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Sumario

Esta dissertacdo tem como objetivo investigar e registar sinais bioelétricos extra-
celulares em culturas de astrocitos, um tema que tem atraido crescente ateng@o na inves-
tigagdo em neurociéncia. A importancia de estudar a comunicacao entre astrocitos assenta
na hipdtese de que estas células gliais desempenham um papel crucial na regulacao das
interagdes entre neurdnios e na modelacao dos circuitos neuronais.

Ao contrario dos neurdnios, os astrocitos ndo geram potenciais de agdo. Em vez
disso, acredita-se que comunicam com 0s neurdnios € outros astrocitos através de oscila-
¢oes bioelétricas lentas e ritmicas. Alguns estudos sugerem que estas oscilagdes resultam
de uma atividade sincronizada dos astrécitos. No entanto, o significado funcional e os
mecanismos bioldgicos subjacentes — tais como 0s canais i6nicos especificos e os esti-
mulos responsaveis por gerar estes sinais oscilatorios — permanecem inexplorados.

Com base em trabalhos anteriores realizados pelo grupo de investigagdo anfitrido,
este trabalho utiliza métodos de registo extracelular com elétrodos desenhados para dete-
tar pequenas oscilagdes bioelétricas em culturas de astrocitos. Embora estas oscilagdes ja
tenham sido observadas, o seu papel exato continua por esclarecer. Para aprofundar a
nossa compreensao da comunicagdo entre astrocitos, sdo propostas duas hipoteses prin-
cipais:

Hipotese I: Os aglomerados de astrocitos sincronizam a sua atividade para produ-
zir oscilagoes elétricas extracelulares distintas.

Hipotese II: Estas oscilagdes sincronizadas podem propagar-se por populagdes de
células interligadas, formando uma onda elétrica.

Para testar estas hipoteses, a equipa de investigacao desenhou e fabricou elétrodos
com diferentes tamanhos e geometrias, explorando como estes parametros influenciam a
poténcia, duracdo e forma dos sinais registados. A relag¢do entre as dimensdes dos elétro-
dos e as caracteristicas dos sinais baseia-se na premissa de que, quando as células sincro-
nizam a sua atividade, o tamanho do aglomerado celular pode variar. Espera-se que elé-
trodos maiores captem sinais de aglomerados maiores, resultando em sinais de maior po-
téncia, enquanto elétrodos mais pequenos detetariam sinais de menor poténcia, proveni-

entes de aglomerados menores.
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Sumario

A tese centra-se em duas principais geometrias de elétrodos: elétrodos redondos
com areas variaveis e elétrodos com extensdes circulares de diferentes larguras. Os elé-
trodos redondos foram utilizados para examinar como o tamanho do elétrodo afeta os
sinais extracelulares, enquanto os elétrodos circulares foram desenhados para investigar
a possivel propagacao de ondas viajantes através de redes de astrocitos.

Além de investigar a relacdo entre as propriedades dos elétrodos e as caracteristi-
cas dos sinais, este estudo inclui experiéncias que envolvem a estimulagdo quimica de
culturas de astrocitos. Através da administragdo de diferentes farmacos, a investigacao
visa demonstrar a capacidade de modular a atividade bioelétrica extracelular, mostrando
que compostos especificos podem iniciar ou suprimir essa atividade.

Esta tese também oferece uma visdo abrangente das metodologias elétricas e dos
designs de elétrodos utilizados para registar sinais de astrdcitos, contribuindo para uma
compreensdo mais profunda das dinamicas bioelétricas dentro destas culturas de células

gliais.
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Abstract

This thesis aims to record and investigate extracellular bioelectrical signals in pop-
ulations of astrocytes, a topic that has gained increasing relevance in neuroscience re-
search. The significance of studying astrocyte communication stems from the hypothesis
that these glial cells play a crucial role in regulating neuron-to-neuron communication
and in shaping and configuring neural circuits.

Unlike neurons, astrocytes do not generate rapid electrical spikes. Instead, they
are believed to communicate with nearby neurons and other astrocytes through slower,
rhythmic electrical oscillations. Some studies suggest that these oscillations result from
synchronized activity within clusters of astrocytes. However, the functional role and un-
derlying biological mechanisms of these signals, such as the specific ion channels and
triggers responsible for generating discrete oscillatory signals, remain largely unexplored.

Building on the prior work of the hosting research group, this thesis uses previ-
ously developed methods for extracellular electrical recording using custom-designed
electrodes capable of detecting small bioelectrical oscillations in astrocyte populations.
While these oscillations have been recorded, their precise function is still unclear. To
advance our understanding of astrocyte communication, two key hypotheses are pro-
posed:

Hypothesis 1: Astrocyte clusters synchronize their activity to produce discrete ex-
tracellular electrical oscillations.

Hypothesis 2: The synchronized oscillations can propagate across connected cell
populations in the form of an electrical wave.

To test these hypotheses, the research team designed and fabricated electrodes
with varying areas and geometries, investigating how these parameters affect the power,
duration, and shape of the recorded signals. The relationship between electrode dimen-
sions and signal characteristics is grounded in the assumption that when cells synchronize
their activity, the size of the participating cell cluster may vary. Larger electrodes are
expected to capture signals from larger clusters, which should result in higher signal
power, while smaller area electrodes would detect lower-power signals from smaller clus-
ters. Consequently, a distribution of signal powers is anticipated, with larger-area elec-

trodes expected to record more high-power signals compared to smaller-area electrodes.
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Abstract

The thesis primarily focuses on two types of electrode geometries: round elec-
trodes of varying areas and circular electrodes with differently-sized fingers. The round
electrodes were used to study how electrode size influences extracellular signals, while
the fingered circular electrodes were specifically designed to investigate the presence of
traveling waves across the astrocyte network.

In addition to exploring the relationship between electrode properties and signal
characteristics, the research includes experiments involving chemical stimulation of as-
trocyte populations. By administering different drugs, the study seeks to demonstrate the
ability to modulate extracellular bioelectrical activity, showing that specific compounds
can either initiate or suppress this activity.

This thesis also provides an overview of the electrical methodologies and elec-
trode designs used for recording astrocyte signals, contributing to a deeper understanding

of the bioelectrical dynamics within these glial cell populations.
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Chapter 1

Introduction

This introductory chapter offers an overview of the research conducted in this thesis, out-
lining the motivation, key objectives, and scientific significance. Additionally, it summa-

rises the document's structure and briefly describes the content of the following chapters.



1. Introduction

1.1. Context and Motivation

The study of bioelectricity began in 1780 when Luigi Galvani conducted pioneer-
ing experiments demonstrating electrical interactions in living tissues [1]. His work in-
spired the scientific community to extensively explore electrical phenomena in biological
cells and tissues. Decades later, advancements by Hodgkin and Huxley in neurophysiol-
ogy [2] —particularly in understanding nerve conduction and excitation—were crucial in
defining the concept of electrogenic cells capable of generating action potentials (APs)
[3]. With the development of techniques such as patch-clamp, microelectrodes, and mi-
croelectrode arrays (MEAs), it became possible to record the electrical activity of these
cells with high precision.

However, beyond the electrical activity of neurons, there exists a bioelectrical
communication in non-electrogenic cells that plays a vital role in the biology of multicel-
lular organisms. Non-electrogenic cells, do not generate APs, instead they use ionic flows
and voltage gradients to communicate and coordinate essential biological functions such
as cell migration, tissue repair, and proliferation. The bioelectrical signals generated by
these cells occur over much longer time scales and have amplitudes often in the microvolt
range.

Electrical techniques are not selective. This means that they cannot identify the
specific ionic species responsible for the ionic fluctuations, but they have the advantage
of being entirely non-invasive and capable of monitoring bioelectrical fluctuations over
extended periods, ranging from several hours to several weeks, in real-time. Therefore,
extracellular electrodes and electrical techniques are highly valuable for tracking changes
in cellular activity over time and for studying the dynamics of cell-cell communication.

Detecting and recording these subtle signals presents a significant challenge, as
traditional electrophysiological methods were not designed to capture such minimal var-
iations. Therefore, there is a growing demand for specialized devices capable of monitor-
ing the bioelectrical activity of non-electrogenic cells in real time.

The cells studied in this project are astrocytes, glial cell which were once thought
to be passive, space-filling components of the nervous system. However, recent research
has increasingly highlighted their pivotal role in regulating synaptic transmission, syn-
apse formation, and neural plasticity.

This study aims to use extracellular electrodes capable of recording electrical fluc-

tuations in populations of astrocytes, with a particular focus on how electrode parameters
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influence the quality and properties of the signals recorded. Additionally, the research
assesses the ability of these recordings to capture changes in astrocyte activity induced
by pharmacological agents.

This study on the role of electrodes in controlling the quality of bioelectrical re-
cordings is highly significant, as it will provide crucial insights for designing electrodes
with optimised geometries and sensing areas, ultimately enhancing the signal-to-noise
ratio (SNR) of bioelectrical signals. On a fundamental level, our findings may provide
insight into on how astrocytes communicate with each other and with neurons. The
knowledge gained could pave the way for novel therapeutic approaches targeting neuro-

degenerative diseases, particularly those that rely on the use of electric fields.

1.2. Document Structure

The structure of this document is organized into seven chapters. Following this
introduction, the subsequent chapters are arranged as follows:

Chapter 2, entitled State of the Art, reviews the tools and methodologies used to
study bioelectrical signalling. It provides an overview of how various research groups
tackle the challenges of measuring cellular communication, particularly on non-electro-
genic cells. The chapter evaluates the strengths and limitations of existing technologies,
highlighting the need for further advancements to deepen our understanding of cellular
interactions.

Chapter 3, Fundamental Background, lays the conceptual groundwork by intro-
ducing the key scientific principles and terminology essential for the discussions that fol-
low. It opens with a concise overview of astrocytes, the primary cell type under investi-
gation, and their functional interactions with neurons. Core concepts such as bioelectric-
ity, electrogenic cells, and endogenous fields are introduced, providing a foundation for
the more detailed analyses in the subsequent chapters.

Chapter 4 presents the methodology used for extracellular measurements. It also
focuses on understanding the electrical double layer (EDL) behaviour at the electrode-
cell culture medium interface. Moreover, the chapter explores the long-term stability of
the EDL during extended electrophysiological measurements and investigates how the
electrolyte composition influences the overall impedance of the system electrode/electro-

lyte.
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Chapter 5 examines the bioelectrical activity generated by astrocyte populations,
particularly regarding the influence of electrode geometry and area on signal properties.
By investigating whether the observed electrical oscillations are traveling waves or local-
ized activities, it aims to provide a clearer understanding of the underlying patterns in
astrocyte-generated signals.

Chapter 6 explores the impact of pharmacological agents on astrocyte bioelectri-
cal activity. The primary objective was to confirm that the recorded signals were indeed
generated by astrocytes’ activity and to demonstrate that their activity could be effectively
modulated by drug administration. These experiments act as a validation tool confirming
that the signals are indeed generated by the astrocyte population.

By monitoring the bioelectrical responses both before and after the drug admin-
istration, the study revealed distinct changes in astrocyte behaviour, providing clear evi-
dence of the cells’ responsiveness to pharmacological stimuli.

The final chapter 7 synthesizes the key findings from across the thesis, drawing
connections between the different experimental outcomes. It reflects on unresolved ques-
tions that emerged during the research and proposes directions for future experiments that

could further elucidate the some of the unsolved issues.



