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Abstract

Neurodegenerative diseases are a group of diseases in which neurons undergo
degenerative lesions and loss of structural function. Examples of diseases include
Parkinson's syndrome and Alzheimer's disease, which lead to poor quality of life for
patients in their later years. The occurrence of these diseases 1s boonung in the context
of an extremely rapid increase in the global agemmg population. Currently, anmimal
models and 1n vitro cell cultures are commonly used to study the biological mechanisms
of these diseases. They mvolve the spatial spread of neuronal degeneration in the brain's
anatommcal structures. However, the advantage of in witro preparations in terms of
confrol and accessibility 1s balanced by a loss of the onginal anatomical structure.
Moreover, the actual construction of functional neural networks in vitro faces many

difficulties.

First, neurons are branched and polarized cells, usually exhibiting one axon and a
dendnitic tree. To create artificially designed neuron architectures in vitro, we need to
locate a given neuronal population's cellular bodies (soma) and gmde their axon toward
another group of neurons. Then, explonng the propagation of neuronal degeneration of
these networks requires mampulating and following independently different neuronal

populations.

The emerging microflmdic chip technology has opened up new possibilities for
fulfilling these goals. Microfluidics 1s a techmque for handling or mampulating fluds
at the micron scale. The field of cultuning microtissues and organs in a chip has evolved
mto a new name, organ-on-a-chip. It 1s a class of biochips that simplify the structure of
real organs to realize the function of the mumi-organ. In the field of neuroscience,
microflmdics has been used to compartmentalize cells using culture chambers
connected by micron-size microchannels gmding axon growth, opening up the
possibility of building artificial networks. By converting from 3D to 2D or even 2.5D,



it can solve the situation of neurons i ordinary culture dishes with a crisscrossing of
neurites. In addition, mucroflmdic devices with micron-scale channels and mucroliter
and nanoliter volumes of cell culture medmm are capable of both maintaiming a stable
microenvironment for brain cells and neuronal circwmts and changing this environment
very rapidly by a fhudic control Using the response of neuronal cells to chenueal or
physical stimuli, the change of local molecular concentration can be momnitored by
precisely controlled sensors which mterface with mucroflmdic chips and some
fluorescence indicators. The morphological changes of neurites, soma and nucle1, and
cytosolic signals also can be observed. This allows not only to study real-time responses
triggered by changes m the nucroenvironment but also to study the molecular
mechamsms of neurodegenerative diseases.

The semmunal work of Taylor et al. described the use of mucrofluidics to build a bi-
nodal network. But how to construct multi-nodal networks 1s still a challenge in this
field. Brain connectomics has recently revealed the relationship between topological
structure and function of the bramn. It inspired our team to combine the
compartmentalized microflmdic techmques - which can control axon's directional
growth - with the topological principles of brain connectomics to design neural
networks. This topology-based design of neural networks more closely resembles the
connections between neurons m the real brain and can be used to study how, for
example, a-synuclemn and b-amyloid aggregates, which are associated with Parkinson's
and Alzheimer's diseases, respectively, propagate in neural networks.

In general, the emerging brain-on-a-chip 1s a promusing new class of technology
among the current models of nmltiple neurological diseases.

In the first chapter, this thesis presents the basic knowledge and recent advances
m this area. The second section deals with some basic neurobiological knowledge and
basic concepts of brain connectomucs, the theoretical basis for m vitro construction of

neural networks. It introduces the biological features of neurodegenerative diseases and
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some mainstream views on their pathogenesis, followed by an overview of some
models for studying neurological disorders. In the third section of this chapter, the brain
chip section first focuses on the fabrication process of mucroflmdic chips and related
matenials and the basis of cell survival in the chip. It reviews and discusses models
constructed mn recent years using microflmdic chips to study neurological diseases.

In Chapter 2, a platform for the i vitro reconstruction of two-nodes directional
neural networks with controlled synaptic connectivity 1s infroduced. The fabrication
process mvolves "in-mold patterming” techmque. That allows to enforce both chemical
and mechanical constramnts on growing neurons. This platform enables mucro-
posttioning groups of neurons inside microfludic chips and directional axonal gmdance

to achieve tuneable functional connectivity.

In chapter 3, using the same microfabrication process, I explored the feasibility of
reconstructing complex multi-nodal networks in a compartmentalized mucroflmdic
platform. To reach that goal, I studied various parameters to optimize the survival of

complex networks in vitro.

In chapter 4, using the two platforms I developed, I study the trans neuronal
propagation of alpha-Synuclemn aggregates that are proposed to stem for the mitiation

of neurodegenerative processes such as Parkinson’s Disease.

In Chapter 5, based on some final technological experiments, I present few
technological perspectives to further optimize the reconstruction of complex networks
in vitro.

In Chapter 6, I discuss various aspects underlymng the micro-fabrication of
platforms to handle neurons and propose some perspectives for the future of brain-on-
a-chip approaches.

In summary, the bramn-on-a-chip enables in vitro construction as a model for
studying diseases. By Constructing a brain on a chip for neurological diseases, this chip
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will bring new opportunities for the discovery of new drug targets and the screening of
drugs m the nervous system. In the future, high-throughput drug screening on a chip
will significantly reduce the time for testing the activity of drug molecules, thus
shortening the cycle time for new drug development and replacing amimal experiments
for drug activity testing more efficiently.
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Résumeé

Les maladies neurodégénératives sont un groupe de maladies dans lesquelles les
neurones subissent des lésions dégénératives et une perte de fonction structurelle. Parnu
ces maladies, on peut citer le syndrome de Parkinson et la maladie d'Alzhemmer, qu
entrainent une mauvaise qualité de vie des patients 4 un dge avancé. L'appantion de ces
maladies est en plein essor dans le contexte d'une augmentation extrémement rapide de
la population mondiale vieillissante. Actuellement, les modéles amimaux et les cultures
cellulaires 1n vitro sont couramment uvtilisés pour étudier les mécanismes biologiques
de ces maladies. Elles mettent en jeu la propagation spatiale de la dégénérescence
neuronale dans les structures anatomiques du cerveau. Cependant, l'avantage des
préparations in vifro en termes de confréle et d'accessibilité est contrebalancé par une
perte de la structure anatomique originale. En outre, la construction effective de réseaux

neuronaux fonctionnels 1 vitro se heurte a de nombreuses difficultés.

Premiérement, les neurones sont des cellules ramifiées et polarisées, présentant
généralement un axone et un arbre dendritique. Pour créer des architectures neuronales
artificielles in vitro, nous devons localiser les corps cellulaires (soma) d'une population
neuronale donnée et gpmder leur axone vers un autre groupe de neurones. Ensuite,
l'exploration de la propagation de la dégénérescence neuronale de ces réseaux nécessite

de mamipuler et de suivre indépendamment différentes populations neuronales.

La technologie émergente des puces mucroflmdiques a ouvert de nouvelles
possibilités pour atteindre ces objectifs. La microflmdique est une technique permettant
de mampuler des flmides a I'échelle du micron. Le domaine de la culture de microtissus
et d'organes dans une puce a évolué vers un nouveau nom, celwm d'organe sur puce. Il
s'agit d'une catégorie de biopuces qu sumplifient la structure des organes réels pour
réaliser la fonction du nmuni-organe. Dans le domame des neurosciences, la
microflmdique a été utilisée pour compartimenter les cellules & I'aide de chambres de

culture reliées par des microcanaux de l'ordre du miucron gmdant la croissance des
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axones, ouvrant ainsi la possibilité de constnure des réseaux artificiels. En passant de
la 3D a la 2D ou méme & la 25D, elle peut résoudre la situation des neurones dans des
boites de culture ordinaires avec un entrecroisement de neurites. En outre, les disposififs
microflmdiques dotés de canaux a l'échelle du micron et de volumes de nucrolitres et
de nanolitres de milieu de culture cellulaire sont capables a la fois de mainterur un
microenvironnement stable pour les cellules du cerveau et les circuits neuronaux et de
modifier cet environnement trés rapidement par un controle flmdique. En utilisant la
réponse des cellules neuronales & des stimuli chimiques ou physiques, le changement
de la concentration moléculaire locale peut étre surveillé par des capteurs contrélés avec
précision quu s'interfacent avec des puces microflmdiques et certans indicateurs de
fluorescence. Les changements morphologiques des neurites, du soma et des noyaux,
ainsi que les signaux cytosoliques peuvent également étre observés. Cela permet non
seulement d'étudier en temps réel les réponses déclenchées par les changements du
microenvironnement, mais aussi d'étudier les mécanismes moléculaires des maladies
neurodégénératives.

Les travaux précurseurs de Taylor et al. ont décrit I'utilisation de la microflmdique
pour construire un réseau bionodal. Mais la construction de réseaux multi-nodaux reste
un défi dans ce domaine. La connectomique cérébrale a récemment révélé la relation
entre la structure topologique et la fonction du cerveau. Cela a inspiré notre équipe a
combiner les techmques microflmdiques compartimentées - qui peuvent contréler la
croissance directionnelle des axones - avec les principes topologiques de la
connectomique cérébrale pour concevoir des réseaux neuronaux. Cette conception des
réseaux neuronaux basée sur la topologie ressemble davantage aux connexions entre
les neurones dans le cerveau réel et peut étre utilisée pour étudier comment, par exemple,
les agrégats d'o-synucléine et de b-amyloide, qu sont associés respectivement aux
maladies de Parkinson et d'Alzheimer, se propagent dans les réseaux neuronawux.

