation (up-down).

Among these signals, it was observed that the biphasic signals, particularly
the down-up signals, occur more frequently and contain more information about
the functions and behaviours of astrocytes.

The following section will be dedicated to the signal power of a typical bipha-
sic signal with the objective of finding the typical order of magnitude of the signal
power.
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5.3 Signal Power

The signal power in chapter ?? was obtained by calculating the area under the
signal, which in a way is proportional to the power because it is the volts in a
time interval.

To understand better the results obtained in chapter ?? and how the signal
power calculation is proportional to the area under the signal, it was created an
equivalent sinusoidal wave of a typical biphasic signal of this study.

The equivalent signal is defined by the equation:

x(f) = Asin (27’(%t) (5.1)

where A is the typical amplitude of study signals and T is the duration of the
signal.

Next, a brief deduction of the power equation is given followed by a explana-
tion of the MATLAB implementation and the results obtain from it.

5.3.1 Theoretical explanation

According to [92], the power of the signal, also known as average power [93],
can be obtained from:

Py = Jim — / lx(e) Pt (5.2)

T—c0
By substituting x%(t) = AZsin® <27‘c%t> and knowing that sin?(¢) = 3(1 —
cos(2¢)), x*(t) can be equated as:

x*(t) = =— — —cos

2 2

Az A2
(47

4nlt) (5.3)

As a result, by substituting x2(t) in equation 5.2, the power is as follows:

P, = li /+2 _ aie)) ar (5.4)
TN T oS\ ‘

Splitting the terms in equation 5.4:
T/2 A2 T/2 A ;
Py =1i —dt—1 —— cos(4rtft)dt .
x TfJoT/T/z 2 TTJOT/T/Q 5 cos(drnft) (5:5)

The second limit in equation 5.5 is equal to zero (0) because the integral of a
periodic function over a long period of time tends to zero (0) as the positive and
negative oscillations cancel each other.

60



Study of bioelectrical signals

On the other hand, the first limit is:

1 A% (12
T=" (5.6)

Therefore, the power of the signal for this equivalent signal is equal to:

A2
b, = - (5.7)
In order to obtain satisfactory results, the power will be calculated in two
ways.

5.3.2 MATLAB implementation and results

Initially, the equivalent sinusoidal wave was implemented in a script using
MATLAB, where A is the typical amplitude of study signals with a value of 94
microvolts (1V) and T is the period of the sinusoid with a value of 48 seconds.

Then, the power was calculated using the equation 5.5 and using an adapted
version of the equation 5.2. This adapted version gives the average power of the
equivalent signal over the period of time T and can be defined by:

T
P, — %/0 ()2 dt (5.8)

To implement the equation 5.8 on MATLAB, it was used the function trapz to
calculate the integral of x?(t). This function applies the trapezoidal rule, which is
the sum of the areas of the trapezoids formed by the sampled points of the signal
along the interval [0,T] [94].

Both methods provide the same value, which increases the credibility of the
result and permits the confirmation that the order of magnitude of the power of
the typical signals in this study is 10~%(nano).

5.4 Conclusion

The chapter explores the variety and complexity of bioelectrical signals. Ini-
tially, the chapter provided an overview of various bioelectrical signals, including
their origins, frequency ranges, and amplitudes. The aim of this overview was to
demonstrate the lack of information about signals generated by astrocytes com-
pared to others.

The possibility of an evolution of the signal generated by astrocytes was pre-
sented, where the forms of it went from monophasic to biphasic forms. This eval-
uation was analysed in relation to their amplitude and symmetry, which allowed
the hypothesis that these signals change based on their amplitude.
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In order to extract an additional characteristic of these typical signals, an equiv-
alent signal was implemented. This signal, a sinusoid wave with the amplitude
of a typical signal from this study, is designed to simplify the calculation of the
signal’s power. The power was calculated through a MATLAB scrip in two ways.
Both ways gave the same results, which establishes that the typical order of mag-
nitude of astrocytic signals is at the scale of 1079 (nano).

Hence, this chapter provides new information and narrows the existing gap of
knowledge in astrocytes’ signals.
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Impact of the sensing electrode
design and geometry on signals
power

6.1 Introduction

In biological systems, the sensing electrodes play an essential role in the record-
ing and interpretation of electrical signals generated by cells. In particular, as-
trocyte populations are believed to cooperate and synchronise their activity, thus
producing waves that propagate across tissues or compact cell monolayers. These
waves are commonly referred to as calcium waves [95, 96, 97, 98].