Chapter 2
State of the art

This chapter explores the various tools and techniques used to record electrical commu-
nication in glial cells, highlighting the distinct scientific communities and their ap-
proaches within this research field. The discussion reviews the strengths and limitations
of current methods, emphasizing the need for technologies to become more efficient in

investigating cell-to-cell communication, particularly in non-electrogenic cells.
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2.1. Introduction

For over a century, glial cells have been regarded as merely passive glue that con-
nects and supports neurons. However, in recent years, they have been found to have di-
verse roles within the central nervous system (CNS). Astrocytes, the most abundant cell
type in the human CNS, are considered to be directly involved in brain signaling via as-
trocyte—neuron interaction at tripartite synapse [4,5]. Recently, it has been proposed that
astrocytes contribute to the progression of various neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, and Alexander’s disease [6].

The role of astrocytes has drawn significant attention from two scientific groups:
biologists and the neuromorphic community. Each group approaches the topic with a dis-
tinct perspective.

Biologists primarily explore the molecular interactions between astrocytes and
neurons at the synaptic level, focusing on the local exchange of biochemical signals [7,8].
The neuromorphic community uses this biological knowledge to design hardware sys-
tems that replicate brain-like functionality, with growing interest in incorporating astro-
cytic functions into neural networks. This community recognised the value of incorporat-
ing a second cell type to regulate signal flow across synapses and astrocytes have recently
been integrated into artificial circuit designs [9].

On the other hand, once astrocytes are capable of coordinating numerous synapses
simultaneously, leading to the hypothesis that they may employ more complex, large-
scale communication mechanisms—potentially electrical in nature—since simple molec-
ular signalling seems insufficient for this task. This has sparked interest within the bioe-
lectronics community, suggesting that an electrical network operating at millihertz fre-
quencies could enable widespread synchronization, providing an intriguing path for fur-
ther exploration.

While several well-established bioelectronic methodologies exist, few have been
specifically applied to astrocytes. This project aims to identify the most suitable methods

for recording the extracellular signals produced by astrocytes.

2.2. Recording Techniques
The available methodologies for the recording of brain activity include: (a) intra-

cellular recordings by patch-clamp electrodes (b) extracellular recordings by substrate-
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integrated MEAs, (¢) optical imaging and stimulation technologies of extrinsic fluores-
cent indicators and (d) other methods such as functional magnetic resonance imaging and
electroencephalography which record activity from large-scale neural populations but
will not be considered, as they are not relevant to the focus of our project [10].

The patch-clamp technique is specifically designed to analyse single cells, focus-
ing on the activity of individual ion channels in the cell membrane. Although it offers
detailed information about these channels' function, the method is invasive and doesn't
provide insight into how cells communicate with each other.

Optical imaging using extrinsic fluorescent indicators is a non-invasive method to
monitor brain activity. It uses optical probes that emit signals when they contact specific
substances. This technique allows visualization of the dynamic processes of cells. How-
ever, it requires advanced microscopes equipped with lasers and fast optical detection
systems for accurate measurement.

The use of extracellular electrodes is most suitable for studying intercellular com-
munication, since this methodology detects electrical signals generated by ion movements
across cell membranes. This approach allows the study of multiple cells and their inter-

actions within a network.

2.2.1 Patch-clamp

Patch clamp is a widely used technique. The method is essential for studying ionic
currents in living cells. Applied in various areas such as neuroscience and electrophysi-
ology, the literature already presents several studies focused on astrocytes [11-13].

This technique uses a glass pipette with a very fine tip. The pipette is placed on
the cell membrane, creating a strong seal that blocks the flow of current between the cell
and the surrounding solution. This makes it easier to control the membrane potential and
the ionic environment on both sides, allowing for the measurement of electrical signals
from individual channels.

Patch-clamp can be used in two main modes: voltage-clamp and current-clamp.
The choice between these modes depends on the parameters being measured. Voltage-
clamp is used to monitor and trigger APs, allowing precise control of the membrane po-
tential to study specific ionic currents. Current-clamp, on the other hand, is used to meas-

ure the membrane potential or synaptic inputs [14].



2. State of the art

The patch clamp technique offers various configurations, each tailored to specific
experimental objectives. In the cell-attached configuration, the pipette is sealed to the cell
membrane without breaking it, allowing the study of ion channel activity while preserving
the intracellular contents. The whole-cell technique involves rupturing the membrane to
access the cell's interior, making it ideal for studying electrical currents across the entire
cell. In the inside-out configuration, a fragment of the membrane is removed, enabling
the analysis of ion channels on the intracellular side. In the outside-out mode, after the
pipette is retracted, the membrane reorganizes, allowing the study of interactions between

the membrane and the extracellular environment [15].

2.2.2 Microelectrodes Arrays
MEAs are devices used to record the electrical activity of neural networks in vitro,

offering a non-invasive approach that preserves the natural state of cells during measure-
ments. These arrays consist of a grid of small electrodes fabricated on a substrate, de-
signed to detect extracellular signals generated by the movement of ions across cell mem-
branes during cell activity

MEAs function by detecting the potential difference between the electrodes and
the extracellular environment. Their spatial resolution depends on the number of elec-
trodes and their spacing, while their temporal resolution is determined by their ability to
quickly capture and process rapid variations in electrical potentials [10,16].
(This high detection capacity makes them particularly valuable in studies involving cel-
lular communication and intercellular signaling.)

A recent study involving the use of implanted MEAs in the brain revealed that the
inherent mechanical and chemical mismatch between brain tissue and MEAs leads to
several undesirable effects. For instance, MEA micromotion not only causes damage and
alterations to the brain but also compromises the functionality of the MEAs [17].

In general, there are few studies reporting astrocyte activity using MEAs. How-
ever, it has been demonstrated that spike trains and glial responses can be simultaneously
captured from individual sensing electrodes [18]. Additionally, it has been proven that
astrocytes can be electrically stimulated and exhibit extracellular voltage fluctuations
across a broad frequency spectrum when using MEAs [19].

Primary cultures were used to measure spontaneous electrophysiological activity

in astrocytes [20,21] and record high-frequency voltage oscillations caused by electrical
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stimulation of astrocytic cells. Ultra-weak signals and noisy electrical fluctuations gener-
ated by populations of glioma cells were also reported [22]. The strategy enabling the
observation of these weak signals exploits large capacitive electrodes with a low intrinsic

thermal noise.

2.2.3 Optical Methods
In parallel with the development of extracellular MEAs, efforts have been made

to advance optical imaging approaches. These methods include imaging membrane po-
tentials with voltage-sensitive dyes, monitoring changes in intracellular calcium concen-
trations, and tracking intrinsic signals.

MEAs have recently been combined with optical techniques like calcium fluores-
cence imaging. The combination of these two approaches has provided deeper insights
into the relationship between electrical activity and intracellular calcium signals. By syn-
chronizing the recording of electrophysiological data with calcium imaging, researchers
have shown that astrocytes respond to electrical stimulation by generating membrane
voltage oscillations (small membrane potential deflections) along with simultaneous cal-
cium wave production [23].

Fluorescence studies, particularly calcium imaging, have greatly advanced our
understanding of astrocytes, revealing their crucial role in synaptic regulation [24,25].

Despite their advantages, optical imaging techniques face notable limitations, in-
cluding the need to incubate the cells with fluorescent molecules, which have a lifespan
of only a few hours. Furthermore, which molecular targets should be prioritized to study
extracellular astrocyte signalling remains unclear. Additionally, exposing cells to light
pulses may interfere with their normal behaviour.

In fact, recent advances in optical fluorescence methods have focused on increas-

ing detection speed, which runs counter to the goals of our project [26].

2.3. Summary
Among the various methodologies for measuring brain signals and neural net-

works, MEAs are the most suitable. Patch-clamp techniques, while useful for individual
cells, cannot capture the dynamics of cellular communication within a network. However,
MEAs and their associated systems are primarily optimized for detecting APs. In contrast,

the ionic fluctuations generated by astrocytes are approximately a thousand times weaker
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and significantly slower, lasting several seconds to minutes, with amplitudes of only a
few microvolts.

This chapter highlights the need for developing novel specialized MEAs to cap-
ture these ultra-low frequency signals. When measuring non-electrogenic cells, the in-
strumentation must be highly sensitive to low frequencies, with devices that feature ex-

ceptionally low noise levels to ensure a high SNR.
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Chapter 3

Fundamental Background

This chapter establishes the foundational concepts and terminology used in the subse-
quent chapters. It begins with a brief explanation of astrocytes, the primary cell type ex-
amined in this study, and their interactions with neurons. A concise introduction to how
bioelectricity is generated by different types of cells is provided. Key terms such as elec-

trogenic cells, endogenous fields, and APs are explained within the context of this thesis.
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3.1. Introduction

This thesis is a study at the intersection between biology and electronics. Through-
out this document, various terms and concepts are introduced, which may be more or less
familiar depending on the reader's background. To facilitate understanding, this chapter

provides a brief glossary of key concepts that will be later mentioned.

3.2. Terminology and concepts

Electrogenic cells and non-electrogenic cells

Biologists classify cells into two categories: electrogenic and non-electrogenic
cells. Electrogenic cells are those capable of generating, electrical impulses, such as APs
or cardiac impulse. Examples of electrogenic cells include neurons, cardiac cells, and
nerve cells. In contrast, non-electrogenic cells, such as skin cells, lung cells, and others,
do not produce individual electrical spikes [27]. Despite being classified as non-electro-
genic, most cells possess a complex machinery of pumps, transporters, and ion channels
that enable the cells to exchange ions with the extracellular environment.

Although no-electrogenic cells do not generate spikes, they can produce voltage
fluctuations in the surrounding medium. These charges generate electric fields know as
endogenous fields. It is also known that they often coordinate these ionic exchanges to
generate electrical oscillations or waves that can propagate through biological tissue.
These oscillations are very different from an AP because they travel very slowly when
compared with the speed of an AP. The electrical fluctuation of the AP travels at the
speed of meters per second, a calcium wave for instance, travels at a speed of tens of
micrometers per second. The speed of calcium is one million times slower than the travel
speed of an AP. The major object of this thesis is the cell called the astrocyte. The astro-

cyte is a neural cell that is classified as non-electrogenic.

Astrocytes
Astrocytes have a star-like shape with multiple branches connecting synapses be-
tween neurons. A single astrocyte can interact with thousands of synapses allowing it to

influence many neurons simultaneously. Additionally, astrocytes can form connections
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with neighbouring astrocytes through gap junctions, creating a network that uses calcium
to communicate (see Fig. 3.1). Astrocytes also have sodium and potassium channels that
create ionic currents, but unlike neurons, they do not generate or propagate AP. However,
astrocytes are considered “excitable” because, when activated by internal or external sig-

nals, they deliver specific messages to neighbouring cells.

(2)

Astrocyte
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,
]
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\
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Figure 3. 1 Astrocytes and their interaction with neurons. (a) Schematic representation of
astrocytes in a neural network comprised of neurons. (b) Schematic representation of how
a single astrocyte may modulate several synapses. (¢) Fluorescence image showing a single

astrocyte and the surrounding synapses (in green), from https://neurosciencenews.com/as-

trocytes-neural-connections-7899/) . (d) Photograph of a culture of astrocytes on top of a

glass (obtained in our laboratory).
Astrocytes are proposed to be involved in the pathogenesis of numerous motor
disorders, including Parkinson’s disease [28-30], amyotrophic lateral sclerosis [31,32],

and Tourette’s Syndrome [33,34].