En général, le cerveau sur puce émergent est une nouvelle classe technologique

prometteuse parnu les modéles actuels de multiples maladies neurologiques.
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Dans le prenuer chapitre, cette thése présente les connaissances de base et les
avancées récentes dans ce domame Le deuxiéme chapifre fraite de certaines
connaissances neurobiologiques de base et des concepts fondamentaux de la
connectomque cérébrale, la base théorique de la construction m vitro de réseaux
neuronaux. Elle présente les caractéristiques biologiques des maladies
neurodégénératives et certains pomts de vue donunants sur leur pathogenése, puis
donne un apercu de certains modéles d'étude des troubles neurologiques. Dans la
troisiéme section de ce chapitre, la partie consacrée aux puces cérébrales se concentre
d'abord sur le processus de fabrication des puces microflmdiques et des maténaux
connexes, ainsi que sur les bases de la survie des cellules dans la puce. Elle examine et
discute les modeéles construits ces dermeéres années a l'aide de puces microflmdiques

pour étudier les maladies neurologiques.

Le chapitre 2 présente une plate-forme pour la reconstruction in vitro de réseaux
neuronaux directionnels a deux nceuds avec une connectivité synaptique controlée. Le
processus de fabrication fait appel a la techmque du "patterning in-mold". Cela permet
d'appliquer des contraintes clumiques et mécaniques aux neurones en croissance. Cette
plateforme permet de mucropositionner des groupes de neurones dans des puces
microflmdiques et de gmder les axones de mameére directionnelle pour obtenir une

connectivité fonctionnelle réglable.

Dans le chapitre 3, en utilisant le méme procédé de microfabrication, j'a1 exploré
la faisabilité de reconstruire des réseaux multi-nodaux complexes dans une plateforme
microflmdique compartimentée_ Pour atteindre ce but, 'a1 étudié différents parameétres
pour optimiser la survie des réseaux complexes in vitro.

Dans le chapitre 4, en utilisant les deux plateformes que j'a1 développées, j'étudie
la propagation trans neuronale des agrégats d'alpha-Synucléme que l'on propose d'étre
a l'ongine de I'mtiation de processus neurodégénératifs tels que la maladie de
Parkinson.
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Dans le chapitre 5, sur la base de quelques expériences technologiques finales, je

présente quelques perspectives technologiques pour optimuser davantage la

reconstruction de réseaux complexes in vitro.

Dans le chapitre 6, je discute des divers aspects qu sous-tendent la
microfabrication de plates-formes pour manipuler les neurones et je propose quelques

perspectives pour l'avenir des approches de type "cerveau sur puce".

Enrésumé, le cerveau sur puce permet de construire i vitro un modeéle pour I'étude
des maladies. En constrmisant un cerveau sur une puce pour les maladies neurologiques,
cette puce apportera de nouvelles opportumteés pour la découverte de nouvelles cibles
médicamenteuses et le criblage de médicaments dans le systéme nerveux. A I'avenir, le
criblage de médicaments a haut débit sur une puce réduira considérablement le temps
nécessaire pour tester I'activité des molécules médicamenteuses, ce qui raccourcira la
durée du cycle de développement de nouveaux meédicaments et remplacera plus

efficacement les expériences sur les ammaux pour tester l'activité des médicaments.
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1.1 Overview

Human bemgs have always struggled with various diseases, among which diseases
related to the nervous system. Specifically neurodegenerative diseases such as
Alzheimer, Parkinson or Huntington Diseases targets specific brain areas and promotes
chronic and progressive degeneration leading to impaired quality of life and reduced
longevity. However, until now, despites several decades of active research, no effective

method allows to prevent or cure these degenerative syndromes.

From a historical and cultural perspective, human ingenuity has promoted western
medicine based on anatomy, and onental medicine based on mendian doctrine.
Nowadays, human beings mainly rely on surgery, various drugs and adjunctive therapy
or interventional medical devices as the mamn way to fight against diseases. In the near
future, there 1s a good possibility that advanced technologies based on genetic
engimeening, artificial organs, etc. will enter the climic as new therapeutic tools. From
an historical pomt of view, human therapeutic yet mostly rely on small organic
compound therapeutics the drug development field which accounts for vast majonty of
available operational therapies. In the process of drug development, the discovery and
synthesis of a new drug molecule 1s the first step, followed by nigorous drug actrvity
screening and pharmaceutical formulation. Normally, after the biologically active
molecules (lead compounds or hit) are tested in amimals, about 90% of the drugs fails
m climieal trials, while more than half of the remaiming 10% of the drugs still fail m
phase IIT chimical trials. While this evidence a gap between theoretical concepts
underlying target selection / drug development and therapeutical efficacy, this also
question the relevance of both cell culture and amimal models used in the preclinical
studies. Using of ammal models, which permutted tremendous advances in both basic
and applied biology, 1s now questioned both at the ethical and operational level
Therefore, altemative technologies that could replace or reduce amimal experiments,

would allow shortening of screeming time, improving efficiency thanks to human stem



cell processes allowing to create human based models, the time and money cost for new
drug development, while 1t can reduce to sacrifice the amimals which are living for drug
activity screening.

In parallel to human stem cell research field, microflmdics has developed rapidly
m the biology and chenustry field Microflmdic 1s rapidly pervading analytical
chemistry and biological testing fields, as a fast, mumaturized easy to handle way to use
conventional laboratory techmques m small portable “lab on chip” devices. It 1s a
technology that 1s based on the mamipulation of flmds in the micron-scale space.
Simularly, 20 years of research have now proved that conventional cell culture dishes
can be advantageously replaced by mimatunized cell culture devices that allow
controlling cell microenvironment at an unprecedented level Thanks to their inherent
properties, these technologies allow controlled reconstruction of co-cultures an
approach that paves the way for the rational design of numimalistic “organ-on-a-chip™.
Microfluidic devices for cell culture contains nucron scaled cell culture chambers that
allows controlled and continuous perfusion of hiquds to renew media, buld shaped
flmdic gradients, model pulsed flow chambers. Another aspect stems in the possibility
to connect in both 2D and 3D manners several chambers to control cell/cell interactions
and implement micro technological cues mside the cell culture chambers such as
rational mechanical constrains, biochemical or electronic stimulating and sensing
devices. It 15 therefore a cell culture microengineering technology with a high potential
for mumicking and reconstructing the physiological functions of human organs.
Theoretically, organ-on-a-chip-based model have many advantages compared with the
traditional ammal models. First of all, the tissue umits constructed by can be constructed
out of human-derived stem cells. The organ-on-a-chip can achieve a precise control in
scale, which can enable studymg the quanfitative pharmacology, measuring
pharmacokinetic parameters such as drug absorption, distribution, metabolism and

elinination, and has an ureplaceable advantage in toxicity estimation.

My PhD thesis 1s rooted m the challenge of developing relevant brain on chip
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platform Due to intrinsic bramn complexity with neuronal networks exhibiting ordered
topologies that ranges from the cm scale (axons) to nanometric ones (synapses) building
brain on chips platforms 1s a long term run that requires validation of “modules™ that
permut to capture specific properties of brain networks. In the following chapter, I wall
therefore introduce some basic knowledge of the nervous system and will intersperse 1t
with the current hypothesis about the mechamisms of neurodegenerative diseases to
finally present an overview of current technologies used for brain on chip platforms

reconstructions.
1.2 Nervous system

The orgamism 1s composed of different organs and systems, each of which having
its specific functions. These functional activities are not 1solated but interact and
coordinate with each other When the body 1s in the process of responding to the
continuous changes m the external environment, the internal environment is also
constantly changing It 1s through its regulatory system that the body responds to
external environmental changes to restore the stability of the internal environment of
the body to survive. The nervous system 1s an important body system to achieve this
regulatory function. When the nervous system degenerates and develops pathologic

lesions, 1t will cause impairment in the body's response to the external environment.

The nervous system 1s a large and complex system composed of numerous nerve
cells that liaise and regulate the function of the body's systems and organs in response
to changes 1n the internal and external environment. Its function 1s mamly to transnmt
mformation from afferent fibers to the brain and spinal cord, the nerve centers. After
complex processing m the brain and spinal cord, the information 1s transformed into
efferent signals, which are transmutted via efferent fibers to all systems and organs of
the body to regulate their functional activities. The brain, as an important organ for
mformation processing, also possesses advanced functions of memory and learming,

and therefore its study implies many fields outside neurobiology such as cogmtive
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neuroscience. However, in this thesis, I will focus only on the basic biological 1ssues
related to neurodegenerative diseases are. This subsection introduces only some basic
neurobiological knowledge at the cellular and molecular level, which will help
mterdisciplinary readers to understand this field, the readers who already have the basic
knowledge can directly jump to next section.

1.2.1 The neurons and glial cells in the nervous system

The nervous system 1s maimnly composed of neurons and ghal cells. In the late
19th century, the German scientist Franz Nissl used what 1s nowadays called the Nissl
stamning to distinpmish between neurons and ghal cells. Subsequently, the Italian
scientist Camillo Golgi used silver-stamed bramn sections to demonstrate the special
structure of neurons. Neurons, like other cells, are composed of a nucleus, cytoplasm
and cell membrane. The nucleus 1s a nearly spheric organelle wrapped by a nuclear
membrane, located within the cell body, and contamns the chromosomes that hold
genetic mformation. The cytoplasm around the nucleus contains the miracellular flmd
rich in potassium ions, the fibrous cytoskeleton and various organelles. The cell
membrane consists of a 5 nm thick lipid bilayer, inlaid with membrane proteins. The
cell membrane envelops the entire neuron, separating 1t from the outside world. The
structure of neurons 1s divided mto the cell body, dendrites and axons.) The cell body
15 the main center of neuronal metabolism and 1s responsible for protein synthesis and
energy metabolism to maintain cell survival; the dendntes are the mam site where
neurons receive external signals; and the axon 1s responsible for nerve signal
transnussion. In addition, distant sites of axons with mitochondna, and Golgi also can

synthetize proteins.