Even though calcium oscillations occur within astrocytes, they may also pro-
duce an extracellular component that can be detected by external electrodes. Cal-
cium waves typically propagate at speeds of 10-50 micrometres per second (um
s71) [99]. Calcium fluorescence probes are typically used to visualise the calcium
waves in the optical microscope. However, a work hypothesis was formulated
to understand how extracellular electrodes can electrically detect calcium waves
instead of using optical methods.

A detailed explanation of this work hypothesis will be provided in Section
6.1.1.

This chapter presents two devices with a variety of electrode designs and the
analysis of the corresponding extracellular signal recordings. This analysis fo-
cuses on choosing discrete signals with well-defined shapes to acquire a precise
calculation of their area.

6.1.1 Working hypothesis

Comentdrio: Ndo sei se a hispotese de trabalho continua ou néo.

The aim of this analysis was to comprehend the impact of electrode design
and dimensions on results obtained from their use. It was theorised that these
design factors, specifically the dimensions, have a significant impact on the char-
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acteristics of the signals collected, with a specific focus on differentiating between
measurements of cell synchronisation and travelling waves.

To give a better understanding of the concept of using electrodes to detect
travelling waves, this was illustrated in Figure 6.1.

(a)

Traveling wave > |
N Cells Voltage (V) J—I_
fala’a e e aia S A S o

Time (s)

electrode

(b)

Traveling wave g
f\,_ Cells Voltage (V)
S A A A A A A A A A AT A A S A A
w;

electrode Time (s)

Figure 6.1: Conceptual view of recording a travelling wave using extracellular
electrodes. (a) A wave crossing an electrode with width W1. (b) A wave crossing
a shorter electrode with width W2.

To achieve clarity on this matter, electrodes of different dimensions were cre-
ated and implemented. The working hypothesis suggests that the surface area
of the electrode has a direct influence on the signal area of the detected signals.
As a result, the concept of a theoretical maximum synchronisation length for cell
clusters was introduced. The extent of the electrode’s coverage would determine
this length. Contrary to initial predictions, the size of the electrodes did not of-
fer conclusive proof of their capacity to measure travelling waves. However, the
data indicated a pattern of signal distribution that is more closely aligned with
cell synchronisation phenomena. Specifically, it was noted that smaller electrodes
could potentially enhance the signal distribution by increasing the probability of
synchronising all cell clusters within their range.

The observed patterns of signal distribution provided evidence in favour of
the cell recruitment model. Based on this model, the synchronisation of cell clus-
ters is made easier by travelling waves. The duration of the signals corresponds
to the time it takes for the waves to travel over the electrodes. Interestingly, the
size of the electrode seemed to impact the selection of cell clusters, as larger elec-
trodes were able to capture a wider range of signals by covering a greater number
of clusters. Therefore, the investigation emphasised that the size of the electrodes
significantly influences the characteristics of the signals detected, which supports
the cell recruitment model as opposed to direct wave measurement. This dis-
covery presents new opportunities for further study, specifically in examining
the effects of electrode size on the precision and distribution of signals for better
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measurements.

6.2 Experimental

Astrocytes cells were measured using the setup for recording ultra-weak ex-
tracellular signals presented in Chapter 4. These cell measurements only took
place when a confluent monolayer was reached.

6.2.1 Sensing structures

The sensing structures, also known as sensing electrodes, used to capture the
bioelectrical activity of the astrocytes” populations in this study will be described
to give the reader a better understanding of how they work. This experiment
used two types of electrodes: (a) a commercial 8-Well PET array (IBIDI device)
and (b) circular electrodes.

(a) Commercial 8 Well PET Array (IBIDI device)

The configuration of the commercial 8-Well PET array used was the SW1E PET,
and it was purchased from IBIDI. Unfortunately, this manufacturer has stopped
fabricating these devices, and they are no longer available for consultation on the
website. However, since Applied Biophysics is the source of these devices, their
website will be used as a reference [100].

The 8W1E PET device consists of 8 well PET arrays organised in a pattern of
gold electrodes per well on a polyethylene terephthalate (PET) substrate. These
wells consist of only one round electrode with a diameter of 250 micrometres
(um), resulting in a minimum area of 0.00049 glscm. The total area of these elec-
trodes may be adjusted by the specific amount of Sodium hydroxide (NaOH)
applied. This is possible due to the presence of a polymer layer that, when com-
bined with NaOH, permits the investigation of a variety of electrode areas. Ad-
ditionally, a thin layer of curried photoresist polymer is used to separate the gold
tracks located between the electrodes and larger contact pads.