Neurons
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3. Fundamental Background

The 80 to 100 billion neurons are fundamental cells of the nervous system, re-
sponsible for transmitting information through electrochemical signals. Structurally, neu-
rons consist of a cell body, dendrites, and an axon. Dendrites receive signals from other
neurons, while the axon transmits these signals to other neurons or effector cells [35].

The significance of neurons lies in their ability to form complex communication
networks that enable all brain functions, from regulating basic processes like breathing to
higher cognitive functions such as memory and reasoning.

Unlike astrocytes, neurons are considered electrogenic cells, a term associated
with their ability to generate APs, that are just a few milliseconds long and are commonly
referred to as spikes. In comparison, the ionic fluctuations generated by astrocytes are
approximately one thousand times weaker and slower.

For many years, neurons have been the focus of the electrophysiological scientific
community, with attention directed towards recording APs using techniques like voltage

clamp, patch-clamp, sharp electrodes and microwires.

Endogenous Fields

Endogenous electric fields (EFs) are generated by the movement of ions and
charged biomolecules across cell membranes, creating voltage gradients between cells.
These gradients are not only formed by small ions like protons, sodium, and potassium,
but also by larger molecules such as tissue factors, growth hormones, neurotransmitters,
and signaling molecules [36].

At cellular level, EFs directly influence cell orientation, migration, adhesion, pro-
liferation, and differentiation. By depolarizing or hyperpolarizing membrane potentials,
EFs can trigger the expression of signaling factors that modulate processes like cellular
regeneration and tissue remodeling. This electrophysiological interaction impacts gene
expression and, consequently, cell morphology, becoming part of a complex biological
control system [37].

During embryonic development, EFs help establish voltage gradients that guide
the formation of body axes, providing spatial orientation for the organism's development
and in wound healing processes, endogenous EFs are amplified in response to epithelial
injuries, directing the migration of epithelial cells toward the wound site, promoting tissue

regeneration. EFs also regulate the extent and the direction of nerve growth [38].
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Synapse

Synapses are the junctions between two neurons and involve the release of neu-
rotransmitters from a presynaptic neuron into the synaptic space. These neurotransmitters
bind to receptors on the postsynaptic neuron, generating an AP [39].

When an AP reaches the axon terminal of a presynaptic neuron, voltage-gated
calcium channels open, allowing calcium ions to enter the terminal. This triggers the fu-
sion of neurotransmitter-filled vesicles with the neuron's plasma membrane, releasing
them into the synaptic cleft. The neurotransmitters cross this cleft and bind to specific
receptors on the postsynaptic neuron's membrane [40].

After the neurotransmitters are released and act on the receptors, they can be either
reabsorbed by the presynaptic neuron for reuse or degraded by enzymes in the synaptic
cleft. This process ensures that signals are discrete and prevents continuous stimulation
of the postsynaptic receptors. The balance between synaptic excitation and inhibition is

crucial for the proper functioning of the nervous system.

Tripartite synapse

Astrocytes play an important role in regulating neuronal excitability, and several
authors even propose that astrocytes should be regarded as integral modulatory elements
of synapses [41,42]. In this context, the concept of the tripartite synapse has emerged.
This concept suggests that astrocytic processes, which surround both pre- and postsynap-
tic areas, can respond to neurotransmitters released by neurons and also release sub-
stances called gliotransmitters, which influence neuronal activity [43]. It is important to
note that astrocytes don’t cover all synapses. Still, in the hippocampus, 60-90% of syn-
apses are covered by astrocytic processes, and changes in the structure of these astrocytes
can significantly impact synaptic function. Besides locally controlling synaptic functions,
astrocytes form networks called astrocytic syncytia, in which neuronal circuits are em-
bedded [44]. These networks help slowly integrate information from thousands of synap-
ses, adjusting the overall functioning of neuronal circuits. This network organization al-

lows astrocytes to communicate through specialized pathways.
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Figure 3.2 Schematic diagram of a Tripartite synapse

Gap junctions

Gap junction channels connect the cytoplasm of adjacent cells, allowing for rapid
exchange of ions and small molecules between adjacent cells. These channels are formed
by connexins, a family of homologous proteins specialized in creating intercellular chan-
nels that enable extensive electrical and metabolic coupling between cells. Astrocytes, in
particular, express high levels of connexins [45]. This connectivity is integral to the en-
ergy supply to neurons, buffering extracellular K* and glutamate, and propagating cal-
cium waves.

The modulation of gap junction coupling by various neuroactive substances sug-
gests that these channels can dynamically open and close in response to neuronal activity
[46]. Furthermore, the conductance of gap junctions is influenced by voltage, meaning
the passage of ions through these channels varies with the electrical potential difference
between connected cells [47]. Local blockade of gap junctions reduces the magnitude of

membrane voltage oscillations.

Cell-Cell communication
Cell communication mechanisms are essential for the proper functioning of mul-
ticellular organisms and can be classified into (a) chemical, (b) electrical, and (c) physical

communication.
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Electrical communication involves signal transmission through chemical and
electrical synapses. In chemical synapses, neurotransmitters are released by the presyn-
aptic cell and bind to receptors on the postsynaptic cell, triggering a rapid response. Elec-
trical synapses, on the other hand, allow direct ion passage through gap junctions, facili-
tating quick and efficient synchronization of neuronal activity. This mechanism is crucial
during nervous system development and in rapid responses to stimuli [48].

Physical communication between cells is mediated mainly by gap junctions,
which are channels that enable the direct transfer of small molecules and ions between
adjacent cells. These channels are formed by proteins called connexins and play a vital
role in coordinating cellular responses in tissues, allowing groups of cells to respond syn-
chronously to external signals.

Chemical communication includes autocrine, paracrine, and endocrine signalling.
Autocrine signals are released by a cell and act on receptors on the same cell, regulating
processes like cell differentiation and inflammatory responses. Paracrine signalling oc-
curs between nearby cells, where signals are quickly degraded or absorbed to maintain a
localized response. Endocrine signalling involves hormones that travel through the blood-

stream to distant target cells, producing slower but long-lasting responses.

Calcium Waves

Astrocytes are now recognized for their unique excitability characterized by intri-
cate calcium signalling and the propagation of calcium waves.

These glial cells have the ability to propagate increases in intracellular calcium
concentrations [Ca**] from a single cell to neighbouring cells, forming a wave-like pattern
of communication. This calcium signalling can occur spontaneously or in response to
various external stimuli. The cellular sources of astrocyte Ca”* signals include multiple
pathways, including those involving various receptors, channels, exchangers and pumps
on the plasma membrane, as well as within intracellular organelles such as mitochondria,
endoplasmic reticulum, Golgi and acidic organelles [49].

Weak and slow bioelectrical signals in astrocytes are generated by shifts in mem-
brane potential, resulting from the movement of charged ions into or out of the cells,
closely linked to calcium waves, although astrocytes possess a variety of ion channels

that can also influence changes in membrane potential, for example, Na* [21].
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Cell Structure

Eukaryotic cells, including glial and neuronal cells, are enclosed by a highly spe-
cialized phospholipid bilayer known as the cell membrane. This membrane and its asso-
ciated transport mechanisms enable cells to generate electrical or ionic potential gradi-
ents. As a result, the origin of extracellular signals is inherently tied to the structure and
function of the cell membrane. Extensive research has been devoted to understanding its
diverse properties, critical for maintaining cellular integrity and regulating molecular
transport.

Beyond acting as a physical boundary, the cell membrane plays a vital role in
controlling the movement of molecules into and out of the cell. The phospholipid bilayer
is dynamic, fluid, and selectively permeable, with its fluidity allowing proteins and lipids
to move laterally within the membrane. This lateral mobility supports the membrane's

ability to adapt to the changing needs of the cell [50].

Bioelectricity and ion channels

Today, bioelectricity is a term associated with electrogenic cells. However, in the
early days, bioelectricity was discovered in the so-called non-electrogenic cells in reality
in a skin wound. In 1843, Emil du Bois-Reymond built a galvanometer [51]. His device
revealed that leaking out of a cut in his finger, alongside the blood, was about one micro-
ampere of electrical current.

His experiment revealed that all cells could generate electrical activity. This phe-
nomenon arises because all cells, due to the selectively permeable properties of their
membranes and complex transport mechanisms, can maintain different ionic concentra-
tions on either side of the membrane. Since ions are electrically charged particles, their
movement or exchange between these two media creates a potential difference.

Bioelectronic devices can monitor and regulate the interior environment of bio-
logical objects in real-time, making them ideal for therapeutic and implantable biomedi-
cal applications, including drug delivery, electrophysiological recording and regulation
of intracellular activities

Non-excitable cells, lacking voltage-gated channels and are unable to detect
changes in membrane potential from electrical input. However, their biological functions
still require ionic transactions across the membrane, which itself generates signals that

cause changes in membrane potential.
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A helpful way to conceptualize the cell membrane with ionic channels is through
an electrical circuit model [52,53]. The membrane can be represented by an electrical

equivalent circuit, as depicted in Fig.3.3, where the switch symbolizes an ion channel.

Rm Cn ——

e

Figure 3. 3 Membrane Equivalent Circuit

Vm

Where Vi represents the membrane potential, Vs serves as the battery source,
symbolizing the ion gradient. Ry corresponds to the conductive pathway from the ion
channel permeable to a particular ion species. Cy reflects the membrane's ability to store
charge and the switch models the state of the ion channel, indicating whether it is open
or closed. This is a simplified model representing just one ionic channel. This circuit is a
passive RC circuit, meaning that the circuit can only respond to an applied electrical sig-

nal.
3.3 Summary
In this chapter, we present a concise review of key concepts relevant to this thesis.

These concepts primarily focus on how cells generate electrical fields and oscillations, as

well as how they establish connections with neighbouring cells.
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Chapter 4

Long-term stability of the electrical
double-layer impedance

This chapter provides the fundamental background of the electrical double-layer estab-
lished at the interface electrode/cell culture medium. It highlights the importance of the
impedance parameters in controlling the SNR during electrophysiological sensing. It also

discusses the long-term stability of the EDL during electrophysiological measurements.
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4.1. Introduction
The electrical double layer (EDL) forms at the interface between a conductive

material and an electrolyte medium, creates a charged region at this boundary. Essen-
tially, the EDL acts as a dipole layer, consisting of ions on the electrolyte side and elec-
trons on the electrode side. It is a very thin layer, typically just a few nanometres thick.
This dipole layer results in a high electrical impedance.

The impedance of the EDL can be effectively modelled as a parallel combination
of capacitance and resistance (see Fig. 4.1). Alternating current (AC) signals flow pri-
marily through the low-impedance capacitance (Cp), while direct current (DC) signals
pass through the parallel resistance (Rp). In this thesis, only AC signals are used. For
recording extracellular cell signals, maximizing the capacitance (Cp) is critical, as higher
capacitance reduces the impedance to AC signals. Meanwhile, the resistance component
contributes to thermal noise, so minimising the interfacial resistance is essential to reduce
noise and enhance the SNR.

The electrolyte medium supplies the ionic charges that contribute to the formation
of the (EDL). Cell culture mediums, commonly used as electrolyte mediums, are highly
complex in composition, containing various nutrients, antibiotics, and other components.

Extracellular electrophysiological measurements are often conducted over ex-
tended periods, lasting more than a day. Over such long durations, changes in the EDL
may occur, potentially caused by the accumulation of materials or sedimentation on the
electrode surface. These changes could affect the impedance of the EDL, altering the
electrical parameters that influence the SNR. As a result, the SNR of the sensing elec-
trodes may fluctuate over time rather than remaining constant.