1.2.1.1 The membranes of Neuron

The cell membrane of nerve cells, like other cells, serves as a barrier between the
cell and the environment, allowing the cell to exist relatively independently of the

environment. Through the cell membrane, nerve cells can obtamn nutnents and excrete
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metabolites; they can receive stimuli from environmental changes, generate responses,
and transmut information. The molecular structure of nerve cell membranes 1s
composed of hipids, proteins and sugars, as in most other cells. The composition of
nerve cell membranes also determunes their functions, including the iomec exchanges
that trigger depolarization and repolarization of the cell as well as their response to

various external substances.
1.2.1.2 Dendrites and axons

The dendrites are one category of outward projections and extensions of the
neuronal cell body, which vary in size and shape depending on the neuronal species.
The boundary between dendrites and the cell body 1s sometimes difficult to define.
Organelles such as the rough endoplasmic reticulum, free ribosomes and Golgi complex
are visible at the proximal end of the dendrites, and most organelles can enter the
dendrnites from the cell body. A neuron can have multiple dendrites, and the dendrites
can regenerate new branches as they extend outward. The morphology of dendrites 1s
maintained by adhesion molecules on the dendntic surface and the cytoskeleton inside
the cell Dendrites can form synapses with the axon termunals of other neurons to
recerve signal afferents, and are the main site where neurons recerve signal transducers.
The dendritic spie, which has a vanety of receptors and 1on channels, 1s an important

site for dendritic synapse formation.

Each neuron has long, thin, uniformly thick and thin axons with few branches and
smooth surfaces. The length of axons vanes among different classes of neurons, with
some axons reaching up to 1 m and others less than 1 mm_ Some axons branch during
extension and these branches are called axon collaterals. The axon collateral 1s often
perpendicularly emanating from the axon at a distance from the cell body and i1s
essentially the same thickness as the main stem  However, axons contain a large amount
of cytoskeleton elements such as microtubules and neurofilaments arranged in parallel,

and these filaments play an important role m the formation and maintenance of axons
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as well as in the transport of axonal material
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Figure 1. The conduction of the action potential in myelinated axon and unmyelinated axon (copyright:
Encyclopzdia Britannica, Inc )

The impulses generated by neurons are called action potentials, which propagate
along the axons. Axons can be wrapped into a myelin sheath. Myelinated axons from
the central nervous system are surrounded by myelin sheaths formed by the cell
membranes of oligodendrocyte or oligodendrogha cells, while the axons from the
peripheral nervous system are surrounded by myelin sheaths formed by the cell
membranes of Schwann cells. The myelin 1s not completely wrapped around the axon,
but rather in segments. The area between the myelin sheaths where the axon 1s exposed
15 called the node of Ranvier, and the cell membrane of the node 1s rich in voltage-gated
sodium channels and nch m intra-membranous particles. The junction 1s easily
activated and action potentials are regenerated here. Action potentials with nerve
signals are transmuitted jumpily in the myelinated fibers, so that they are transnutted
faster in the myelinated fibers than in the unmyelinated fibers. In general, local neurons
with shorter axons, such as mhibitory interneurons, have axons that are not myelinated,
whereas neurons connecting different regions of the nervous system have longer axons
that are myelinated. The end of the axon 1s enlarged and 1s called the axon termnal
The axon termunal often gives off many tiny branches that are not covered by myelin,
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called the ternunal arbor. These axon termunals form synaptic connections with
recerving neurons or effector cells (eg., mmscle cells and glandular cells) for

intercellular commumication.

1.2.1.3 The structure of chemical synapse

The site of mformation exchange between axon termunals and other neurons or
effector cells 1s called the synapse. The synapse consists of the presynaptic element,
which 15 the axon termunal of the presynaptic neuron, the synaptic cleft between neurons,
and the postsynaptic element of the postsynaptic neuron. Depending on the structural
and electrophysiological properties of synapses, there are two main types: chemical
synapse and electrical synapse.

Chenucal synapses consist of a specialized thickened area in the cell membrane of
the corresponding part of the two neurons mvolved in synapse formation and the gap
between them. When information 1s transmitted from one neuron fo another, the
presynaptic component releases neurotransmifters, which act on neurotransmitter
receptors m the postsynaptic component to transmmt the signal to the postsynaptic

neuron.

Synapses are structures that are specialized for neuronal cell membranes. Each
synapse consists of a presynaptic and a postsynaptic structure, which can originate from
the same neuron, and form an autapse. Or from different neurons, which form synaptic
connections between neurons and thus transmut mformation. A typical synapse has a
synaptic vesicle contamming a neurotransnutter at the presynaptic termunal and the
vesicle 1s in close contact with the presynaptic membrane. Immediately adjacent to the
presynaptic membrane 1s the postsynaptic membrane, which appears as a thickened
electron-dense band under electron microscopy, and a special structured postsynaptic
dense band formed by a dense arrangement of neurotransmutter receptors and backbone
proteins. Synaptic substance transport plays an important role in the development and
maturation of synapses. For example, presynaptic structures such as synaptic vesicles,
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active zone precursor, mitochondna, and other proteins related to synaptic vesicle
fusion and regulation are transported along the nucrotubule track system by motor
proteins such as kinesin. After synthesis in the cytosol, presynaptic membrane proteins
are assembled mto material transport vesicles. These vesicle structures, which vary in
size and shape, are transported along the microtubules to synaptic sites. After reaching
the synaptic termunal, these transport vesicles fuse with the presynaptic membrane and
release the transport matenial to build an active zone or reorgamze synaptic vesicles. It
15 only the mature presynaptic endings that are able to complete the process of preparing
synaptic vesicles and fusing them with calclum ions (Ca’*) and releasing
neurofransmitters. At the same time, this continuous transport process 1s an important

basis for synaptic structural diversity (heterogeneity) and synaptic functional plasticity.

1.2.1.4 The cytoskeleton

The translocation and localization of almost all organelles and biomolecules
within neuronal cells are regulated by the cytoskeleton system, including microtubules,
microfilaments, and neurofilaments. The cytoskeleton 1s a complex system of fibrous
network structures within cells and 1s an important orgamizer of cell structure and
function. In neurons, cytoskeletal fibers and their associated protemns form the
cytoskeletal system, which accounts for 25% of all neuronal proteins. The cytoskeletal
system 1s the major determinant of cell morphology and the distribution of organelles
m the cytoplasm. Neurons are a highly differentiated class of cells with diverse
morphologies of cell bodies, dendntes and axons. The cytoskeleton plays a very
important role in the formation and maintenance of neuronal morphology. Neurons
contain three different cytoskeletal systems: microtubule, actin and neurofilament,
which are assembled by different protein subunits. These three cytoskeletal proteins are
under dynamic changes and are involved in the maintenance and alteration of neuronal
morphology, the alteration of cell membrane shape and secretory activities, and the
translocation and regionalization of organelles and proteins, and have important roles

m the mamtenance of neuronal structure and function. Microtubules are polar hollow
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tubular fibers with a diameter of about 24 nm. Microtubules tend to be long fiber-like
m the cell and run throughout the mtenior of the neuron, serving not only for mechanical
support but also for transport, localization and orgamization. Currently, two types of
mucrotubule-related molecular motors have been identified: kinesin, which moves from
the negative pole of microtubules to the positive pole, and dynemn, which moves from
the positive pole of microtubules to the negative pole. Microtubules play an important
role in the formation and maintenance of neuronal morphology, the formation and
extension of neural protrusions, and axoplasmic transport. Actin maintains and change
the shape of the cell membrane, participate in the formation and mamntenance of
specialized structures of the presynaptic and postsynaptic membranes, mediate the
formation and extension of neural protrusions, and participate in 1mportant
physiological processes such as vesicle secretion. The neurofilament 1s the intermediate
filament 1n neurons, with a diameter of about 10 nm_ In axons, the neurofilaments and
microtubules are the most abundant component of the cytoskeleton in axons, which

plays an important role in mamntaiming the morphology of axons.

1.2.1.5 The classification of neurons

Neuronal cells are diverse in shape and function. According to their location, there
are two major categories: central neurons and peripheral neurons. The central neurons
can be classified mto for instance cortical neurons, hippocampal neurons, and cerebellar
neurons according to the brain region in which they are located. There are different
classifications by neuronal morphology. Neurons can be categorized mto unipolar
neuron, bipolar neuron, pseudo-unipolar neuron, and multipolar neuron according to
their morphology. The unipolar neuron 1s the simplest neuron because 1t only extends
from the cell body with a single protrusion. This protrusion can give nise to different
branches, some of which act as axons and some of which function as dendrites. In the
non-vertebrate nervous system, unipolar neurons predominate, whereas in vertebrates,
unipolar neurons are found only in the autonomic nervous system Bipolar neurons
contain two protrusions, a dendnite, which serves as a signal-recerving site, and an axon,
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which serves as a signal-sending site. The retinal neurons are typical bipolar neurons.
The multipolar neuron 1s the most dominant neuron fype in the mammalian nervous
system. It has one axon and multiple dendnites. Such as motor neurons in the spinal
cord, pyranudal cells in the hippocampus, and Purkinje cells in the cerebellum all are
typical multipolar neurons.

1.2.1.6 Glial cells

There 1s another type of cells in the bramn, ghal cells, they are mvolved in the
formation of the blood-brain barrier and myelin structures, and have a role in nutrition,
support and protection of neurons. It 15 involved in mediating the growth of synapses
and their excitability, and has an important influence on the development of the nervous
system. And it mediates the neuroimmune response, participates in pain response,
promotes the recycling of neurotransmitters, maintains the dynamic balance of 1ons,
and participates i higher functions of the braimn such as cognition and memory. It can
be said that with the deepeming of neurobiological research, not only the ghal cells are
found to have multiple functions, but also different types of glal cells are found to have
their own umque functions.