The SWI1E PET IBIDI device configuration is shown in figure 6.2(a), which is a
scaled version of the original size. The open gold is shown by yellow areas, and
the cured photoresist polymer layers are shown by orange areas. The layout of
the electrode in this device is illustrated in figure 6.2(b). Figure 6.2(c) shows a
photo of the SW1E PET device used in this experiment.
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Figure 6.2: (a) IBIDI device, with the 8SW1E PET configuration, scaled to their
original dimensions. (b) Detailed view of the electrode layout. (c) Photo of the
8WI1E PET array sample.

(b) Circular electrodes

Figure 6.3(a) displays a photograph of the complete electrode array that was
fabricated on a Silicon Dioxide (SiO;) substrate. This experiment used five inde-
pendent gold electrodes with a circular pattern, each with a defined width. The
particular width of each electrode can be seen in detail in figure 6.3(b) These gold
electrodes were produced by thermal evaporation and lithography on top of the
SiO, substrate.

(a) (b)

) 1
~5mm ] ~5mm 1

Figure 6.3: (a) Photo of the entire electrode array. (b) layout of the entire electrode
array.
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6.2.2 Methodology

As studied in Chapter 5, the electrical signals recorded from the cultured as-
trocytes that interface with microelectrode arrays can be categorised into three
different types: monophasic up signals, monophasic down signals, and biphasic
signals.

To enhance the evaluation of the effect of the geometry and electrode surface
area, the selected signals for this study were the biphasic signals (Figure 6.4(a))
and monophasic up signals (Figure 6.4(b)).

(a) (b)

M\

Figure 6.4: Typical astrocyte signals chosen to analyse. (a) Biphasic signal.(b)
Monophasic signal.

In this study, the area of the signals is calculated using a tool available on the
rcSoftware. One of the tool measurements is the total signal area (AA). This cal-
culation is determined by the triangular or rectangular regions formed between
the two consecutive data points that represent the beginning and end of the sig-
nal, which assumes that the baseline lies on the ordinate (y = 0). There are three
possible cases:

¢ case 1, when both points are above the baseline (y > 0),
¢ case 2, when both points are below the baseline(y < 0),

¢ case 3, when one point is above and the other below(yp < 0 and y; < 0).

For case 1 and 2, when yg = 0 or y; = 0, the AA is given by,

_ AP} X APy

AA
2

6.1)
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where AA is a triangular surface. If yy # 0 and y; # 0, the AA is given by the
formula:

. maxi Yo, — min{yp,
AA = APy ) (mm{yo, yit+ o) > ¥o yl}) (6.2)

where AA is the sum of a rectangular and a triangular surface, min{yo, y1}
is the height of the rectangle is the lowest ordinate, and the difference between
max{yo, 1} and min{yo, y1 } is the height of the triangle.

Finally, in case 3, AA is the sum of two triangular regions, requiring the com-
putation of the point of intersection with the baseline [85].

This tool facilitates the analysis of the area below the signal by calculating it
automatically.

6.3 Results

6.3.1 Electrophysiological signal time series

Records of extended length were obtained over a span of several days. A typi-
cal electrophysiological signal time series obtained using the electrodes is shown
in Figure 6.5. The activity is characterised by periods of intense activity that are
often composed of discrete signals interspersed by periods of silence intervals.
This kind of extended recording enabled the examination of the area of several
signals indicated in Section 6.2.2 in order to assess the intercellular communica-
tion activity among astrocytes. To enhance this study, several recordings were
conducted because a larger quantity of recorded signals indicates better commu-
nication since each signal corresponds to an ionic fluctuation linked to the activa-
tion of ion channels in the astrocytes.
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Figure 6.5: Typical record of bioelectrical activity measurements over several
days.

Subsequently, the acquired findings of the research conducted to ascertain the
potential correlation between the signal area and the shape and area of the elec-
trode will be examined. This analysis will provide a better understanding of the
processes that influence these bioelectrical phenomena.

6.3.2 [Evaluation of the signals” area

This study aims to determine whether the area and geometry of the electrode
influence the signal’s area. The calculation of signal area, as explained in Sec-
tion 6.2.2, is directly proportional to signal power, indicating that discussions on
signal area basically refer to signal power from now on in this chapter. In or-
der to achieve this, two distinct experiments with varying sensor architectures
were analysed. The first experiment investigates the surface area of the circular
electrode shown in (a) Round electrodes (IBIDI), while the second experiment ex-
amines the circular electrode’s width, as shown in (b) Circular electrodes. In both
experiments, many discrete signals across the electrode geometries and areas de-
scribed in Chapter 5 were identified.
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(a) Round electrodes (IBIDI)

Figure 6.6 displays the results corresponding to the area of the signals in the
experiment conducted using four round electrodes with distinct active electrode
areas. The histograms group the signals into bins with an area of 100 s.uV, which
provides a clear distribution of the signal areas and frequencies for each electrode
area.
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Figure 6.6: Comparison of the signal area for round electrodes with different elec-
trode surface areas.The histograms show the distribution of signal areas (s.u V) for
four electrode surface areas: (a) 0.08 cm?, (b) 0.10 cm?, (c) 0.17 cm?, and (d) 0.23

cm?.