The experiments described in this chapter are designed to evaluate the electrical
stability of the EDL over several days, assessing whether any significant changes occur
that could impact the reliability of the measurements.

This chapter begins by introducing the equivalent circuit that describes the fre-
quency dependence of the electrode when immersed in an electrolyte medium. This
equivalent circuit modelling aims to understand each circuit component's impact on the
impedance. Using equivalent circuit modelling, we can associate different parts of the
spectrum with specific electrode and cell culture medium regions. Specifically, it allows

us to determine whether temporal variations occur near the electrode surface or in the
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bulk electrolyte region. Next, we examine the temporal changes in impedance compo-
nents for various types of cell culture mediums, ionic solutions, and complex mixtures

with fructose.

The Electrical Double Layer

The structure that forms at the interface between the electrode and the electrolyte,
resulting from the separation of charges when ions from the electrolyte accumulate on the
electrode's surface, creating a layer of electric charge at their boundary, is known as the
Electrical Double Layer (EDL). The concentration of ions is highest at the point closest
to the electrode, where the electrode's electrical influence is strongest. As you move fur-
ther away from the electrode, the concentration of ions gradually decreases until it reaches
the bulk concentration, which is the normal level found in the electrolyte when it is not
under the influence of the electrode [54].

The EDL consists of two layers [55]. The first, called the Stern layer, results from
the accumulation of counterions on the surface of the electrode, while the second layer,
called the Gouy-Chapman layer, results from the diffusion layer extending outward from
the Stern surface.

The Stern layer, also known as the Helmholtz layer, is the region closest to the
electrode surface where counterions accumulate directly due to the strong electrostatic
attraction from the charged electrode. In this layer, the ions are tightly bound and do not
move freely, forming a compact layer that partially neutralizes the electrode's surface
charge. The Stern layer acts similarly to a capacitor, where the ions create a sheet of
charge that closely balances the electrode's charge.

The Gouy-Chapman layer is a diffuse layer that extends outward from the Stern
layer into the electrolyte solution. In this layer, the ions are more loosely distributed and
not fixed in place, with their concentration gradually decreasing as the distance from the
electrode increases. This layer represents a balance between the electrostatic attraction

towards the electrode and the thermal motion that causes the ions to spread out.
Extracellular signals recording

The recording of signals with extracellular electrodes are called extracellular sig-

nals, since there is no invasion of the cell body and the signal detection inherently depends
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both on the electrode properties and on the coupling properties of the cell membrane to
the electrodes, that is, the adhesion of the cell membrane to the sensing electrode.

Since the entire cell body is bathed in an electrolyte, the regions between the cell
membrane and the electrode are filled with this electrolyte, creating a complex electrical
circuit.

Assuming that i(?) is a time varying signal composed by a cooperative action be-
tween cells that is given by the sum of all the currents emanating from all the cells that
cover the sensing electrode, resulting in a potential drop in the sensor electrode (Vs(t))
equivalent to the extracellular signal potential. In this situation, an equivalent circuit
model can be derived for a system comprised by two parallel electrodes, of which one
electrode acts as the measuring (also referred as sensing electrode) and the other as the
counter electrode, to describe the electrode/electrolyte interface considering the presence

of living cells covering the device surface, shown in Figure 4.1.

Low Noise Voltage Preamplifier

Counter Measuring
Electrode L j Electrode ;

Figure 4. 1 Illustration of the electrical coupling of extracellular signals detected with microe-
lectrodes.

Detailing each element in Figure 4.1: iL(?) represents the current generated by the
cells, which flows through the electrolyte sealing impedance and iS(?) represents the cur-

rent generated by the cells that flow through the measuring electrode impedance. Vs(?) is
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the extracellular signal potential generated by the current within the system and Vo(z) is
the output signal from the voltage preamplifier.

The spreading resistance (Rc) represents the loss of signal as it spreads through
the electrolyte from the cell to the electrode. Cp and Rp represent the electrical double
layer at the electrode-electrolyte interface. The seal impedance (Zsz4r) is formed by the
electrolyte impedance in series with the counter electrode double-layer impedance.

The measuring circuit is completed with the low-noise voltage preamplifier.

When cells are in contact with the measuring electrode, the signal loss between
the cell and the measuring electrode is modelled by the resistance Rc. It is important that
Rc is small, this ensures that the extracellular signal is essentially coupled into the meas-

uring electrode:

Rc<<ZsgaL

EDL circuit modelling

From an electrical perspective, the EDL in series with the electrolyte can be ef-
fectively modelled by an equivalent RC network. Figure 4.2 depicts a common model
applied to represent the electrode-electrolyte interface, known as the Randles and Som-

erton model [56].

| Re
Electrode O —W Bulk Electrolyte

Ry
R W

Figure 4. 2 Randles and Somerton electrode-electrolyte model.

This model accounts for the interfacial capacitance of the EDL (Cp) in parallel

with the interfacial charge transfer resistance of the EDL (Rp) and to the diffusion related
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Warburg element, here shown as the parallel RC circuit combination between Rw and
Cw. Rg represents the electrolyte resistance, which is related to the effect of current
spreading from the electrode to the counter electrode.

The purpose of carrying out the simulation using an equivalent circuit is to identify
the changes in the impedance with the physical location where they occur. For the pur-
poses of recording extracellular signals, the contribution of the Warburg element is small.
Therefore, we decided to simplify the equivalent circuit and to remove the Warburg ele-
ment.

However, we add a parallel capacitance with the bulk electrolyte resistances. The
circuit used to simulate the EDL in series with a neutral bulk layer is shown in Figure

4.3a.

(2) (b)

EDL

Electrolyte

CE

RD RE

Figure 4. 3 (a) Double RC circuit used to describe electrodes immersed into an electrolyte system
(b) Equivalent Circuit assumed by the impedance analyzer. The impedance analyser measures Cp
and Rp, which are related to the equivalent circuit that describes the system.

The EDL is in series with the bulk electrolyte layer. The bulk electrolyte layer is
formed by the parallel network comprised by the bulk electrolyte resistance (Rg) and ca-
pacitance (Ck).

The impedance analyser assumes that the physical system that is measuring is a
parallel RC circuit. Therefore, the experimental readings are Rp and Cp values that should
be relate to the simplified equivalent circuit as shown in the Figure 4.3 (b).

The admittance of the EDL layer is
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1 4.1
YpL :R_+]wCDL “.D
DL
The admittance of the bulk electrolyte layer Yz given by
1
Rg

Yp;, 1s in series with Yy , therefore the combination of the two is a total admittance

Yrgivem by series combination of Yj,; with Yz

YpL+Yg (4.3)
Yp = ——=
YDLYE

Now this admittance must be expressed in terms of a Rp and a Cp values which

are the values measured by the impedance analyser

1
Rp
We can then extract the Cp and Rpvalues:
Imag(Yy) (4.5)
Cp=—12
w
1 (4.6)

Rp = ———
P Real(Yy)

When plotting the frequency response of the systems is convenient to plot not Rp
but the value of 1/(wRp) which is named Loss. The Loss parameter is convenient because
it provides a maximum where the two-layer system has a relaxation [57]. Furthermore,
Loss and capacitance have the same units (Farad).

The above relationship were implemented in a MATLAB script to simulate the
frequency response of the circuit. To inspect the contribution of each element each circuit
was varied individually. Below it is represented the changes on the frequency response

of the electrode/electrolyte systems.
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4.2. Methodology and experiments

4.2.1. Experimental setup
The system designed for recording ultra-weak signals from non-electrogenic cells

includes a low-noise preamplifier directly coupled to the transducer device. This pream-
plifier amplifies the signals, which are then sent to an oscilloscope for proper visualiza-
tion, with the time scale carefully adjusted to capture the nuances of the signal.

Once data acquisition is complete, the files are transferred to a computer for fur-
ther processing. The schematic diagram of the system is shown in Figure 4.3 and the real

acquisition signals system components are shown in Figure 4.4.

Faraday Cage Voltage Preamplifier

Digital Signal Signal Analysis
Transducer Analyser Application
device

Figure 4. 5 Acquisition signals system components: Voltage preamplifier; Digital Sig-

nal Analyser; Computer using application for signal analysis

Small signal impedance measurements were carried out using an impedance ana-

lyser, Fluke PM6306 (Fluke Corporation, Everett, USA). A self-developed software
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called RCL, which runs only on Microsoft computers, was used to remotely control, and
perform all measurements in this work. The RCL software runs on Microsoft computers.

The connection of the electrodes to the measuring device was made using gold
wire, positioned with the help of liquid silver, both materials with extremely high con-
ductivity. After the connection of the transducer device, the samples were placed were
placed within a die-cast aluminium case. The case was then placed inside an incubator to
maintain a constant temperature of 37°C, ensuring that this condition did not affect the
results.

To protect the recording system from electromagnetic interference, it was placed
inside a 1-meter cube-shaped Faraday cage made of 5 mm thick iron, which was posi-

tioned on top of anti-vibrational mounts at each corner.

4.2.2. Electrodes
The electrodes used are based on standard technology, the commercial 8§ Well

PET Arrays purchased to Applied Biophysics, New York, USA, consisting of patterned
gold electrodes on a polyethylene terephthalate (PET) substrate. [58]

All samples contain 8 well PET arrays and have the same pattern of electrodes per
well. The gold tracks between the electrodes and larger contact pads are insulated with a
thin layer of cured photoresist polymer.

A well PET array has a single circular electrode with a diameter of 250 um located
in the centre, resulting in a total electrode area (Ae) of 0.049 mm? and spacing 3mm to

the counter electrode.

4.2.3- Culture Media
To evaluate the influence of the electrolyte composition on the impedance behav-

iour of the test circuit used, 5 different types of culture media were used, namely: Dul-
becco's Modified Eagle Medium (DMEM); Kaighn's Modification of Ham's F-12 Me-
dium (F12K); a medium consisting only of fructose and KClI studied at two different KCl
concentration (KCI 10mM; fructose 20% and KCI 6mM; fructose 20%), and a medium
containing only KCI at a concentration of 16mM.

Dulbecco's Modified Eagle Medium (DMEM)[59] is a widely used basal medium

for supporting the growth of many different mammalian cells. Astrocytes have been
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proven to be compatible with this type of medium. It is a sugar-rich medium and contains
an extensive list of amino acids and vitamins, besides glucose and inorganic salts.

F12-K [60] is also a widely used complex medium in biological studies. Com-
pared to DMEM, it has a more extensive and varied list of salts, but in very similar con-
centrations. The main difference between these two media is indeed the amount of sugar,
with F12-K containing about one quarter of the sugar content found in DMEM.

The initial media studied, DMEM and F12-K, as said before, are complex formu-
lations that include a wide range of components. To investigate the specific effects of
individual components, simpler media containing only fructose and KCl was also exam-
ined. This approach allows us to analyse the influence of these components, such as pro-
teins.

To explore how salt concentrations impact the EDL comportment, two media
were prepared containing only fructose and KCI but with different concentrations of the
salt. Finally, a medium containing only KCI, without any sugar source, was used to assess

the salt influence in impedance.

4.2.4 Experience Description
The general settings were tgeh following, the test signal (AC level) used was a

voltage field with an amplitude of 100 mV AC and a bias component of 0 V DC and the

test circuit used was a parallel resistor-capacitor admittance circuit (Rp || Cp).