Ghal cells can be classified into two types: macroghia and mucroglia. Macroglia
are found in both the central and peripheral nervous systems, with astrocytes and
oligodendrocytes in the central nervous system and Schwann and satellite cells in the
peripheral nervous system. The most numerous of these are astrocytes, which are
named for their irregular star-shaped. The number of astrocytes accounts for about half
of all neurogha, and 1s the most numerous, widely distributed, and volumunous type of
neurogha. Astrocytes can be differentiated from cells in the ventricular zone (VZ) of
the neuroepithelium during embryonic development, or from mmmature cells in the
subventricular zone (SVZ) that nugrate to the gray or white matter during the perinatal
stage. Duning the developmental stage of the CNS, some ghal cells can differentiate
mto neurons [1]. At the end of neuronal migration, some undifferentiated ghal cells
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can be transformed imnto astrocytes. The cytoplasm of astrocytes contains organelles
such as rough endoplasmic reticulum, free ribosomes, mutochondria and Golg
complexes, but fewer than neurons, so they cannot be stamned with Nissl stamn
Astrocytes can express a variety of cell membrane proteins, including ion channel
proteins, receptor proteins and transporter proteins. These membrane protemns are
closely related to the function of astrocytes. There are abundant gap junctions between
astrocytes that allow the passage of norganic 1ons and some organic molecules of small
relative molecular mass. It 1s the connexin proteins that are involved in the formation
of astrocyte gap junctions. Gap junctions have a role in determuning cell phenotype and
limiting cell proliferation, thus affecting neural development. There 1s a two-way
mformation exchange (cross-talk) between neurons and astrocytes, resulting in the
concept of "tripartite synapse". The tripartite synapse consists of a presynaptic
component, a postsynaptic component, and the protrusions of parasynaptic astrocytes,
which reach out to and wrap around the synapse between neurons so that neurons can
activate astrocytes by releasing neurotransmutters. The astrocytes can also release

gliotransmutters, which provide feedback to neurons.

In the central nervous system, there i1s an important physiological barrier between
the extracellular flud of the brain and the blood circulation system - the blood brain
barrier (BBB). The function of the blood bramn barrier is to ensure the stability of the
mternal environment of the brain tissue from foreign substances (mucroorgamisms,
toxins, etc.) from the blood and from hormonal influences from other parts of the body,
m order to facilitate the activities of the central nervous system Among other things,

astrocytes are also mnvolved in constrfuting the blood-brain barrier.

Microgha are a relatively small type of ghal cell in the CNS. The number of
microglia 1s small, accounting for 5%-20% of all ghal cells. Microgha are distributed
m all parts of the brain and are five times more numerous in the gray matter than in the
white matter There are more microglha in the hippocampus, olfactory lobes and basal
gangha than in the thalamus and hypothalamms, and the least in the bramstem and
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cerebellum Microgha are phagocytes present mm the brain, belonging to the
mononuclear phagocyte famuly, and are widely considered to be the mamn mmmune
effector cells within the CNS. In the presence of mflammatory stimuli, their antigenicity
15 enhanced, their morphology is stretched, and they are functionally active. Microgha
are the main source of cytokines within the nervous system as well as the main target
cells for their action and play an important role in the neuroimmune and inflammatory
response. Microgha are involved in the development of neurological diseases such as
Alzheimer's disease, Parkinson's disease, human immunodeficiency wvirus (HIV)
encephalopathy, and multiple sclerosis [2, 3]. Microgha are also one of the major
components of amyloid plaques, a characteristic feature of Alzheimer's disease, and
together with astrocytes they participate m the neuroinflammatory pathology of
Alzheimer's disease. Microghia have a dual role in Alzhemmer's disease, both in
triggering neuroinflammatory responses and n phagocytic ally removing damaged
neurons and abnormal metabolites [4, 5]. In Parkinson's disease, microgha are not
simply "reactive proliferators”, but are also mnvolved m the development and
progression of Parkinson's disease [6-8]. Therefore, the function and role of ghal cells
cannot be 1gnored.

1.2.2 The transportation of physiological materials/signals in the

nervous S}'St'E'I[l

1.2.2.1 The transportation inside neurons - Axoplasmic fransport

Among many neurons with long axons, the axon accounts for most of the total cell
volume. Although most of protemn synthesis 1s performed m the cell body, local
synthesis exists in axon termunals. In addition, organelles such as mitochondrna, have
to be transported from the cell body to the axon termunal Thas 1s known as anterograde
axonal transport. Therefore, neurons must transport proteins which are synthesized in
the cell body to the axon. Also, some organelles that are needed for axon termunals,
such as mitochondna, have to be transported from the cell body to the axon ternunal
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and this 1s known as anterograde axonal transport. The opposite 1s retrograde axonal
transport, for example, the transport of some endosomes from the axon termunal to the
cell body (Figure 2) [9]. The transport of these substances mn the axon is collectively
referred to as axonal fransport or axoplasmic transport. The speed of axoplasmic
transport can be very vanable, as when transporting some organelles, molecular motor
kinesins can bind to secretory vesicles, synapfic vesicle precursors, mitochondna, and
large dense-core vesicles which contain neurotransnmutters, thus enabling a rapid
anterograde axonal transport along microtubules. While transporting endosomes and
vesicles from the axon termunal to soma, the cytoplasmic dynein will act as a fransport
carrier, which can undergo a rapid retrograde transport. Others, such as cytoplasmic
proteins that are not assembled into vesicles, will be transported more slowly. If the
axoplasmic transport 1s interrupted, it can lead the axonal disfunction.
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Figure 2. Axoplasmic transport. (Guedes-Dias, 2019)

1.2.2.2 Axonal Tr rt and Neurodegenerative Diseases

The proper functioning of axonal transport 1s the basis for enabling neurons to
work properly. However, it 1s clearly observed in some diseases [10-12] that axonal
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transport 1s damaged and the mechanisms inferred from the literature [13, 14] are:
motor molecular damaged, microtubule disruption, mitochondnal damage, transported
matenal destruction, etc. Microtubules act as rails in axonal transport, while kinesins
are like carner bins on the rails, mitochondna are the source of energy, and the
transported materials are the cargos, any damage to one of these conditions will lead to
defects of axonal transport. As mentioned above, kinesins are mainly transported in
anterograde on the microtubules, towards the plus ends of the microtubules, while the
dynein 1s opposite. The structures of the two motor proteins are shown in the figure
(Figure 3a). Mutant presemilin-induced phosphorylation of kinesin light chain by
GSK3p disrupts the binding of kinesin to vesicles and can inhibit transport of vesicles
to axon termunals[15, 16]. And the kinesin heavy chain can also be phosphorylated and
thus block the binding of motor proteins to microtubules (Figure 3). Besides, regulation
and disruption of motor-cargo mteraction may disrupt axonal transport in a number of
neurodegenerative diseases [9, 17].

Figure 3. Mechanisms of axonal transport defects: molecular motors, cargoes and microtubules
damaged. (Modified based on Kurt J. De Vos, 2008)

Mitochondria use oxidative phosphorylation to produce ATP, but as a byproduct it
can produce toxic reactive oxygen species (ROS) [18]. These ROS damage many
cellular components, but also damage mitochondna and their DNA. Mitochondna
accumulate mutations/damage during their lifetime, which can lead to a decrease in
function with aging. Mitochondrial dysfunction may affect axonal transport in at least

two ways (Figure 4). First, the anterograde transport of mitochondria and vesicles in
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axons 1s inhibited. Second, the resulting decrease m mutochondnia m the axon may
reduce the supply of ATP to the molecular motor, resulting in reduced anterograde and
refrograde movement of other axoplasmic cargoes. This mitochondrnal dysfunction may
be part of a vicious cycle mechamsm that ultimately leads to axonal death [9, 17].
Mitochondrial damage can be seen in many neurodegenerative diseases. For examples,
m Alzheimer's disease, mitochondna are the target of AP damage in Alzheimer's disease,
and AP itself can disrupt the transport of multiple cargoes, as well as mitochondra_ [19,
20] The disruption of APP anterograde transport can increase AP generation [21], and
a variety of Alzheimer's disease-related lesions are now known to impair axonal
transport. These damage mnclude changed phosphorylation of KLC2 wvia mutant
presenilin to release cargoes which 1s motor damaged, and the mutant tau can block the
kinesin binding to microtubules, and toxic AP can damage mitochondna [22, 23]

h Dk Vs BJ, ef al 2002
Anau. Rev. Meanmci. 20:151-173

Figure 4. Alteration of Mitochondnal transport are linked to mitochondrial damage (Copyright: Kurt
J. De Vos, 2008)

1.2.2.3 The exchange of materials between cells and the environment

The transport of substances inside neurons i1s mamly by axoplasmuc transport,
while the exchange of substances such as varnous soluble nutrients and metabolites
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between neurons and the extracellular matrix 1s dependent on the passive transport,
active transport, and vesicular transport which consists of endocytosis and pmocytosis.

Passive transport 1s the process that allows the molecules on both sides of the cell
membrane to cross the membrane via an electrochemical gradient. The small lipid-
soluble substances pass directly through the cell membrane following its concentration
difference or potential difference. For some non-lipid-soluble or very small hipid-
soluble small molecules such as Na*, K*, Ca®, etc., requiring some special proteins on
the membrane, which are carriers and 1on channels. These proteins are also called Na™
channels, K* channels, Ca®* channels, and they can assist the ions moving from the high
concentration to low concentration side. The selectivity of channel proteins for 1ons 1s
mainly determuned by the size of the aqueous pore and the charge of the pore wall when
the channel (gate) opens (activation) and closes (mactivation).