The signal area measured using the smallest round electrode (Figure 6.6(a)) ex-
hibited a wide range of distribution of signal area, with most values concentrated
below 300 s.uV. The round electrode with an area of 0.17cm? (Figure 6.6(c)) cap-
tured a larger range of the signal area. On the other hand, with the increase of the
electrode area to 0.23cm? (Figure 6.6(d)), the distribution became narrower, with
most signals having an area below 400 s.uV. It is important to mention that the
distribution for the results of the signals captured by the electrode with an area
of 0.10cm? has a similarity to the one with an area of 0.23cm?, since both have
signals below 400 s.uV.
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(b) Circular electrodes

The histograms in Figure 6.7, which group the signal area values into bins of
100 s.uV, display the results obtained using circular electrodes of four predeter-
mined widths, following the same method as the round electrodes.
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Figure 6.7: Comparison of the signal area for circular electrodes with different
electrode widths.The histograms show the distribution of signal areas (s.uV) for
four electrode widths: (a) 5 ym, (b) 10 um, (c) 15 ym, and (d) 20 ym.

The electrode with the smallest width (Figure 6.7(a)) presents a distribution
concentrated in smaller areas, with most signals having areas below 300 s.uV'.
With the increase of the electrode width to 10um (Figure ??(b)), the distribution
expanded, showing a concentration between 600 and 1400 s.u V.

For the electrode with a width of 15um (Figure 6.7(c)), the number of sig-
nals used to measure the area was lower. However, the signal area distribution
presents more uniform form up to 400 s.; V. Finally, the electrode with the largest
width (Figure 6.7(d)) showed a narrower distribution, with the majority of the
signals with areas between 100 and 600 s.uV'.
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6.4 Discussion and Conclusions

This chapter gives an inside look at the experiments made to explore the im-
pact of the electrode design on the duration of signals obtained from astrocyte
cultures. The experiments focused on two different sensing structures: a com-
mercial 8 Well PET array (IBIDI device) and circular electrodes. The first sensing
electrode maintained a constant round geometry while systematically varying
the active area. In contrast, the second design used a variety of circular elec-
trodes with different widths. The hypothesis proposes that the electrode surface
area and geometry can influence the signal area, with a focus on either cell syn-
chronisation or the detection of travelling calcium waves.

The analyses of the discrete signals revealed a board range of signals, spanning
from less than 10 s.um up to around 2000 s.um. These signal areas were grouped
into 100 s.um intervals, and the number of signals in each bin was evaluated. The
results provided different insights for the two electrode designs. For the IBIDI
electrodes, it was found that the power signal (signal area) did not exhibit a clear
dependence on the electrode area since the signal distributions remained similar
across the different areas. Observing the example of the electrodes with an area
of 0.10cm? and of 0.23cm?, it is visible the similar results in these two results.

In contrast, the results for the circular electrodes revealed that the power signal
generally increased with lane width, indicating a possible relationship between
electrode geometry and power signal. However, an exception was observed for
the 15 ym width electrode, where the number of detected signals was lower and
the distribution was more concentrated from up to 800 s.uV.

The methodology used to calculate signal areas used an established baseline,
which was not always possible to obtain because some of the captured signals
were not centred at y = 0. This could potentially impact the accuracy of the cal-
culated areas. Future studies should consider updating the baseline definition or
using more rigorous analytical tools to reduce this problem.