4.3. Results

4.3.1. Design Rules
Using the circuit model from Figure 4.4, to understand the influence on both the

capacitance and the loss of the system, the values of each component were varied while
keeping the others constant. The initial model is shown in Figure 4.5, and the components
had the following values: Cp =3 nF; Rp =3MQ; Cr = 0.5nF; Rg = 3kQ. Figures from 4.6

to 4.9 show the influence of Cp, Rp, Cr and Rg respectively.
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Figure 4. 6 Equivalent circuit (Fig. 4.3a) frequency response.

(a) EDL frequency response when Cp changes
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Figure 4. 7 Frequency response with multiple values for the Cp component: Cp =3nF (initial),
Cp =4.5nF, Cp =6nF (see circuit in Fig. 4.3a)

(b) EDL frequency response when Rp changes
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Capacitance, Loss (nF)

Frequency (Hz)

Figure 4. 8 EDL frequency response with multiple values for the Rp component: Rp = 3MQ (ini-
tial), Rp = 4.5MQ, Rp = 6MQ, Rp = 8MQ

(c) EDL frequency response when Cf increases
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Figure 4. 9 EDL frequency response with multiple values for the Cz component: Cg=0.5nF (ini-
tial), Cg =2nF, Cg =3.5nF, Cr =5nF

(d) EDL frequency response when Rr changes
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Figure 4. 10 EDL frequency response with multiple values for the Rz component: Rz = 30kQ
(initial), Rz = 60kQ, Rr = 90kQ, Rr = 120kQ

4.3.2. Media Results

Samples of different electrolytes were prepared and placed on the electrodes.
These results show the measurement of loss and capacitance of these same samples over
frequency, before and after a certain period.

(a) DMEM media

Capacitance, Loss (nF)
N w - (4] (o2] ~ 2]

Frequency (Hz)

Figure 4. 11 Comparison of the capacitance and loss at the beginning (t=0h) (Ci and Lf) and at
the end (t=42.7h) (Cf'and Lf) of the experiment with DMEM media.

(b) F-12K media
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Capacitance, Loss (nF)

Frequency (Hz)

Figure 4. 12 Comparison of the capacitance and loss at the beginning (t=0h) (Ci and Li)
and at the end (t=43.4h) (Cf'and Lf) of the experiment with F-12K media.

(c) Media containing KCI (10mM) and Fructose (20%).

Capacitance, Loss (nF)

Frequency (Hz)

Figure 4. 13 Comparison of the capacitance and loss at the beginning (t=0h) (Ci and Lf) and at
the end (t=45.4h) (Cf and Lf) of the experiment with media containing KC] 10mM and Fructose
20%.

(d) Media containing KCl (6mM) and Fructose (20%).
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35F

Capacitance, Loss (nF)

Frequency (Hz)
Figure 4. 14 Comparison of the capacitance and loss at the beginning (t=0h) (Ci and Li) and at

the end (t=33.6h) (Cf'and Lf) of the experiment with media containing KCl 6mM and Fructose
20%.

(e) Media containing KCl 16mM.

Capacitance, Loss (nF)

Frequency (Hz)

Figure 4. 15 Comparison of the capacitance and loss at the beginning (t=0h) (Ci and Li) and at
the end (t=34.2h) (Cf and Lf) of the experiment with media containing KCl 16mM.

4.4. Discussion
In Figure 4.2, a model circuit featuring a component known as the Warburg ele-

ment was presented. As said before, for simplification, this element's effect was disre-

garded during signal acquisition and analysis. However, the influence of this element is
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still noticeable, though not critical,. The influence of this element is visible in the initial

curvature of the capacitance, whereas in the model, it appears as a straight line.

For each electrolyte medium, we can conclude the influence that time had on the
behaviour of impedance, given that these measurements were taken at significant inter-
vals of 34h to 48h. By visualizing the graphs, comparing the values at the beginning of
the experiment and several hours later, and considering the influence of each component

on the final design of the graphs, Table 4.1 was elaborated.

Table 4. 1 Time influence on the values of each component

Ck RE Cp
DMEM + - -
F-12k - - +
KCI 10mM +fructose 20% - - -
KC1 6mM + fructose 20% = = +
KCl 16mM + + +

The influence on impedance of the sugar/carbohydrate, inorganic salts and pro-
teins/vitamins can be concluded by comparing media with similar characteristics that dif-
fer only in the constituent being studied.

The sugar influence can be analysed by comparing the following media: DMEM
with F-12K; media containing KCI 10mM and Fructose 20% with media containing KCI
16mM.

In media with higher sugar content (DMEM and KCl (10mM), CP decreases,
while in media with lower sugar content, Cp increases, a trend observed in both compar-
isons. Additionally, Cr in media with higher sugar is greater than in media with lower
sugar, and Cp in media with higher sugar is lower than in media with less sugar. The
relaxation point remains unchanged, indicating that sugar does not affect Rp.

Regarding the influence of proteins and vitamins, comparing the media: DMEM
with media containing KCl 10mM and Fructose 20%; and F-12K with media containing
KCI 10mM and Fructose 20%. There is a slight decrease in Rg in the medium containing
only salt and sugar when compared to more complex media, but this variation is not sig-

nificant. Therefore, no visible influence is observed comparing both experiments that
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cannot be explained by the presence of other constituents like salts and sugars in each
medium.

For salt influence, by comparing the media containing KCl 10mM and Fructose
20% with the media containing KCl 6mM and Fructose 20%.

The media with a higher salt concentration shows significantly higher Rg values,
meaning that relaxation occurs at low frequencies, while in the lower salt concentration
media, relaxation occurs at higher frequencies. There is no concrete influence of salt on

the other components.

4.5. Conclusions
The conclusion is that the constituents of the electrolytic medium interfere with

the system's capacitance and overall loss of the electrode/electrolyte system.

The presence of proteins and other typical constituents of culture media does not
appear to significantly alter the impedance and the frequency response. However, both
the presence and concentration of sugars and salt have an influence. The presence of sugar
seems to affect the capacitive components of the circuit. The most notable influence
comes from salt, which is increases the bulk electrolyte conductivity and causes a shit in

the relaxation of the loss.
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Chapter 5

Extracellular Astrocyte
Signals: The role of the electrode
geometry on the signal duration

This chapter addresses fundamental aspects related to the nature of the bioelectrical sig-
nals generated by astrocyte populations. Connected populations of astrocytes can gener-
ate not only electrical noise but also discrete electrical oscillations. It is important to know
if these oscillations are travelling waves or steady-state oscillations generated by a cluster
of cells that synchronize their activity. This chapter aims to gain insight into the type of

electrical oscillation generated by astrocyte populations.
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5.1. Introduction
It is widely accepted that individual astrocytes cannot generate discrete signals

such as APs. However, numerous studies suggest that astrocyte populations cooperate
and synchronize their activity to produce waves that propagate across tissues or compact
cell monolayers. These are commonly referred to as calcium waves [61]

Although calcium oscillations occur within astrocytes, they may also produce an
extracellular component that can be detected by external electrodes. Calcium waves typ-
ically propagate at speeds of 10-50 microns per second [62], and the duration of calcium
waves in astrocytes is described as being in the range of several seconds to tens of seconds
[63]. These waves are commonly visualized through optical microscopy using calcium
fluorescence probes. However, it is crucial to understand how these waves can be detected
electrically by extracellular electrodes instead of relying on optical methods.

Figure 5.1 illustrates the concept of using electrodes to detect travelling waves.
As a wave passes over an electrode, it generates a transient rise in cell potential, lasting
as long as the wave takes to cross the electrode. Narrow electrodes capture brief oscilla-
tions, whereas wider electrodes record longer voltage oscillations. Therefore, voltage sig-
nals of varying durations can be obtained by designing electrodes with different widths.

Our conceptual view of wave-crossing electrodes predicts the observation of
square-like voltage signals. The bioelectrical signals recorded are biphasic. Therefore,
they do not entirely fit with our view. The biological mechanism behind the shape of

these signals is not clear yet.

Traveling wave —— I
N\ Cells Voltage (V) I—I
T i e e O T e A S R
il

—

electrode Time (s)

(b)

Traveling wave g
A | | Cells Voltage (V) J_‘-
P A e A AT A A A
W,

electrode Time (s)

Figure 5. 1 Conceptual view of recording a travelling wave using extracellular elec-
trodes. (a) wave crossing an electrode with width W;. (b) A wave crossing a shorter
electrode with width W,
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In addition to the electrode geometry to inspect for travelling waves, simple round
electrodes with different areas were fabricated and used to record extracellular signals
and to inspect the effect of the electrode area on the signal duration and the signal power.

The objective of this experiment is to observe discrete signals arising from syn-
chronised cellular activity. Specifically, the focus is on a cluster of cells working together
to produce an electrical oscillation. Unlike travelling waves, this oscillation remains lo-
calised within the cell cluster that generates it. Currently, there is no information regard-
ing the number of cells that can participate in this synchronisation or the spatial extent of
the cluster. If this mechanism is operating, it can be hypothesised that the recorded signal
strength (or power) will also increase as the number of synchronised cells increases.

Small-area electrodes inherently limit the size of the cell clusters that can be meas-
ured, with the maximum cluster size constrained by the electrode’s surface area. In con-
trast, larger-area electrodes can accommodate larger clusters. As a result, we expect to
observe a broader distribution of signal strengths with larger-area electrodes. This rela-
tionship between electrode size and signal power distribution assumes that the area of the
smallest electrodes is smaller than the dimensions of the largest synchronised cell clus-
ters.

This chapter presents the fabricated electrode designs and the corresponding elec-
trical signal records. The analysis involves a selection of discrete signals with well-de-

fined shapes that allow quantifying the signal duration.

5.2. Methods
(a) Electrodes

The electrophysiological system used to record bioelectrical activity is described
in detail in Chapter 3. All recordings were conducted in voltage mode.

To examine the electrode's role in controlling signal duration and power, two elec-
trode geometries were tested. One configuration, shown in Figure 5.2, features concentric

circular fingers with varying widths.
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@

Figure 5.2 Patterns of circular concentring rings with different widths. (a) schematic diagram
with the dimensions. (b) Gold electrode fabricated in a glass substrate. (c) electrode pattern fab-
ricated on a thermally oxidized silicon wafer. (d) A photograph of the central region clearly

shows the electrodes.

The electrodes provided by Applied Biophysics™ feature patterned gold on a pol-
ycarbonate (PET) substrate. This electrode type is particularly well-suited for studying
the impact of electrode area on signal power. The circular electrode is coated with a pol-
ymer layer that can be selectively removed using a diluted solution of NaOH. By adjust-
ing the size of the NaOH droplet in contact with the polymer, different areas of the un-
derlying gold electrode can be exposed. This method offers a simple and effective way to
create electrodes with varying active surface areas.

The electrode area was varied from 0.08 cm? to 0.23 cm?. Figure 5.3 presents the
commercial electrodes obtained from Applied Biophysics, along with a schematic dia-

gram of the electrode design.

40



5. Extracellular Astrocyte Signals

(b)

Counter electrode
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Sensing electrode

I

= L Polymer coating
250pm

Figure 5. 3 (a) Commercially available electrodes from applied Biophysics (ref. SWIE
PET) device with 8 wells. (b) Schematic representation of the electrode geometry.

(b) Cells

The astrocytes (c8dla- Astrocyte type I clone) [64] used are astrocytes isolated
from the cerebellum of mice. Cells were cultured in the laboratory using DMEM medium,
previously described in Chapter 3. For accurate measurements to be taken, it is essential
that all biological conditions are met, including cell confluence and the formation of a

uniform monolayer.