Active transport 1s the process by which nerve cells transport non-lipid-soluble
substances across membranes against an electrochemical gradient through an energy-
consuming process with the assistance of some functionally specialized protein in the
cell membrane, like the sodium-potassium pump, calcium pumps and hydrogen pumps.

Vesicular transport 1s the main way 1 which some large molecules enter and exat
the cell. The process of exocytosis 1s the transport of large molecules or clumps of
substances from the soma to the extracellular matrix. When some specific chemical
signal or the potential changed, it can cause the Ca** channels opening, then generate
Ca® influx. The Ca* influx can trigger a series of sequential reactions such as
translocation, targeting, membrane melting and breaking of vesicles, resulting in the
release of all vesicle components into the extracellular matrix. Furthermore, the inward
flow of Ca’* in some cells can also trigger the release of Ca>* from intracellular Ca®*
reservoirs. The vesicle contents complete the exocytosis process with a quantum release,
that 1s a single exocytosis can release all the substance of that vesicle. Endocytosis 1s

the oppostte of exocytosis. Some substance in the extracellular matrix contacts with the
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cell membrane, causing an mvagination of the cell membrane there and wrapping the
substance, which then splits with the plasma membrane structure and enters the cell
plasma together In addition, there 1s a receptor in the cell membrane that mediates the
process of endocytosis. This process 1s based on the fact that the substance 1s first
recogmized by a specific receptor on the surface of the cell membrane and binds
spectfically to it. The combined complexes accumulate in the coated vesicle on the cell
membrane through lateral movement on the membrane surface, which leads to the
depression and disconnection of the cell membrane, where the complexes wrapped in
the coated vesicle form a phagocytic vesicle and enter the cytoplasm. Then the receptor
15 separated from the transporter. The separated receptors are finally transported to the
corresponding organelles. The receptors that remain in the intracellular body are then
reassociated with some of the membranous structures to form smaller recycling vesicles,
which then move back to the cell membrane and fuse with them, allowing the receptors
and membrane structures to be reused, a process called membrane recycling. This
recycling maintains the total area of the cell membrane relatively constant and allows

the corresponding receptors to be reused.

1.2.2.4 The signals/information/substances transfer from neuron fo neuron

The information mn our brain travels along neurons through action potentials.
Action potentials travel down a single neuron cell as an electrochemical cascade, and
end at the axon termunal which has vesicles filled with neurotransnutters ready to be
released (Figure 5). The neurons communicate from one cell to the other through
neurofransmitters. If the neurotransmutter 1s excitatory, the influx of positive 1ons will
depolarnize the cell body. If the neurotransmitter 1s mnhibitory, 1t will hyperpolanze the
cell body. The main excitatory neurotransmitter 1s glutamate which can trigger more
action potentials, and the major inhibitory neurotransmmtter 1s gamma-anminobutyric
acid (GABA). When the neuron triggered an action potential, it will release the
neurofransmitters. Most neurons tend to have only one type of neurotransmitter — either
excitatory or inhubitory. They released by nearly all the inhibitory or excitatory neurons
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of the brain. Other well-known neurotransmitters include dopanune, serotomin,
adrenaline, and lustamine are found at precise points of the brain to help aid m learming,
memory, motor function, and other neurologic functions. However, a single vesicle of
neurofransmitter 1sn’t enough to depolanze the cell body. Most of the time, the post

synapse needs enough vesicles to trigger an action potential.
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Figure 5. Action potential propagation along axons leads to local synaptic release of neurotransmitter
permitting feedforward information flow in neuronal networks. (copyright: Encyclopedia Britannica,
Inc)

More recently, active and regulated modes of mtercellular transfer have been
described. These encompass releasing of small vesicles (EV’s) such as exosomes that
mostly derives from intracytoplasnuc Multi vesicular Bodies, or structures such as
Tunnelling nanotubes [24-27]. Although their relevance in inter - neuronal transfer 1s
debated, EV’s have been proposed to permut material (proteins, protein aggregates,
RNA) exchange between axons and neighboring glial cells.

1.2.2.5 Ca’" signals in the nervous system

Caleum signaling 1s being studied m many cells and model orgamisms to
understand the mechamisms of many physiological processes and the pathogenesis of
many diseases[28]. Ca®* plays an important role in neurons, and mediates many
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important physiological processes, especially in control of synaptic plasticity[29]. Ca*
signaling machinery i nervous system is complex and includes various of calcium-
dependent proteins as downstream targets including kinases, phosphatases,
transcription factors, enzymes and proteins that mduce synaptic vesicle fusion. Also
have voltage-gated Ca’* channels (VGCC), N-methyl-D-aspartate receptors (NMDAR),

and calcium release-activated channels (CRAC) [30].

Multiple data shown that Ca®* dysregulation plays an important role in
neurodegeneration [31, 32]. In Alzheimer, some studies indicate that AP may directly
bind to and modulate activity of NMDA receptors[33, 34]. The Reduction of NMDAR
activity m AD may also be induced by an oxidative stress, most likely due to oxidation
of extracellular NMDAR cysteme and intracellular targets such as calmodulin. The
disruption of NMDAR. signaling further leads to impaired synaptic plasticity, reduced
LTP, enhanced LTD and synaptic loss [35, 36]. Also, Ca>* dysregulation happened in
PD pathology[37, 38].

There have many ways to image the calcium([39] The discovery of the method for
measuring concentration of calcium ions by fluorescent Ca®* indicators[40, 41]. These
mdicators were the result of the hybridization of highly calcium-selective chelators like
EGTA or BAPTA with a fluorescent chromophore. Then after revolution, like fluo-4
[42] dye families are widely used in neuroscience duo to provide large signal-to-noise
ratios. The development of the fluorescent indicators was paralleled by the new imaging

mstrumentation, then generate a lot of new techmique and application[43, 44].
1.2.3 The structure and function of the brain

The central nervous system consists of the spinal cord in the vertebral canal and
the brain in the cramal cavity. The spinal cord 1s located within the vertebral canal and
1s connected to the medulla oblongata at 1ts upper end at the occipital bone. The interior
of the spinal cord 1s composed of the central canal, gray matter and white matter. The
gray matter 1s maimnly composed of neuronal cell bodies, short dendrites, and ghal cells.
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The white matter 1s composed mainly of crisscrossed myelinated nerve fibers. There
are 31 pairs of nerves in the spine that connect the trunk, limbs, and some internal

organs and manage their activities through reflexes.

The brain 1s located in the cramal cavity, and the average adult brain weighs 1400
g It has 12 pawrs of cerebral nerves that connect the facial organs and some internal
organs. The spmal nerves of the spinal cord and the cerebral nerves transmit information
recerved from the outside to the brain, where it 1s integrated to form feelings, emotions,
and feelings. The information sent from the brain to the spinal cord and cerebral nerves
15 mediated by the central system to accomplish movement, instinctive behavior,
learming, memory creation, etc. The brain 1s mainly composed of the brainstem
diencephalon, cerebellum and telencephalon (Figure 6).
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1.2.3.1 Brainstem

The bramstem consists of the medulla oblongata, pons and mdbrain, which 1s a
structure between the spinal cord and the diencephalon and 1s located in the anterior
part of the posterior cramal fossa. The internal structure of the bramstem is more
complex compared to that of the spinal cord. It can be divided into four main parts,
which are gray matter, white matter, mixed gray and white matter areas and central
canalicular structures. The function of the brainstem 15 sinular to that of the spinal cord
i that 1t has conduction and reflex functions. The conduction function of the brainstem
15 to conduct information from the brain, cerebellum and mesencephalon to the spinal
cord with the help of its white matter, and to conduct information from the spinal cord
and brainstem to the mesencephalon. Different parts of the brainstem control different
reflex activities. For example, the midbrain 1s mainly associated with the reflex activity
of the eyes. The medulla oblongata 1s related to the reflexes of the throat and other
mternal organs. The pons i1s associated with the facial reflexes of the head. The
brainstem imntervenes in reflex arcs such as pupil-to-light reflex, corneal reflex, sneezing

reflex, vomiting reflex, cough reflex, etc.

1.2.3.2 Diencephalon

The diencephalon is the region of the embryonic vertebrate neural tube, it
mcluding the thalamus, hypothalamus, posterior portion of the pituitary gland, and the
pmneal gland. The thalamus serves as a relay center for sensory and motor impulses
between the spinal cord and medulla oblongata, and the cerebrum_ It recognizes sensory
mmpulses of heat, cold, pain, pressure etc. And the hypothalamus has control centers for

control of eye movement and hearing responses.
1.2.3.3 Cerebellum

The cerebellum 1s located in the back of the medulla oblongata and the pons. It 15
composed mainly of gray matter and white matter Most of the gray matter is
concentrated on the surface forming the cerebellar cortex. The white matter 1s located
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m the deeper cortical layers. The cerebellar cortex 1s highly lammnated and mainly
composed of astrocytes, basket cells, etc. Purkinje cells, Golg: II, and granule cells. It
15 mvolved in the functions of maintenance of balance and posture, coordination of

voluntary movements, motor learming and Cognition.

1.2.3.4 Telencephalon (cerebrum)

The cerebrum, located in the upper part of the mesencephalon and cerebellum, 1s
the highest-level part of the bramn and the part that accounts for the largest proportion
of the brain. It 1s mainly composed of gray matter, white matter and the lateral ventricles
within it. Most of the gray matter of the telencephalon 1s concentrated on the surface to
form the cerebral cortex; a small portion of the matter 1s gathered in the deeper medulla,
which forms the basal ganglia of the brain. The white matter 1s located deep in the
cortex and 1s called the medulla. The telencephalon consists of two hemuspheres, the
left and right. The cavity inside the left and nght hemmspheres 1s the lateral ventricle.
There 15 a deep fissure between the left and nght hemispheres of the brain called the
cerebral longitudinal fissure, which divides the brain into two hemispheres, the bottom
of the interhemispheric fissure 1s a broad fiber plate connecting the two hemispheres,
called the corpus callosum. Below the hemispheres and between the cerebellum and the

cerebellum there 1s the cerebral transverse fissure.