In conclusion, this study highlights the complexities of using extracellular elec-
trodes to study intracellular communication in a population of astrocytes. It also
reveals that while electrode geometry can influence the properties of these sig-
nals, this impact is not always clear. TThe round electrodes (IBIDI) did not show
a clear relationship between signal area and geometry. This was probably due to
astrocyte clustering and experimental noise. On the other hand, the circular elec-
trodes suggested a partial correlation between lane width and power signal, with
exceptions attributed to methodological limitations. The challenges in obtaining
continuous populations of astrocytes through the electrodes make it difficult to
detect travelling calcium waves and collective behaviour, highlighting the need
to optimise electrode design, improve noise reduction, and enhance the method-
ology of area calculation. These results provide preliminary information, but they
underline the need for further research to better understand the dynamics of the
astrocytic network.
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Analysis of the Electrical Noise in
Astrocyte Population

This chapter offers an analysis of electrical noise in a population of astrocytes.
The study focuses on long-term recordings, characterised by bursts of activity
intercalated by relatively silent regions. The different noisy regions are studied
both in the time and frequency domains. In addition, it is observed that bursts
of activity are initiated and terminated by master signals. This triggering and
termination of the cell activity is discussed in the context of coordination signals.

7.1 Introduction

When a population of hundreds or even thousands of cells is connected in
continuous layers measured, it is expected that not all the cells synchronise but
instead remain uncoordinated. Therefore, discrete signals are not really expected.
The average activity may resemble noise. It is possible that this electrical noise
has different spectral properties that will allow us to distinguish between this
biological noise and the intrinsic thermal noise generated by the sensing device,
such as thermal and 1/f types of noise.

Biological noise in cell populations has been observed by several authors[101,
102, 103, 104, 105, 106, 107, 108, 109].Most writers describe this noise as fluctu-
ations in the membrane potential of individual cells, which are not consistently
stable in live cells due to minor oscillations caused by their continuous activity.

In the references provided, some authors ([103, 106, 107]) employed computa-
tional models and simulation models to analyse the bioelectrical noise in neuronal-
astrocytic networks. Particularly in [103] was explored the influence of astrocytes
in stochastic resonance (SR), which is the increased detection of weak signals in
the presence of noise. It has been shown that astrocytes have the ability to regu-
late double SR, which represents the second highest peak in the neuronal detec-
tion of weak signals. This study results give information regarding the possible
involvement of astrocytes in intrinsically noisy neuronal information processing.
On the other hand, in [106], it was determined that astrocytes may modulate
neuronal activity, which increases the performance of firing rate propagation in
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environments that are noisy and weak. According to this study [106], the astro-
cytes may be seen as internal noise sources that work with weak signals from
the outside to stop neurones in the same layer from firing at the same time and
improve communication. In [107], the authors developed a cell-electrode inter-
face noise model for high density MicroElectrode Arrays (MEAs) to improve the
co-simulation of the cell-electrode electrical characteristics. They concluded that
using materials such as Pt (platinum) and TiN (titanium nitrite) decreases the
electrode noise at low frequencies.

The primary objective of this dissertation is to quantify bioelectrical activity
utilising extracellular electrodes. Therefore, the analysis conducted in [104, 105,
108] seems more relevant to the bioelectrical noise under investigation. The au-
thors in [104] show that it is feasible to identify cancerous from non-cancerous
cells by evaluating the noise in real and imaginary electrical impedance, i.e.,
based on the properties of the electrical noise. They use small gold electrodes
to capture the examined signals. In [108], snail neurones were cultured on chips
coated with polylysine to show that thermal noise measurements could go be-
yond the effect of the sheet resistance. These measurements contributed to the
observed changes in membrane conductance and capacitance. In the study [109],
thermal noise at the cell-chip junction was also studied, but this time field-effect
transistors were used. The authors interpreted the noise as Nyquist noise, a spe-
cific type of thermal noise. They concluded that this thermal noise from cell ad-
hesion can help to better understand the electrical characteristics of the interface
between nerve cells and transistors. Additionally, it establishes a thermodynamic
threshold for the Signal-to-Noise Ratio (SNR) of neuroelectronic interfacing.

In contrast, in [105], the authors used needles to examine the signals. The re-
searchers believed that the skin and muscle tissue with the electrodes generate
random thermal noise that accurately reflects the fluctuations that occur when
the subject is resting on a bed. In the end, it was determined that the equiva-
lent impedance observed at certain frequencies corresponds to the thermal noise
produced by the "polarisation cell" at those equivalent frequencies.

In this chapter, an explanation of the electrode used in this experiment will be
provided, followed by an examination of a long-term recording of bioelectrical
activity, with the major emphasis being the electrical noise.

7.2 Experimental

Astrocyte populations were used on the electrode arrays used to measure a
week before. Astrocytes are sow-growing and take very long to form a confluent
monolayer. Cells were only measured when a confluent monolayer was reached.