5.3. Results

5.3.1 Electrophysiological time traces
Electrophysiological time traces were recorded over several days. Figure 5.4 pro-

vides an overview of a long-duration experiment. Overall, the activity is characterised by
periods of intense activity, often consisting of discrete signals interspersed with quieter

intervals.
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Figure 5. 4 Electrical signals captured from a population of astrocytes, an over-
view of a long-term experiment.

5.4. Signal analysis
When cultured astrocytes are interfaced with MEAs, the electrical signals rec-

orded from these cells can be categorised into three distinct types: biphasic signals, mo-
nophasic upward signals, and monophasic downward signals. Biphasic signals are the
most prevalent and easy to characterize. Biphasic signals are characterised by a waveform
that exhibits two distinct phases. Two typical examples of biphasic signals are depicted
in Figure 5.5. To quantify the signal's duration, the fast component of the signal (marked
as At in Fig.5.5) was selected. Although 4+, is not the total signal duration, we found that

it is simpler to quantify only the fast signal component than the entire signal component.

At
@ (b)

Voltage (v)

Time (s)

Figure 5. 5 Typical shapes of biphasic signals recorded in astrocyte populations. The duration A¢
of the short signal component was used as a quantification parameter to define the signal dura-
tion.
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The signal duration was selected as a good indication of the signal power; longer
signals tend to have higher power. Figure 5.6 shows an example of this behaviour. How-
ever, since we do not know the biological origin of the fast signal component, it is ques-
tionable that the duration of the fast component is an adequate indicator to establish a
relation with the area and geometry of the electrodes.

During a long-duration experiment, several biphasic signals are recorded. The du-
ration of each signal was measured and grouped, and the durations were analysed to as-
sess the activity of intercellular communication among astrocytes. Additionally, a study
was conducted to determine whether the signal duration depends on the electrode's area
and geometry, providing further insights into the factors influencing these bioelectrical

events.

50

|
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Figure 5. 6 Typical biphasic signals in an astrocyte population.

5.5. Dependence of the signal duration on the area and geometry of
the electrode

We identified many discrete signals across all the electrode areas and geometries
described above in the long-term electrophysiological time traces. We measured the spe-
cific duration of each signal and found that they ranged from less than one second up to
a maximum of 40 seconds. To properly describe this wide distribution of signal durations,
we grouped the signals into bins with a duration of 1 second. Then, we counted the num-
ber of signals with durations fitting into each interval and represented this information as
a histogram. The histograms for the 4 electrode widths are shown in Figure 5.6.

The 20- and 5-micron-width electrodes recorded a relatively high number of sig-

nals. However, the 5- and 15-micron electrodes captured relatively few discrete signals.
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In both cases, most signals had durations of less than 5 seconds, while signals lasting
longer than 10 seconds were rare across all electrodes.
This signal dependence on the electrode width presented above suggests that elec-
trode width does not significantly influence signal duration. Consequently, the data im-
plies that the recorded signals do not align with the characteristics of a travelling oscilla-
tion or that the model assumed and described in the introduction section is incorrect.
A similar analysis of signal distribution was also carried out for the round electrode
geometry, represented in Figure 5.8. Four different electrode areas were used. The maxi-
mum of the distribution peaks in signal durations is below 5 seconds. Signals longer than

10 seconds are rare in all the electrode areas.
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Figure 5. 7 Comparison of signal duration for circular electrodes with different electrode

widths. Electrode geometry is represented in Figure 5.2. d being the width of the electrode.
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Figure 5. 8 Comparison of signal duration for round electrodes with different electrode ar-
eas. Electrode geometry is represented in Figure 5.3.
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5.6. Discussion and Conclusions
This chapter investigates the impact of electrode geometry and active area on the

properties of bioelectrical signals recorded from astrocyte populations. Specifically, it
examines how variations in electrode area and design influence the fast component of the
signal duration. Two distinct electrode configurations were employed. The first design
used a constant round geometry while the active area was systematically varied. In the
second design, circular electrodes with different line widths were used, resulting in vari-
ations in electrode width and total area variations.

When analyzing discrete signals, a broad range of signal durations was observed,
spanning from less than one second to up to 40 seconds. These signal durations were
grouped into 1-second intervals, and the number of signals in each bin was recorded. It
was found that electrodes with smaller areas exhibited a narrow signal duration distribu-
tion, peaking at 1 second, with a rapid decay. Signals longer than 10 seconds were rare
for these smaller electrodes. The signal duration distribution broadened as the electrode
area increased to 0.1 cm? and 0.17 cm?, with the peak shifting to 5 seconds. In principle
larger electrodes can measure synchronized activity from larger clusters of cells. How-
ever, for the largest electrode (4 = 0.23 cm?), the distribution closely resembled that of
the smallest electrode. The highest density of signals peaks at 3 seconds, slightly higher
than the 1-second peak observed for the smallest electrode.

In summary, while larger electrodes can detect a broader distribution of signal
durations, the differences are not substantial enough to draw definitive conclusions. This
may be due to the influence of other factors, such as the way astrocyte populations organ-
ize. Astrocytes aggregate into clusters rather than forming continuous populations across
the entire electrode surface. This clustering effect may have confounded the results, mak-
ing the experiments less reliable. Additionally, in some experiments, the recordings were
particularly noisy, making the detection of discrete signals challenging and contributing
to the limited observations of clean discrete signals.

The investigation into electrode width did not provide evidence supporting the
observation of travelling waves. The results were hampered by the difficulty in obtaining
large confluent populations across the entire electrode geometry. This aggregation of the
cells is likely hindered by the formation of travelling waves. As a result, our findings are

inconclusive, and additional experiments will be necessary to clarify these observations.
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Chapter 6

Chemical Stimulation of Astrocytes

This chapter examines the effects of various drugs on the bioelectrical behaviour of as-
trocyte cultures. Key steps include culture preparation, electrode placement, drug admin-
istration, medium exchange, and data analysis. Most results were consistent with the lit-
erature and in some experiments, a pronounced system response was observed following

the medium exchange after drug administration.
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6.1. Introduction
It is crucial to demonstrate that we can intentionally disrupt the bioelectrical ac-

tivity of astrocyte populations. One effective method to induce such changes is by expos-
ing the cell culture to drugs known to interact with ion channels. If these changes in the
bioelectrical activity can be recorded reproducibly, it contributes to validate our bioelec-
trical devices and methods.

This chapter presents the bioelectrical responses of confluent astrocyte cell popu-
lations to a variety of drugs. The selected drugs were chosen based on literature reports
indicating their effects on ion channels. The drugs used include Ethylene Glycol
Tetraacetic Acid (EGTA), caffeine, norepinephrine, dopamine, and calcium chloride. Ad-
ditionally, the effects of pH changes in the cell culture medium were explored.

Changes in perfusion conditions, which involve replacing the spent cell culture
medium with fresh medium, can dramatically alter cellular metabolism. For example, it
has been shown in fibroblasts that increasing perfusion rates leads to higher nutrient con-
sumption rates and increased cellular metabolism [65]. Therefore, changes in perfusion
conditions are also expected to affect the bioelectrical activity of the cell population and
were discussed in this chapter.

Following this introduction, which outlines the main purpose of exposing cell
populations to drugs, the subsequent sections provide information about each adminis-
tered drug, including their properties and expected effects on astrocyte activity. The ex-
perimental methods used for drug administration, the specific concentrations applied, and
the experimental setup are also presented. In the results section, the effects of each drug
on the astrocyte population are presented. The impact of the drugs on astrocyte population
activity is presented both in the time and frequency domain. The results are discussed in

detail in a separate section before the main conclusions are outlined.

6.2. Drug description

This section presents the drugs used and their possible effects on astrocytic cells.
It will discuss each substance's mechanisms of action, their specific interactions with as-

trocytes and neurons, and their impact on cellular communication and brain function.

(a) EGTA
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EGTA, also known as egtazic acid, is a widely used calcium chelating agent in
neuroscientific research due to its high specificity for calcium ions compared to other
cations. This compound can bind strongly to free calcium ions within the cell, forming
stable complexes that prevent these ions from interacting with other molecules [66].

Calcium chelators like EGTA reduce intracellular calcium levels by binding free
calcium ions [67]. This directly lowers the activation of calcium-dependent channels and
pathways, reducing cellular excitability. In astrocytes, this decrease in calcium availabil-
ity suppresses signalling and leads to lower overall activity. Thus, the primary effect of
EGTA is a reduction in cellular activity due to the reduced intracellular calcium concen-

tration.

(b) Caffeine

Caffeine (1, 3, 7-trimethylxanthine) is a naturally occurring alkaloid found in dif-
ferent ways in the daily lives of all people [68]. Caffeine significantly influences neural
processes, especially by blocking adenosine receptors, including subtypes Al and A2A,
which are expressed in both astrocytes and neurons. A1 receptors inhibit neuronal activ-
ity, conserving energy, while A2A receptors promote glucose uptake and play a role in
regulating energy metabolism. Blocking these receptors by caffeine leads to greater neu-
ronal excitability, increasing cellular activity, which can alter neurotransmitter release
and synaptic communication [69].

Caffeine also plays a role in modulating intracellular calcium mobilization and
influencing the activity of synaptic receptors and channels, leading to plastic changes in
synaptic transmission efficiency and synaptic morphology. By activating ryanodine re-
ceptors, caffeine lowers the threshold for intracellular calcium release, thereby enhancing

cell signalling [70].

(c) Calcium chloride

Calcium chloride, CaCly, is an ionic halide. When administered to astrocytes, it
increases the concentration of calcium ions (Ca2?") in the intracellular medium due to its
dissociation in a culture medium. The literature states that this substance influences ho-

meostasis and even regulates astrocyte volume [71].
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One of the main communication pathways and multicellular responses in astro-
cytes involves propagating calcium waves [72]. Communication between astrocytes re-
lies on the presence of calcium: a local increase in intracellular calcium can trigger the
propagation of a calcium wave to neighbouring cells.

The presence of calcium is crucial for this communication once a local increase
in calcium levels within an astrocyte, often triggered by inositol trisphosphate receptor
(IP3) receptor activation, can propagate as a calcium wave [73]. The higher the calcium
concentration within an astrocyte, the more likely communication through calcium waves

is to occur.

(d) Norepinephrine

Norepinephrine is a neurotransmitter. There are studies indicating that norepi-
nephrine can alter the response of astrocytes to nearby neural activity, increasing both the
magnitude of the response and the proportion of responding astrocytes.

Norepinephrine induces widespread calcium responses in astrocytes, effect that
can be disrupted by gliotoxins and the conditional suppression of exocytosis in astrocytes
and can be blocked by antagonists of the gliotransmitter ATP [74].

Norepinephrine is a key factor in the stress response. It activates neurons in the
hypothalamus that release corticotropin-releasing hormone (CRH). This activation in-
volves a signalling process in the dendrites, which, in turn, involves astrocytes [75].

In the literature it has been shown that norepinephrine significantly influences
astrocytes by inducing large, dose-dependent Ca2+ responses [76]. Based on this infor-
mation, a positive influence on the activity and communication of the astrocyte culture is

expected, as well as the influence of the concentration of norepinephrine used.

(e) Dopamine

Dopamine is a key neurotransmitter in the mammalian brain and cultured astro-
cytes have been found to exhibit rapid dopamine uptake [77].

Astrocytes possess two distinct types of dopamine receptors: D1 receptors, which
have an excitatory function, and D2 receptors, which serve an inhibitory role. Upon acti-
vation of D1 receptors, there is a subsequent increase in the intracellular calcium ions

(Ca*") concentration within the astrocytes. This rise in Ca?* can then initiate the release
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of gliotransmitters, thereby influencing synaptic communication and neuronal activity
[78].