The surface area of the human cerebral cortex is about 2200 cm?, while the volume
of the cramal cavity 1s limited. In order to accommodate the cortex, the cerebral cortex
15 concave and convex, so the surface of the cerebral hemisphere shows many sule1 of
different depths, and the elevation before the sulci 1s the cerebral gyri. In the early
embryonic stage, the surface of the cerebral hemisphere 1s smooth, and later, due to the
unbalanced development of the various areas of the cortex, the slow-developing areas
are sunken in the depths, and the fast-developing areas are exposed on the surface,
formuing the sulcus and gyrus. The creation of the sulcus and gyrus are enlarging the
surface area of the cerebral hemisphere.
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One third of the cerebral cortex 1s exposed on the surface and two thirds on the
bottom and wall of the suleus, with a thickness between 1.5 and 4.5 mm, averaging
about 5 mm. The cerebral cortex 1s composed of a variety of neurons and ghal cells,
and the number of neurons 1s extremely large, estimated to be about 100 billion,
accounting for 70% of the total number of neurons. The neurons that make up the
cerebral cortex are all multipolar neurons, mainly pyranudal cells, granule cells, basket
cells and spindle cells. Pyranudal cells are named after their cone-shaped cell bodies.
The top of the cone faces the surface and has dendrnites at the tip, while the bottom of
the vesicle has long axons that reach deep into the white matter, which are projection
neurons. The granule cells have polygonal or tnangular shaped cell body, and the cell
body 1s small, numerous and granular. They are a class of local neurons that participate
m the formation of intracortical microcircmts. Basket cells are inhibitory GABAergic
mterneurons of the brain, found throughout different regions of the cortex and
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cerebellum Basket cells are multipolar GABAergic mterneurons that function to make
mhibitory synapses and control the overall potentials of target cells. The fusiform cell
15 a type of projection neuron with a small number of fusiform cells, mainly located in
the deep cortical layer. The axons of these cells can arise from the trunk of the dendrites
and enter the medulla, forming projection and association fibers. The nerve cells in the
cerebral cortex are arranged in a luerarchical fashion. Morphologically essentially
similar nerve cells aggrepate mto certain layers. Depending on the location, the
thickness of each layer, the distribution of various cellular components and other
charactenistics, the cerebral cortex can be divided into many areas, for example, the
frontal lobe 1s maimly related to random movements and higher mental activities,
mcluding somatomotor functions, mtelligence and emotional and other activities. The
temporal lobe has auditory, perceptual, memory and motor functions. Parietal cortex:
The parietal lobe 15 mainly associated with general somatosensory sensations. In
addition to the horizontal stratification, neurons have a very longitudinal columnar
structure. Each cortical column 1s not preceded by distinct ghal cells or fiber separations,
so 1f 1s not considered a structure-based functional unit.

__——caudate head

bed nucleus of stria lerrminalis

— —irtemal capsule

ccorpus callosum

ALRIBLS
accumbens
Ly ]

-
nucleus .~
accumbens f"ﬂf
shel _——

PUEMEN T tended amygdala ¢

cantromedial amygdala | ;
basolateral amyl;:lala'f |
hiFmampux"‘

carebellum—"

braimstam

axtanded amygdala

Figure 8. Human brain with striatum (blue), nuclear amygdala (orange), cortical amygdala (red), and
hippocampus (red). (copyright : A. J. M. Loonen )

57



The basal nucleus 1s the gray matter nucleus near the base of the medulla of the
cerebral henuspheres and imncludes the amygdaloid body, caudate nucleus, and lentiform
nucleus, the latter two collectively known as the corpus stnatum. Although the striatum
has been subordinated to the control of somatic movements in mammals due to the
highly developed cerebral cortex, it still has an important role in motor regulation. In
addition to motor regulation, the basal ganglha play an important role in learming,
cognition, emotion and many other areas. As one of the subcortical regulators of the
motor system, the basal ganglia do not directly imtiate or perform movement, but rather
play an integrative, optimal, and precise regulatory role, working with the cerebellum
to perform motor functions in conjunction with the cortex by regulating muscle tone,
modulating joint movements, and maintaimming posture. They receive a large number of
projections from the cortex, process the information and return 1t to the cortex via the
thalamms. Dysfunction of the basal ganghia will produce a series of neurological
disorders accompanied by motor disorders. When the striatum 1s damaged it leads to
slowed casual movements, postural abnormalities and involuntary movements, as in
Huntington's disease.

The motor function of the basal ganglia 1s indirectly realized through the motor-
related areas of the cerebral cortex. This connection between basal ganglha circuts and
the cerebral cortex can be summarized in three circuits that together form the basic
structure of the basal gangha. In the basal gangha circuat, the stratum 1s the gateway fo
mformation mnput and the thalamus is the gateway to mformation output, projecting

mtegrated nerve impulses to the cerebral motor cortex.

The three circuits are: 1) Cortical-neoportal-pallidum (internal)-thalamus a
cortical circuit. 2) Cortical-neoportal-pallidum (external)-basal thalamic nucleus. 3)

Cortico-neostriatal-neoplasmic-neoplasmic-thalamic-cortical circuat.

The basal gangha circuit mediates somatic movements by participating in the

planning and mitiation of movements, mastery of new movements, sequencing of
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movements, and motor responses to new stimulus signals. Therefore, dysfunction of
the basal ganglia circuit has the potential to produce severe motor behavior deficits.
Currently, there are two main clinical categories of movement disorders due to disorders
of the basal gangha circuitry. The first group 1s the syndrome with hypermobility and
hypotoma, which can be seen in chorea, tardive dyskinesia, and lateral throwing
disorder, with lesions mainly located in the striatum. The pathological damage of the
disease 1s mainly in the basal gangha and cerebral cortex, with the most obvious lesions
m the caudate nucleus and the nucleus accumbens. The parenchymal structure of the
caudate nucleus head is reduced to a thin band 2-3 mm thick, resulting in a protrusion
of the lateral wall of the frontal horn of the lateral ventricle. Deformation and death of
stniatal neurons as well as a significant decrease in the content of the neurotransmmtter
GABA and its synthetase, glutamate decarboxylase, in the basal gangha are
accompanied by a decrease in choline acetylase activity and a decrease mn acetylcholine.
Hyperactivity results from a decrease m the inhibitory amino acids GABA and
acetylcholine and a relative increase in the excitatory amuno acid dopamine. Another
type of syndrome with hypermobility and hypertoma 1s caused by mgrostriatal and
pallidum lesions and 1s commonly seen m Parkinson's disease. Parkinson's disease 1s
caused by degeneration of dopaminergic neurons in the mgrostriatal dense zone, which
weakens their excitatory effect on striatal GABA/SP/DYNergic neurons, resulting in a
relative inhibition of the direct circuut, while at the same time GABA/ENEKergic neurons
lose therr mhibitory effect of dopamine, while the thalamus 1s mhibited and cortical
motor area activity 15 reduced, resulting in reduced and ngid movements, and difficulty
m mamtaimng the movements performed, while This causes changes such as
bradykinesia. In addition, Parkinson's disease 1s also associated with hyperactivity of

acetylcholine transnutters.

The limbic system 1s mainly related to visceral activity, emotions, learning, and
memory. One of these structures, the ippocampus, 1s located at the base of the lateral

ventricular hom. The hippocampus and its adjacent structures may be involved in
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various learning and memory functions, such as working memory, spatial memory, and
associative memory. If this area 1s disrupted or damaged, 1t can cause loss of recent
memory. The neural structures associated with this function are called hippocampal
circuits. In huppocampal structures, long-range synaptic transmission can be induced by
monosynaptic activation. This 1s known as long-term potentiation (LTP). All excitatory

transnussion pathways in the hippocampus can induce LTP.
1.2.4 The development of nervous system

The early development of the nervous system includes the establishment of the
primitive nervous system during the embryomic period, the generation and
differentiation of neural precursor cells, the nigration of neurons, the growth of axons
and the developmental process of a large number of synapses. Each of these events
mvolves a variety of signal-to-signal interactions, signal-receptor interactions and
transcriptional regulation of genes. When the growing axons finally reach the target
area, the correct connections begin to form and the basic neural circuitry 1s initially
formed. Following birth of embryo, neuronal growth and gene expression change
accordingly m response to a variety of experience- and activity-dependent molecular
mechanisms, leading to a continuous modification and remodeling of the neural circuts,
and the associated behavioral traits are thus shaped and stereotyped. After the individual
matures, synaptic connections continue to be modified and renewed, and this structural
reconstruction 1s necessary for the learming and memory of new skills. In addition, new
neurons are generated throughout life 1n certamn specific brain regions in adult animals,

demonstrating the strong plasticity and repair functions of the central nervous system.