7.2.1 Graphene oxide electrode
Figure 7.1 shows the electrode design used in this study. In Figure 7.1(b) is

a photograph of the entire electrode array fabricated in a glass substrate, and in
Figure 7.1(b) is a photograph of the entire electrode array fabricated in a Silicon

74



Analysis of the Electrical Noise in Astrocyte Population

Dioxide (SiO;) substrate. As mentioned in chapter ??, each substrate has five
independent gold electrodes with a circular pattern. The gold electrodes were
produced by thermal evaporation and lithography on top of the glass substrates.
The middle electrode was used as a sensing electrode. This electrode has a round
shape with a diameter of 60 micrometres (um). This electrode is coated with a
layer of Graphene Oxide (GO).

(@) (b)
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Figure 7.1: Entire electrode array. (a) Electrodes based on SiO;. (b) Electrodes
fabricated in a glass substrate.

The GO electrode used can be seen in Figure 7.2, and it was fabricated using
the method of [110]. This method uses the GO solution that was made using a
modified Hummer method. After that, GO solutions in water at concentrations
of 1 or 2 mg ml! were spun at 2,000 r.p.m. over gold on glass (Kintec). These
samples were previously cleaned using sonication at 60 °C in acetone and subse-
quently in isopropyl alcohol. They also were subjected to a clean treatment with
air plasma.
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Figure 7.2: GO electrode

It is important to note that the authors in [110] believe that the GO electrode
promotes the growth of astrocytes without any treatment.

To record the bioelectrical activity, the instrumentation described in Chapter
?? was used. Details of the device sample holder used in this experiment can be
found in Section 4.1.1.

7.3 Results

7.3.1 General overview of long-term recordings

Here, we present and discuss several long-term recordings of astrocyte popu-
lations. In Figure 7.3, the recording shows the bioelectrical activity in an astrocyte
population measured over 6 consecutive days. The overall time trace is charac-
terised by intense bursts of activity separated by relatively quiet periods.
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Figure 7.3: Overview of the recording of the bioelectrical activity in an astrocyte
population

The measures of signal amplitude quantify the bioelectrical activity. This sig-
nal’s quantification is expressed in microvolts (#V), ranging from around -5000
uV to 6000 uV.

Within the initial day, the astrocyte displayed increased levels of activity.This
phenomenon may be attributed to the phase of their adaptation to the environ-
ment in which they were placed.

These signals are quantified and expressed in yV, ranging from around -5000
uV to 6000 uV.

During days 3 and 4, there is a surge in activity followed by a subsequent dip
in signal amplitudes, suggesting a potential cessation of communication between
the cells.

7.3.2 Detailed view of long-term recordings

In order to enhance the details of the analysis of this recording, it will be exam-
ined from two perspectives: silence regions and bursts of activity. Silence regions
refer to specific time intervals during which astrocytes remain silent in extracel-
lular communication. Bursts of activity are short periods of time characterised by
a sudden increase in noise levels.

The long-term recording was analysed with the purpose of giving a clear per-
spective of the cell activity variation. The alteration is defined by a transition
from solenced regions to bursts of activity or the reverse. In this research, the se-
lected set clearly demonstrates the shift in activity, providing a clear perspective
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for the reader.

Figure 7.4 shows the chosen set, which displays a silent region followed by a
burst of activity. Observing Figure 7.4(a), it can be seen that there is a clear distinc-
tion between region A, representing the silence region, and region B, representing
the burst of activity, i.e., the change in cell activity.
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Figure 7.4: Set of a silent region, A, followed by a burst of activity, B. (a) Set in the
time domain. (b)Power Spectral Density (PSD) of the silent region in black and
PSD of the burst of activity in red.

In the case of frequency domain analysis, it can be concluded that the noise
from region A to region B, at the higher frequencies, increases from 1/ f to 1/ 2.
This conclusion can be reached from the analysis in Figure 7.4(b), which also
shows that at lower frequencies the noise remains at 1/ f2.

7.3.3 Trigger signals (Start and Stop Trigger Signals)

Upon analysing this experiment, it was observed that there were distinct sig-
nals that initiated and concluded the bursts. These signals enabled the easier de-
tection of bursts and provided a clearer perspective on the duration of the bursts.

Observing Figure 7.5, it is possible to visualise this phenomenon, which con-
tributes to the hypotheses that these signals coordinate the activity of the astro-
cytes” population study.
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Figure 7.5: Burst of activity with the start trigger signal and its stop highlighted.