The increase in Ca?" modulates the excitability of astrocytes, increasing both in-
tracellular and intercellular signalling and, consequently, affecting neuronal function and
synaptic communication. However, the response of astrocytes to dopamine is not yet fully
understood; evidence suggests that astrocytic responses may vary depending on the brain

region [79].

(f) Glutamate

Glutamate is the primary mediator of sensory information, motor coordination,
emotions, and cognition, including memory formation and retrieval. Beyond its role in
these processes, glutamate plays a crucial part in metabolic communication between neu-
rons and astrocytes and is involved in cell proliferation in cortical astrocytes [80].

The glutamate—glutamine cycle is an essential process occurring in astrocytes, that
regulates the synthesis and recycling of glutamate between neurons and astrocytes. This
cycle is based on the discovery that the enzyme responsible for synthesizing glutamine
from glutamate is expressed in astrocytes but not in neurons. This finding led to the un-
derstanding that glutamate released from neurons is transported into astrocytes, converted
to glutamine, and subsequently returned to neurons. In neurons, glutamine is converted
back to glutamate [81].

Excessive glutamate administration has been shown to disrupt communication be-
tween brain cells, particularly affecting astrocytes. This disruption can lead to impaired
synaptic transmission, altered plasticity, and dysregulated intracellular signalling path-

ways [82]. However, in low concentrations, glutamate may increase astrocytic activity.

(g) Acidified medium

Several studies in astrocytes reveal that pH affects excitability, neurotransmission,
and responses to injury [83]. It has also been established that cultured mammalian astro-
cytes pH is sensitive to changes in membrane voltage [84].

When cells are exposed to an acidic medium, an abrupt drop in intracellular pH,
(herein referred to as pHi) is expected immediately. The cells' response can be complex,

and the pattern of pHi regulation in certain types of cells tends to be unique. This response
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to acidification may be a partial or complete recovery of pHi, and rapid morphological
changes in astrocytes are known to occur [85].

Astrocytic pH dysregulation is implicated in various diseases, making research
particularly interesting. Astrocytic pH regulatory mechanisms could offer a promising

therapeutic approach to modulating brain acid-base balance [86].

6.3. Experimental Methods

The electrical recording setup used in this chapter is the one described in Chapter
4, Experimental Methods. The cells were cultured and prepared for experimentation, as
explained in Chapter 5. The sensing devices were electrodes purchased by applied Bio-
physics, also described in Chapter 4. The sensing electrode has an active are of 0,49 cm?.

The astrocyte populations were chemically stimulated using the following proce-
dure. Cell-culture medium solutions containing precise drug concentrations were pre-
pared in advance. After recording the bioelectrical baseline, electrical measurements were
temporarily paused, and the cell culture medium was completely removed from the de-
vice. The medium was replaced with a fresh solution containing the defined drug concen-
tration, and electrical measurements resumed. Exposure times ranged from 30 to 60
minutes (See Table 6.1). Upon completion of the exposure period, electrical measure-
ments were paused once more, and the medium was replaced with a fresh cell culture

medium without the drug.
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Table 6. 1 Drugs used in this study. The concentration and exposure times are outlined.

Drug Concentration Exposure Time (minutes)
100 uM 45
EGTA
500 uM 50
Caffeine 2.5 mM 60
5mM 60
Calcium Chloride
10 mM 50
Norepinephrine 5 mM 30
10 mM 30
Dopamine
2.5 mM 30
2.5 mM 30
Glutamate
5 mM 60
pH=16.2 45
Acidified Medium
pH=5.4 45

6.4  Results and analysis

This section details the responses of astrocyte populations to various drugs. Ini-

tially, the cell population activity is recorded to establish a clear baseline. Subsequently,

the bioelectrical activity is monitored during drug exposure and after the drug-containing

medium is replaced with a fresh medium.

Multiple consecutive drug exposure experiments are often conducted, with in-

creasing drug concentrations.

(a) Response to EGTA
The effects of EGTA at two different concentrations, 100 uM and 500 uM, were

investigated. The results are presented in Figures 6.1, 6.2, and 6.3. Bioelectrical record-

ings are shown in the time and frequency domains.
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Figure 6. 1 (a) Recordings of bioelectrical activity before, during and after administration
of EGTA at a concentration of 100 uM (b) Power spectral density of the voltage noise,
Sy, as a function of frequency.(A) Before exposure (B) During exposure and (C) Drug
wash with replacement with a fresh cell-culture medium.

Upon EGTA exposure, the average noise level decreases as expected, since EGTA
disrupts cell-cell connections and inhibits communication with neighbouring cells. Con-
sequently, the activity remains low, nearing the baseline electrode noise level. However,
a pronounced increase in bioelectrical activity is observed after the medium is replaced
with fresh culture medium (without EGTA).

While the cells exhibited activity in the fresh medium, a second administration of
EGTA at a higher concentration was carried out. The results of this experiment are pre-
sented in Fig. 6.2. Contrary to expectations, the second administration of EGTA does not

have a clearly visible effect on bioelectrical activity.
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Figure 6. 2 (a) Recordings of bioelectrical activity before, during and after administra-
tion of EGTA at a concentration of 500 uM (b) Power spectral density of the voltage
noise, Sy, as a function of frequency.(C) Before exposure (D) During exposure and (E)
Drug wash with replacement with a fresh cell-culture medium.

Figure 6.3 presents an overview of the effect on the bioelectrical activity of an
astrocyte population following two consecutive EGTA administrations at increasing con-

centrations. Interestingly, the second administration did not completely silence cellular

activity, though the reasons for this remain unclear.
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Figure 6. 3 Bioelectrical response of an astrocyte population to two consecutive EGTA
administrations at increasing concentrations.

(b) Response to Caffeine

In this experiment, astrocytes were exposed to caffeine at a concentration of 2.5
mM. According to the literature, an increase in cellular activity was anticipated; however,
this was not reflected in our bioelectrical recordings. Figure 6.4 illustrates the response
to caffeine administration, with the bioelectrical data presented in both time and fre-
quency domains. During caffeine exposure, the activity remained nearly unchanged.
However, following the replacement of the cell culture medium with fresh medium, a

significant increase in the average amplitude of the oscillations was observed.
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Figure 6. 4 (a) Recordings of bioelectrical activity before, during and after administration
of caffeine at a concentration of 2.5 mM (b) Power spectral density of the voltage noise,
Sv, as a function of frequency.(A) Before exposure (B) During exposure and (C) Drug
wash with replacement with a fresh cell-culture medium.

(©) Response to Calcium Chloride

The effects of calcium chloride (CaClz) administration on the bioelectrical activity
of astrocyte populations were evaluated at two concentrations: 5 mM and 10 mM. The
anticipated outcome was an increase in activity, with higher concentrations expected to
produce a more pronounced effect. Figures 6.5, 6.6, and 6.7 present the results in both
time and frequency domains.

The administration of CaCl: had minimal impact on astrocyte bioelectrical activ-
ity. In the frequency domain, the separation of the two curves is caused by the presence
of two discrete signals. Sporadic signals were also recorded before CaCl. exposure, mak-
ing it difficult to attribute these signals to CaCl. conclusively. After one hour of exposure,
the cell culture medium was replaced with a fresh medium without CaCl..

Again, upon washing with a fresh cell culture medium, a significant increase in the astro-

cyte bioelectrical activity is recorded (see Fig. 6.5).
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Figure 6. 5 (a) Recordings of astrocyte bioelectrical activity before, during and after ad-
ministration of CaCl. at a concentration of 5 mM (b) Power spectral density of the voltage
noise, Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C)
Drug wash with replacement with a fresh cell-culture medium.

A second consecutive administration causes a slight increase in the bioelectrical
activity, which remains high even after washing of the drug with a fresh cell culture me-

dium.
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Figure 6. 6 (a) Recordings of bioelectrical activity before, during and after administration

of CaCl: at a concentration of 10 mM (b) Power spectral density of the voltage noise, S,

as a function of frequency. (A) Before exposure (B) During exposure and (C) Drug wash

with replacement with a fresh cell-culture medium.
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Figure 6.7 provides an overview of two consecutive CaCl; administrations on the

bioelectrical activity of astrocytes.
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Figure 6. 7 The effect of CaCl, administration on the astrocyte activity. Two consecu-
tive administrations with increasing CaCl, concentrations were carried out.

(d) Response to Norepinephrine
The effects of norepinephrine exposure on astrocyte activity using the concentra-

tion of 5 mM are presented in Figure 6.8. The data is presented both in time as well as in

the frequency domains.
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Figure 6. 8 (a) Recordings of bioelectrical activity before, during and after administration
of norepinephrine at a concentration of 5 mM (b) Power spectral density of the voltage
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noise, Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C)
Drug wash with replacement with a fresh cell-culture medium.

Norepinephrine induces strong astrocyte bioelectrical activity (as expected),
which remains high throughout the drug exposure period. Even upon washing, the activ-

ity remains high. This behaviour is represented in Fig. 6.8.

(e) Response to Dopamine
The study examined the effects of dopamine administration at concentrations of
2.5 mM and 10 mM on astrocytic activity, as illustrated in Figure 6.9. The astrocyte bio-

electrical activity increases as expected. Upon wash the activity slowly decreases with
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Figure 6. 9 (a) Recordings of bioelectrical activity before, during and after administration
of dopamine at a concentration of 10 mM (b) Power spectral density of the voltage noise,
Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C) Drug
wash with replacement with a fresh cell-culture medium.

A second consecutive administration of dopamine did not produce any noticeable
effects on the bioelectrical activity. The results of both consecutive administrations are

summarized in Figure 6.11.
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Figure 6. 10 (a) Recordings of bioelectrical activity before, during and after administra-
tion of dopamine at a concentration of 2.5 mM (b) Power spectral density of the voltage
noise, Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C)
Drug wash with replacement with a fresh cell-culture medium
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Figure 6. 11 The astrocyte bioelectrical activity response to two consecutive dopamine
exposures with increasing concentration
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® Response to Glutamate

The effects of glutamate administered at concentrations of 2.5 mM and 5 mM on
astrocytic activity were also investigated, with results presented in Figures 6.12 and 6.13.
As anticipated, an increase in astrocytic activity was observed. However, these results are
not entirely conclusive, as the electrophysiological traces show discrete bioelectrical sig-
nals that complicate the interpretation of the activity. These signals may appear sponta-
neously. To reach a conclusion, these experiments must be repeated several times, and a

statistical analysis must be carried out to ensure that the results are reproducible.
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Figure 6. 12 (a) Recordings of bioelectrical activity before, during and after administra-
tion of glutamate at a concentration of 2.5 mM (b) Power spectral density of the voltage
noise, Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C)
Drug wash with replacement with a fresh cell-culture medium.
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Figure 6. 13 (a) Recordings of bioelectrical activity before, during and after administra-
tion of glutamate at a concentration of 5 mM (b) Power spectral density of the voltage
noise, Sy, as a function of frequency. (A) Before exposure (B) During exposure and (C)
Drug wash with replacement with a fresh cell-culture medium
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Figure 6. 14 The astrocyte response to two consecutive glutamate exposures with increas-
ing concentration.

In the initial glutamate administration, depicted in Figure 6.12, no significant
changes in activity were observed during drug exposure, aside from disturbances in the
noise level. However, a notable increase in activity was detected approximately 2 hours
later, following the medium change.