1.2.4.1 The development of brain

In the fourth week of human embryonic development, the anterior part of the
neural tube undergoes dramatic changes, and its cephalic end expands to form three
primary brain wvesicles, which are the prosencephalon, mesencephalon, and
rhombencephalon and constitute the basis of the brain. As the dorsal wall of the neural
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tube develops faster than the ventral wall, its cephalic end curves ventrally and the first
curve, the cephalic flexure, appears. The part of the bram before the cephalic flexure,
the forebrain vesicle, confinues to expand and becomes the basis of the forebrain; while
the nmudbrain vesicle in the cephalic flexure part develops into the nudbram; and the
rhombencephalon vesicle after the cephalic flexure develops mto the rhombencephalon.
Subsequently, a second bend toward the ventral side, called the cervical flexure, appears
at the junction of the rhombencephalon and the spmal cord. At this point, the neural
tube of the early embryo has evolved into the prototype of the central nervous system.
Once brain regions are established in this manner, the embryo begins further rounds of
segmentation to produce new brain regions (Figure 9). The cephalic end of the forebrain
vesicle develops into two symmetrical telencephalons, which eventually develop into
two henmspheres on either side of the brain. The termunal part of the anterior vesicle
develops into the diencephalon, which includes the thalamus, hypothalamus, and a pair
of optic cups located laterally, which will develop mnto retinal neural tissue. The dorsal
part of the midbrain vesicles forms the four bulges of the superior and mferior thalamus,
while the ventral part forms the nucle1 concentrated in the mudbrain periaqueductal
region. The thombencephalon evolves mto a metencephalon at the cephalic end and a
myelencephalon at the caudal The hindbramn eventually forms the cerebellum and the
pons, and the endbrain develops mnto the medulla oblongata. The lumen of the neural
tube m the vesicular area evolves into ventricles at all levels. The anterior vesicular
lumen forms the lateral ventricles in the nght and left cerebral hemmspheres and the
third ventricle of the mesencephalon; the midbrain vesicular lumen forms the narrow
midbrain aqueduct; and the rhombic vesicular lumen forms the fourth ventricle located
dorsal to the pons and medulla oblongata, which continues with the central canal of the
spinal cord.
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Figure 9. The development of hnman brain (Copyright: Purves, et al 2011)

1.2.4.2 The development of cells in nervous system

During early embryonic development, after the imitial formation of the bramn and

spinal cord, the persistent cellular components of the central nervous system - neurons
and ghal cells - begin to arise and differentiate. Almost all of the 100 billion neurons
and many more glial cells contained in the adult brain arise within just a few months
from a small group of precursor cells. These neural precursor cells (NPCs), or neural
stem cells, are located m the ventricular zone (VZ), the innermost layer of the neural
tube wall. The mitotic activity in this zone 1s exceptionally active. During the peak of
cell prohiferation in the human embryomic period, it 15 estimated that 250,000 new

62



neurons can be generated every minute After birth, most of the cells in this zone

disappear, leaving only a very small fraction that continues to produce new neurons.

Early neurogenesis undergoes three temporal phases [45]. The first phase 1s the
expansion of NPCs through multiple rounds of symmetric divisions, called the
expansion phase; then the neurogenesis phase, m which most NPCs divide
asymmetrically to produce neurons; and the last phase 1s the gliogenesis, in which NPCs
undergo asymmetric divisions to produce mainly astrocytes and oligodendrocytes
(Figure 10).
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Figure 10. Temporal NPC specification in the neocortical development. (Copyright: Miyata, 2010)

NPCs in the expansion phase usually refer to neuroepithelial cells (NEs). NEs
divide symmetrically and expand laterally, which can cause the neocortex to expand
laterally and increase the surface area. When neurons undergo phase mmtiation, NPCs
refer to radial gha (RG). RGs generate more differentiated cells through asymmetric
division while achieving self-renewal, which can cause radial expansion and thickening
of the neocortex. RGs have a fypical bipolar morphology with protrusions that run
through the wall of the neural tube, extend a long distance from the VZ to reach the soft
membrane on the outer surface, and lengthen with the thickening of the neural tube wall,
serving as a scaffold for immature neuronal migration. In the late stages of neurogenesis,
NPCs give nise mamly to astrocytes and oligodendrocytes, and no longer to neurons.
The termination of neurogenesis 1s synergistically regulated by exogenous factors and
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endogenous programs.

1.2.4.3 Neuron migration and axon guidance in the developing nervous system

Neuronal nigration and axon gmidance Durning the development of the nervous
system, immature neurons arise in the ventricular zone and undergo outward nugration,
most needing to nugrate considerable distances before finally reaching their destination.
In the central nervous system, migration, although confined to the neural tube, still
mvolves traversing significant distances, especially i large animals such as pnimates.
As 1n the formation of the cerebral cortex, neurons need to migrate a few nmullimeters,
through which different types of neurons can come together to form proper spatial

connections.

Neurons in different regions of the nervous system adopt different migration
strategies. Similar molecular mechamsms may also be used to guide axonal growth at
different stages of development. In confrast, neurons in laminarly organized brain
regions, including the cerebral cortex, cerebellum and hippocampus, reach their
destination along the protrusions of radial ghal cells, that is, they nugrate n a cell-
gmded manner This process 1s mediated by extracellular matrix adhesion molecules
and associated signal transduction molecules. Many of these molecules are also
essential for subsequent steps in neural development, such as axon growth and
orientation. However, the migration of neurons in many other regions of the bramn,
particularly those evolving mto nucleolus structures, does not depend on the gmdance
of radial ghal cells.

For example (Figure 11), striatal neurons located in the striosome were generated
during early neurogenesis, while neurons of the matrix compartment were generated
during late neurogenesis. Late-born (matrix) stnatal neurons recerve cortical mput
mdependent and different from the cortical mput that early-born (striosomal) striatal
neurons recerve. Thus, birth-dating results in a different cortical innervation pattern and
subsequently, in a different functionality of striatal neurons [46].

64



Shh Fgf8
smr\almn Slgr\én'lln;r
Nlu:z 1 Fomg1 Corlex
Hess
Bﬁﬂﬂﬂgm _)m
inter- D2
neurons Paxf
J Y Ngni2

Gad1, GAT,

DARPP-32

DR, D2DR

——» dimclachvation
——# et raprassion
Striatal projection neurons P commnireanm sctuaton
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Neurons arise, migrate and, upon reaching their destination, begin to establish
neural loops. Firstly, neurons from different brain regions must be connected together
by axons and secondly, ordered synaptic connections must be formed between the
appropriate pre- and postsynaptic neurons. Thus, the cytological mechanisms of axonal
growth and synapse formation are the mamn determinants m establishing the neural
loops that will ultimately control behavior The directional growth of axons and the
identification of synaptic targets are mediated by a special structure at the tip of each
growing axon, namely the axonal growth cone. The growth cone constantly detects
external signals and responds to them by identifymng the correct elongation pathway,
mhibiting incorrect growth direction and ultimately promoting the formation of
functional synaptic partners. These signals mnclude cell surface adhesion molecules as
well as diffusible signaling molecules that can attract or repel growth cones. In addition,
secreted growth factors also influence axon growth, synapse formation and regulate the
number of axon/target connections. Sinular to other intercellular commumications, these
signals, which are transduced by various receptors and second messenger molecules,
mitiate intracellular events that lead to the directed growth of axons, the specialization
of growth cones to presynaptic components, and the formation of specific postsynaptic
sites.
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1.2.4.4 The formation of synapses

As axons grow to the correct target, they must make a further choice between a
large number of potential local synaptic partners, and select a cell that 1s specifically
mnervated by them_ The axon termunals that reach the target area begin to form multiple
fine termunals and initiate the next process of development, that is, the formation of
synapses. Synapse formation involves at least three main stages: (1) The localization of
cell-acting factors or adhesion molecules between the presynaptic axon and the
postsynaptic cytosol or dendnite, (1) Presynaptic differentiation, which establishes the
transnussion structure of the synapse. (111) Postsynaptic specific differentiation, which
allows for the reception of signals from neurotransnutters. There are an extremely large
number of synapses in the central and peripheral nervous system, each varying in
almost all aspects of morphology, function, location and mode of connection, so that
the formation of synaptic specificity may require the induction and integration of
multiple signals.

1.2.4.5 Neurogenesis in adults

The classical theory believed that neurogenesis was no longer present in the brains
of adult ligher vertebrates. Indeed, m a semunal study, using environmental
radioactivity as a tracer. Spading KI1.[47] showed that Cortical neurons in adults are as
aged as the individual. These results, substantiated by others, suggest that m most of
the brain areas post-mutotic neurons are not renewed during whole life. However, the
discovery by Nocdohm and Goldman in 1983 shown that a large number of new
neurons were found in the bramn of adult canaries in specific brain areas, which attracted
a great deal of attention in the scientific field. Following studies have also shown that

neurogenesis 1s present in the adult bird, rodent, primate and even human brain

primarily in 2 structures: the olfactory bulb and the hippocampus.

Evidence of localized neurogenesis illustrates that the adult brain has strong

plasticity. The plastic changes can occur not only at the molecular or synaptic level, but
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also at the more macroscopic cellular, network and systemic levels. It 1s conceivable
that the creation of new neurons and their addition to existing neural circuits, which
require new connections to other neurons, will inevitably result in large changes to the
existing neural network or system. At the cellular level, newly generated neurons may
differ from older neurons, at least for a short period of time, showing some difference
m synaptic plasticity. It 1s possible that at the level of local neural networks, newly
generated neurons may be associated with the active properties of some cell populations.
Each neural network has the ability to encode information and store operational
procedures over a wide range of areas, and the pattern of neurogenesis may be critical
to the implementation of these functions. Neural replacement and recovery are an
important direction in addressing many neurodegenerative diseases. Much of the loss
of many of the underlymg cells occurs prior to the discovery of disease symptoms and,
to date, no neuroprotective therapeutic technique has been able to prevent the loss of
neural cells. The application of neural precursor cells may provide new ideas for the
treatment of neurodegenerative diseases due to the ability of various stem cells to
generate new neuronal cells and oligodendrocytes.