In order to confirm that after the occurrence of the trigger signals, the activity
of the cells changes, several bursts were analysed. From this analysis, two signals
were chosen, one that starts the burst and the other that ends the burst, with the
objective of demonstrating this intensity change. Figure 7.6 shows a clear visual-
isation of the change in activity after the trigger signal that starts the burst. This
signal, either because of the extracellular measurement system or because of bio-
logical noise, has been cut. For this reason, the start trigger signal reconstruction
was inserted into Figure 7.6.
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Figure 7.6: Overview of the start trigger signal of a burst of activity, with an inset
plot highlighting the reconstruction of the signal.

The initial trigger signal is detected as a peak that was attenuated by the spec-
trum analyser at the very beginning of the burst, as indicated by the blue box in
Figure 7.6. The inset plot offers an elaborate representation of this signal, reveal-
ing a sudden increase in voltage followed by a rapid restoration to the original
level. The signal has a duration of approximately 18.72 seconds (s), and after
reconstruction, the amplitude peaks are around 400 uV'.

Figure 7.7 shows the trigger signal that stops the burst, which permits the vi-
sualisation of the decrease in cell activity after the signal occurred. For the same
reason for the reconstruction of the trigger signal that starts the burst, the insert
blue box highlights the reconstruction of the trigger signal that stops the burst.
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Figure 7.7: Overview of the stop trigger signal of a burst of activity, with an inset
plot highlighting the reconstruction of the signal.

The additional plot, shown in figure 7.7, offers an improved visual representa-
tion of the stop trigger signal. This signal has a short duration of only 7.56 s. The
peaks of amplitude reach around 500 V.

7.4 Discussion

Long-term recordings of astrocyte populations are made using an electrode
made of GO. The analysis of the long-term recording reveals periods of bioelec-
trical activity and periods of complete silence in intracellular communications.
These variations of behaviour suggest that astrocyte populations go through dif-
ferent faces of pause and activation. As previously stated, it is believed that the
initial high activation observed was due to the adaptation response of the astro-
cytes to the new environment and to the electrode adherence.

The examination of the astrocyte population’s long-term recordings revealed
that the majority of these signals were either noise or signals that the spectrum
analyser suppressed, leading to the assumption that biological noise took place.
To better understand the presented noise, the signals were divided into regions
of when cells are in silence and when there are bursts of activity.

By focusing on the set of the combination of these two regions chosen, it be-
comes evident that at lower frequencies, both regions exhibit 1/ f? noise. At fre-
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quencies above 1 Hertz (Hz), region A exhibits 1/ f noise, while region B main-
tains 1/ f2 noise.

An analysis of this astrocyte population’s long-term recordings revealed the
presence of trigger signals linked to the start and stop of bursts of activity, which
remain incompletely understood. The spectrum analyser’s range filtered out the
majority of these signals. Through their reconstruction, it became possible to
acquire the duration and amplitudes of the signals, which exhibited variations
from one signal to another, lacking a consistent characteristic that would enable
the identification of whether they were start or stop signals. Only by the activity
preceding and following their occurrence could they be differentiated. Compar-
ing the chosen trigger signal to analyse, the start signal had a longer duration
than the stop signal. In terms of amplitude, both signals have around 400, 500
uv.

7.5 Conclusion

In sum, this chapter presented a concise review of the literature on biological
noise, which facilitated a deeper comprehension of the origins of this noise. A
brief description of the electrode and the measuring technique used in this exper-
iment were included in the following sections.

An investigation of extended recordings from a population of astrocytes showed
the bioelectrical signals specific to this cell type. The differentiation established
between periods of silence and bursts of activity indicates that these cells do not
exhibit a consistent pattern of bioelectrical activity. Conversely, they progress
through phases of sleepiness and activity, thus reinforcing the idea that astrocytes
play a crucial role in the brain.

Additionally, an analysis of the noise in a set of silence regions followed by a
burst of activity was presented. It was found that the noise in these two areas is
only different at frequencies above 1 Hz.

The detection of trigger signals at the beginning and end of the bursts of activ-
ity provided further intricacy to the comprehension of this astrocyte population.
Although not fully comprehended, these signals indicate that they can tell us
when the burst begins and when it ends.
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Conclusions and future work

This chapter focuses on the outlines and discusses the major findings of this
thesis. It also presents some of the questions raised during this research, together
with suggestions for experiments to elucidate them. Finally, it discusses how the
methodology developed in this project can be applied in various areas.

8.1 Primary topics studied

This dissertation studies the bioelectrical signals recorded from astrocyte pop-
ulations. This bioelectrical activity was recorded using extracellular electrodes
and electrical low-noise recording techniques, with the aim of obtaining knowl-
edge about the nature of the electrical oscillations generated by interconnected
astrocytes.