During the second glutamate administration, shown in Figure 6.13, activity re-

mained elevated, with no disturbances in noise across the different phases (Figure 6.12).
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This sustained increase in activity is clearly illustrated in Figure 6.14, where it remains

significantly higher compared to the baseline from Phase C onwards.
(2) Response to Acidified Medium
We studied the effects of exposing astrocytes to culture medium with pH levels

of 6.2 and 5.4. The results are depicted in Figs. 6.16, 6.16, and 6.17. For comparison, the
resting pHi in cultured astrocytes is reported to be 6.82 + 0.06 [19].
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Figure 6. 15 (a) Recordings of bioelectrical activity before, during and after acidic medium
administration (pH=6.2) (b) Power spectral density of the voltage noise, Sy, as a function

of frequency. (A) Before exposure (B) During exposure and (C) Drug wash with replace-
ment with a fresh cell-culture medium.
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Figure 6. 16 (a) Recordings of bioelectrical activity before, during and after acidic medium
administration (pH=5.4) (b) Power spectral density of the voltage noise, Sv, as a function
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of frequency.(C) Before exposure (D) During exposure and (E) Drug wash with replace-
ment with a fresh cell-culture medium.
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Figure 6. 17 The response of astrocytes to two consecutive pH changes.

Following the administration of the acidic medium (pH = 6.2) and the subsequent
medium exchange, a significant increase in activity is observed, as shown in Figure 6.15.
In contrast, the subsequent acidification of the medium (pH = 5.4) did not noticeably
affect the bioelectrical activity of the astrocytes (Figure 6.16).

In Figure 6.15, the increase in noise during Phase C is prominent and persists
through the subsequent phases, as illustrated in Figure 6.16. Figure 6.17 demonstrates a

surge in activity during Phase C, which gradually diminishes over several hours.

6.4. Discussion
The conclusions from the drug exposure experiments are summarised in Table

6.2.
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Table 6. 2 Main conclusions of each drug

Drug Main observations

Inicial decrease in activity during exposure.
EGTA Increase in noise, influenced by the medium exchange rather than the

administration of the drug

Notable influence in astrocytic activity, which becomes even more

Caffeine _
pronounced after the medium exchange.
. . Increased astrocytic activity, different response to the two concentra-
Calcium Chloride )
tions of the drug used.
_ ‘ Great influence in astrocytic activity, which becomes more pro-
Norepinephrine ‘
nounced after the medium exchange.
. Increase in astrocytic activity after administration of the drug at only
Dopamine o )
its highest concentration.
Glutamate Increase in activity not immediately after the medium change
o _ Increase in astrocytic activity after the change of medium relative to
Acidified Medium

the administration of the less acidic medium

6.5. Conclusions

All the drugs tested in this study elicited responses in astrocytic activity. It was
also observed that drug concentrations could have a significant influence on astrocytic
activity, as expected. These variables underscore the complexity and variability inherent
in astrocyte responses.

One key aspect observed in our investigation is the critical role of medium ex-
change in modulating astrocytic activity. Studies found that medium exchange can pro-
vide fresh nutrients and remove toxins, creating a more favourable environment for cel-
lular activity [1]. This context is particularly relevant to our research with astrocytes,
where in some experiments, we observed that these cells became more metabolically ac-
tive when the medium was changed compared to when drugs were administered. This
suggests that similar to fibroblastic cells, medium exchange is crucial in optimizing cul-

ture conditions to enhance cellular activity.
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The observed alterations in astrocytic behaviour following medium exchange are
likely linked to the cells' intrinsic drive to maintain homeostasis and return to their initial
state of equilibrium. Astrocytes have a well-documented capacity to modulate their ac-
tivity in response to external stimuli, reflecting their essential role in maintaining the bal-
ance of the extracellular environment within the central nervous system. This dynamic
responsiveness highlights the critical function of astrocytes in neural health.

One of the objectives was to determine whether the techniques used for measuring
bioelectricity were responsive to stimuli. In conclusion, our findings indicate that this
approach is effective in visualizing the effects of chemical stimulation on cell activity.
The detection of changes in bioelectrical activity upon chemical exposure is an important
validation step of our methodology and experimental set-up.

To gain a more detailed understanding of the effects of drug administration on
astrocytic cultures, techniques such as calcium imaging, patch-clamp electrophysiology,

and advanced imaging methods may provide greater precision.
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Chapter 7

Conclusions and future work

This chapter outlines and discusses the major findings of this dissertation. It also presents
some of the questions raised during this research, together with suggestions for experi-
ments to elucidate them. Finally, it discusses how the methodology developed in this

project can be applied in various areas.
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7.1. Main topics studied

This study investigates the bioelectrical signals recorded from astrocyte popula-
tions. Spontaneous activity was captured using extracellular electrodes and electrical low-
noise recording techniques. To understand the nature of electrical oscillations generated
by interconnected astrocytes.

Three key experiments were conducted in this study. The first study evaluated the
dependence of the impedance on the cell culture medium composition and the long-term
stability of the impedance parameters. The second experiment was designed to answer a
critical question: Does electrode area and electrode geometry affect the properties of the
recorded signals, specifically their duration and power? Finally, the third experiment
evaluates how populations of astrocytes react to chemical stimulation. Populations of as-
trocytes were chemically stimulated, and the cell population's reaction to the presence of
drugs was monitored by recording the bioelectrical fluctuations generated by the cell pop-
ulation. Below, there is a briefly summarise of these experiments and the major conclu-

sions.

7.2. Conclusions
(a) Long-term stability of the electro/electrolyte impedance and the effect of electro-
lyte composition on the capacitance and resistance parameters.

The impedance of the EDL is not constant and varies over time, a factor that must
be considered when performing long-term experiments. Both the electrode and the elec-
trolyte play a role in influencing the impedance of the system. Research carried out in this
dissertation explored how electrolyte composition impacts this variation over time, re-
vealing that the electrolyte composition affects both the capacitance and resistance of the
system.

Comparative studies of different media have shown that the chemical components
of the electrolyte differentially influence the elements of the EDL's equivalent circuit.
Salts, for instance, primarily affect the circuit's resistive component, reducing resistance,
while sugars are more closely tied to the capacitive component. In contrast, proteins in

culture media have little to no significant impact on the electrode-electrolyte impedance.
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(b) The role of the electrode in shaping the distribution of bioelectrical signals

The role of the electrode in shaping the distribution of bioelectrical signals has
been a long-standing problem. This can be summarized in two main questions:

1) What is the ideal electrode area to record the bioelectrical activity of a

particular cell population?

i) How does the geometry and area of the electrode influence the distribution
of signal power, duration, and frequency in a long-term signal trace?

To provide an answer to these questions, we designed electrodes in different areas
and geometries. The reason behind this strategy is that the discrete bioelectrical signals
result from the synchronized activity of a cell cluster. Therefore, it is assumed that an
ensemble of connected cells can synchronize their activity to generate a discrete signal.
In theory, not all clusters have identical dimensions (the same number of cells), and prob-
ably, a cluster may grow or shrink in size during the synchronization process. This vari-
ability in the size of a synchronized cell cluster will cause a variability in signal power.

In addition, large-area electrodes are more likely to detect more clusters or large-
size clusters. Small-area electrodes may limit the size of the cluster that can be detected.
This limitation assumes that the synchronized cell clusters can be larger than the size of
the sensing electrode.

In this study, we decided only to study well-defined signal shapes, such as bipha-
sic signals. In addition, as a quantification parameter, we only measure the duration of
the fast signal component of the biphasic signal. We assumed that the signal power is
proportional to the duration of the fast component. Our results show that large-area elec-
trodes may exhibit a broader distribution in signal durations than small-area electrodes.
However, the results were not conclusive. We attribute this to the difficulty of obtaining
well-spread and connecting cell populations across the entire electrode. Populations of
astrocytes like to aggregate in clusters. This effect may mask the effect of varying the
electrode area.

In addition to varying the active areas, we also designed circular electrodes with
different widths. Assuming that signals are travelling oscillations when they cross elec-
trodes with different widths, they should give rise to voltage signals with a duration pro-
portional to the width of the electrodes. The signal duration should equal the product of
the wave speed times the width of the electrode crossed by the wave. The findings were

inconclusive because of the small number of signals recorded. Furthermore, in the same
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experiments, the confluent monolayer was not reached. A non-confluent cell monolayer

cannot support traveling waves.

(c) Effects of the Chemical stimulation of astrocyte populations

Chemical stimulation was intended to disrupt cellular activity and observe the re-
sulting changes in bioelectrical signals. The hypothesis was that drugs known to interact
with ion channels would significantly alter cell behaviour and, consequently, extracellular
electrical oscillations. However, contrary to expectations, bioelectrical activity remained
relatively stable, often becoming quieter immediately after drug exposure. Interestingly,
bioelectrical activity surged above normal levels once the drug-laden medium was re-
placed with a fresh culture medium.

We propose the following explanation for this unexpected behaviour: under stress,
cells may reduce or halt ion exchange with the extracellular medium, likely as a protective
response to the toxic nature of the drug-laden medium. This mechanism allows cells to
minimise harmful interactions with the surrounding environment. Once the drug is re-
moved, the cells resume normal functioning (homeostasis) and restore ion exchanges,
which may lead to a temporary spike in bioelectrical signal intensity. This phenomenon
highlights the importance of homeostasis in understanding astrocyte behaviour.

While speculative, this explanation offers valuable insights into how pharmaco-
logical drugs interact with living cells. If cells possess a defence mechanism that involves
shutting down membrane channels in response to high drug concentrations, this could
have significant implications for clinical drug trials. Excessive doses may not yield the

desired effects, as cells might actively reduce their responsiveness to protect themselves.

7.3. Further work

The analysis of the findings and the resulting conclusions indicate the need for
additional experiments to advance this research further. The proposed next steps for fu-

ture work are outlined below.
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(a) Data analysis of the signal properties

The distribution of the signal parameters should be carried out not in signal dura-
tion but in signal power. The signal power should be directly related to the number of
cells synchronized. Therefore, all the electrode geometry and area analysis should be car-
ried out using the signal power as a parameter. Furthermore, All the experiments should

be carried out only when a complete confluence monolayer is established.

(b) Further research on the shape of the bioelectrical signals.

Our model for detecting traveling waves using electrodes of varying widths as-
sumes that the recorded voltage signals should be square-like in shape. In our analysis,
we specifically focused on biphasic signals; however, these signals may not originate
from traveling waves. As a result, our analysis may not fully apply to traveling wave
phenomena. This brings up an intriguing question: what is the biological mechanism un-
derlying the biphasic nature of these signals? Future experiments should be designed to

investigate and provide insight into the origins of biphasic signals.

(c) Novel bioelectronic platform to evaluate the maximum drug concentrations.
Contrary to our expectations, cell cultures do not respond immediately when ex-
posed to high concentrations of chemicals. Instead, they suppress activity when the ex-
tracellular medium is perceived as toxic. This intriguing cellular behaviour could be lev-
eraged as a tool in the pharmaceutical industry to assess optimal drug concentrations. To
validate this hypothesis, a series of experiments should be conducted with progressively

increasing drug concentrations.

(d) Bioelectrical activity of Astrocyte-neuron co-cultures.

This dissertation initially aimed to measure the coculture of astrocytes and neu-
rons. However, difficulties in obtaining confluent astrocyte monolayers prevented the
timely analysis of the co-cultures for inclusion in this work. Future experiments that rec-
ord and analyse the bioelectrical signals of cocultures should yield valuable insights into

the role of astrocytes in neural networks.
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