This study involved three key experiments. In the first study, the evaluation
of the signal format was observed, and the power of a typical biphasic signal in
the captured extracellular signals was determined.The second experiment aimed
to answer a key question: Does the design and geometry of electrodes influence
the characteristics of the recorded signals, particularly their power? The third
experiment examined the electrical noise present in the extracellular recordings
of a population of astrocytes.

The next section provides a concise description of these experiments and their
principal results.

8.2 Conclusions

The studies were divided into three components to improve the explanation of
their conclusions: (a) investigation of signals and their power order magnitude;
(b) the influence of the electrode on the distribution of bioelectric signals; and (c)
examination of electrical noise within the astrocyte population.
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(a) Investigation of signals and their power order magnitude

A characterisation of the signal types detected in the measurements was con-
ducted, revealing a possible evolution of monophasic signals to biphasic, although
this remains unproven.

In this analysis, a signal equivalent in length and amplitude to the usual bipha-
sic signals seen in this research was created. This signal was created to determine
the order of magnitude of the power of a biphasic signal. The signal’s power was
computed using two methods, both yielding identical results. The results show
that the order of magnitude of the signal’s power is nano (10~?).

(b) The influence of the electrode on the distribution of bioelectric
signals

The experimental study on electrode design’s impact on bioelectric signal de-
tection highlighted the complex relationship between electrode geometry, sur-
face area, and signal power distribution (area under the signal). The main results
showed that the design of the electrodes might change the strength and spread of
bioelectric signals, but this connection was complicated and depended on things
like cell adhesion and experimental noise.

For round electrodes (IBIDI), the power signal distribution remained largely
unaffected by variations in electrode surface area, with similar results observed
for electrodes of 0.10cm and 0.23cm. The natural clustering of astrocytes tended to
aggregate in specific areas rather than uniformly spreading across the electrode
surface. This hides the potential effects of the electrode’s size and contributes to
this lack of variation.

In contrast, circular electrodes demonstrate a consistent pattern of increas-
ing power signals with the lane width, suggesting that the electrode geometry
influences the capture of larger or more numerous synchronised cell clusters.
Nonetheless, the electrode with 15um width differs from this pattern, exhibiting
a reduced number of detected signals and a more concentrated distribution.

It is important to mention that a non-confluent cell monolayer cannot support
travelling waves. Several experiments in this study failed to reach the confluent
monolayer, potentially leading to the inconclusive findings.

(c) Examination of electrical noise within the astrocyte population

This research examined the bioelectrical activity of astrocyte populations, em-
phasising the examination of electrical noise over extended recordings. This re-
search investigates the characteristics of noise in two separate contexts: periods
of silence and bursts of activity. At frequencies below 1 Hz, the observed noise
is characterised as 1/ f2 noise in both regions. Nevertheless, when the frequency
increased, the characteristics of the noise varied. In the silent region, the noise
changes to 1/ f, but during the bursts of activity, it persists at 1/ f2.
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The investigation also identified master signals, or trigger signals, that marked
transitions between periods of silence and bursts of activity. These signals pro-
vided important information about the beginning and end of bursts and acted as
indicators of the behavioural changes in the astrocyte population. The interrup-
tion of these signals could potentially be due to the recording system or biological
noise. It's important to note that the origins of these signals remain unclear.

8.3 Future Investigations

The results and their evaluations suggest that more research is required to fur-
ther this study.The following subparagraphs define the suggested steps for ap-
proaching future tasks.

(a) Further evaluation on the shape of the bioelectrical signals

This study investigated the possible evolution of signals from monophasic to
biphasic. To enhance comprehension of this discovery and verify its accuracy, a
more thorough examination is necessary to clarify the origins of biphasic signals.
For example, instead of relying solely on one type of biphasic signal and another
nomophasic signal for the power analysis to evaluate the working hypothesis, it
would be beneficial to incorporate all the identified signal types.

(b) Data analysis of the signal properties

The distribution of signal parameters must continue to be conducted in terms
of signal power. It is essential to update the methodology for calculating signal
power, as the current baseline is inadequate due to the signal’s observed base
not being y = 0.Furthermore, all experiments must be conducted only after a
complete confluent monolayer has been established.

(c) Bioelectrical activity of astrocyte-neuron co-cultures

This dissertation primarily sought to quantify the coculture of astrocytes and
neurones. However, difficulties in producing confluent astrocyte monolayers pre-
vented the inclusion of the co-culture evaluation in this thesis. Future studies
should capture and analyse the bioelectrical signals of co-cultures to gain signifi-
cant insights into the function of astrocytes within brain networks.
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