1.3 Neural connectivity

1.3.1 The neural circuits

1.3.1.1 The projection between cortex and striatum

Neurons in the cortex are connected to mmltiple structures in the bramn by
projections. The six layers of the cortex can be divided anatonucally mto multiple
neurons. For example, Intratelencephalic (IT) neurons in the cortex are located mainly
m layers 2 to 6 of the cortex, where ITs located in layers 2 to 3 mainly build cortical-
cortical connections and ITs located mn layers 5 to 6 mamly bwld cortical-striatal
connections, where the cortex mostly communicates with the stnatum m a
monosynaptic manner. Pyranudal tract (PT) neurons are located in layer 5B of the

cortex and receive projections from the IT in layers 2-3, and also project to the striatum,
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Thalamus, subthalamic mucleus (STN), and Brainstem. Corticothalamic neurons are
located 1 layer 6 of the cortex, and project to the thalamus and reticular nucleus, and
do not make connections to the striatum([48].
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Figure 12. The axonal projection of CStr neurons.

1.3.1.2 The glutamatergic projection in neural circuits

Glutamate 1s the main excitatory neurofransmtter in the nervous system and
belongs to the class of amino acids. There are many glutamatergic pathways m the
central nervous system, and five main pathways that project from the cortex. They are
cortico-bramnstem pathway (ventral tegmental area and dorsal raphe nucleus), cortico-
stnatal pathway, cortico-hippocampus pathway, cortico-nucleus accumbens pathway,
cortico-thalamic pathway (Figure 13, green arrow). And also, cortex have cortico-
cortical projection [49, 50]. In addition, the lippocampus and amygdala also have
glutamatergic projection to medial prefrontal cortex. These projections support the
exhibition of whole brain. Glutamate and glutamate receptors are also mvolved in the
mechanisms of synaptic plasticity (LTP and long-term mhibition, LTD), which 1s
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thought to underlie learming and memory. The lesion of glutamatergic pathways can
damage learning and memory off In Alzheimer's disease (AD) there 1s loss of
pyranudal neurons and their synapses and glutamatergic decrement. The mechamsm of
glutamatergic (and cholinergic) cell death may be a combination of necrosis and
apoptosis caused by multiple factors, and all of these changes are strongly associated
with cognitive decline in AD[51, 52].
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Figure 13. The glutamatergic projection of human brain (Richard L Bell, 2016).
1.3.1.3 The GABAergic inhibition in neural circuits

The balance between excitatory and inhibitory neurotransmitter systems maintains
the normal functioning of the central nervous system (CNS). Excitability 1s regulated
by glutamate, whereas mhibition 1s regulated by GABA via interneurons. GABA 1s the
major inhibitory neurotransmutter in the CNS and exerts 1ts inhibitory function through
1onotropic GABA, and metabotropic GABAg receptors [53]. GABA 4 receptors can
also can be selectively blocked by Bicuculline [54]. When GABA 1s released mto the
synaptic gap, 1t will be reuptaken by GAT-1 and GAT-3 transporter protemns [55].
GABAergic neurons have been found to be present in the amygdala, hippocampus,
hypothalamus, prefrontal cortex, olfactory bulb, retina and spinal cord [55].



GABAergic projections are widely distributed throughout the brain and have been
found to be mainly from the stnatum to the substantia mgra and brainstem, then from
the substantia nigra to the thalamus, as well as from the hypothalamus to the occipital
and panetal cortices, from the huppocampus to the thalamus and striatum, and from the
nucleus accumbens to the thalamus, where GABA projections are also highly
innervated by the cerebellum[56] (Figure 14).
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Figure 14. The GABA pathway in human brain (Richard L Bell, 2016).

From the previously mentioned glutamatergic pathway, 1t can be found that the
partial overlap of these two pathways can form a dynamic mhibitory-excitatory loop.
The highly dynanuc GABAergic system has a key role in regulating the activity and
plasticity of neural networks during development and adulthood [57]. It has also been
suggested that dysregulation of GABA action in brain circwts 1s central to the
pathogenesis of NDD [58] GABAergic pathways are extensively and mtricately
mvolved in determuning the onset and end of critical periods of development, as well

as learming and memory.
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1.3.1.4 The DAergic projection and it's dysfunction in Parkinson § disease

The striatum 1s the main mput structure to the basal ganglia, receiving the major
excitatory mput from cortical glutamatergic pyramidal neurons and the densest DAergic
mnervation of the SNc[59]. GABAergic spiny projection neurons (SPN) are the major
neurons in the stnatum, accounting for 90% of all stnatal cells. The hypokinetic
symptoms of PD are due to the selective loss of DAergic neurons mn the substantia nigra
densa (SNc), which mnnervates the basal gangha[60]. In the healthy brain, excitability
from the cerebral cortex 1s transmutted to the striatum and STN, and then to the basal
gangha. Specifically, excitation through the cortex 1s directly mput to the substantial
nipra pars reticulata (SNr) or mnternal segments of the globus pallidus (GP1) via the
GABAergic pathway, and indirectly input to external segments of the globus pallidus
(GPe), and glutamaterpic pathway to STN. SNc regulate cellular activity with
dopanunergic projections via D1 or D2 receptors i the basal ganglia (Figure 15). But
m Parkinson disease, with the DA neurons degeneration, the DAergic projection lost,
the balance was broken. The consequent results are SNr/GP1 and STN are hyperactivity,
and that nhibit the activity of PPN, thalamus, then reduce the movement.
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Figure 15. Dysfunction in Corfico-striatal circuits in Parkinson’s disease (Hong-Yuan Chu, 2020).
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1.3.2 Neural connectomics

We are 1n an information age with a complex network structure, just like the cells
m our bram. In sociology, there are lighly structured patterns of connectivity from
mdividual and group human lives, interpersonal interactions to economic behavior, and
even disease fransmission epidemics and material transport. In biology, the self-
organized response of groups in response to external challenges, from single cells to
tissues and entire ecosystems, 1s a reflection of the structure and function of complex
systems. The human brain 1s also composed of small communities of structural modules
and networks in which neurons and networks of bramn regions are structurally
mterconnected to form the central nervous system. Studying the role of connectivity in
brain function can provide a basis for unravelling brain signaling, behaviors,
degenerative pathologies, etc. Connectomics 1s a way to achieve this, by mapping its
elements and connections fo create network architectures, and then by quantitative

models to determine the relationship between structure and function [61-63].

1.3.2.1 Graph theory and Neural connectomics

Many studies have begun to describe the nervous system mathematically, as a
graph or network containing nodes (neurons and/or brain regions) and edges (synaptic
connections, inter-regional pathways) [64](Figure 16). Bram networks are constructed
from measures of structural or functional relationships between pairs of neurons or
brain regions. These paired relationships are summarnzed in the form of a connectivity
matrix that describes the relationships between nodes and edges, 1.e_, the topology of
the network [65]. The mam goal of connectome research 1s to unravel the architecture
of bramn networks and to explain how the topology of structural networks shapes and
regulates bramn function. Network science or "graph theory" can be used to elucidate
key orgamizational features of the brain's connectome architecture and to predict the

role of network elements and network properties in brain function[61, 62, 66].

T2



L] [ ]
B low degree
r"" A B
» [ ] path / [ ]
A4

i high degree

- provincial hub

madule | .
connector hub module 2

Figure 16. At the macro-connectome level brain can be envisioned as modules of specific topologies
made of nodes (neuronal elements) and edges (their interconnections).

Once brain network data are presented mm matrix form, they can be used from
network science [67]. Hubs in graph theory, for example, represent nodes of particular
mterest in many network studies because their central embedding m the network
topology makes them attractive candidates for information integration and also makes
them vulnerable to attack[68]. Hubs can be found to be highly interconnected, simular
to the close relationship between modularity and network communities[69]. Hubs that
primarily connect nodes within a community are also referred to as "provincial hubs",
while hubs that connect mmltiple communities are referred to as "connector hubs".
Increasingly, the cross-cutting features of brain network orgamization, which simulate
capturing 1solation, integration, and influence, rely on the decomposition of networks
mto modules or communities connected by bridge connections and hub nodes[66, 70].
Such modular descriptions of brain networks are particularly attractive because they
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can be applied to both structural and functional networks, and the resulting modules
have been shown to be relevant to behavior and cogmtion[71, 72].

1.3.2.2 The relationship between structure and functions in neural network

When explorning the connectivity of the bramn, in vitro neural networks formed
based on anatomucal structures can be considered as structural neural networks, while
those based on physiological roles can be counted as functional neural networks. These
two domains of brain networks are different in the constructional approach and also
have neurobiological differences. An important distinction 1s between structural and
functional brain networks. Structural networks are denved from anatomucal data sets
and represent physical synaptic connections between neural elements, whereas
functional networks are denived from neural recordings and represent their statistical
relationships [63, 64].

The relationship between structure and function has also been studied at different
scales. A number of studies across micro-, meso-, and macro-scales have shown that
patterns of structural connectivity do help shape the dynamics of neural activity. From
the micro scale, such as in terms of circuit topology, large-scale recording methods
applied to organisms such as zebrafish larvae can produce highly resolved whole-brain
recordings of neural population activity [73]. This dynamic circuit activity can be
analyzed using time-series methods, and there 1s evidence that functionally coherent
circuits form clusters or modules [74]. Mesoscale data were mainly collected using MRI
[75, 76], for example Wang et al. [77] studied the relationship between structural and

functional connections within monkey somatosensory cortex at hugh spatial resolution.

The connections between highly connected nodes and hubs are affected and the
default mode network 1s specially changed. Specific to actual cases of
neurodegenerative diseases, some advances in brain imaging suggest that ND triggers
deep alterations 1n bramn connectomics. Neuropathological analysis has shown that

various pathological signs of ND such as stroke and fraumatic brain injury appear to
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follow neuroanatomical pathways in the brain. The analysis of brain topology suggests
that bramn network topology 1s associated with higher robustness under stress and that
ND alters this robustness in space and time [78-80]. From the molecular water, 1t was
shown that the spread of aggregated a-syn, Tau, etc_, in the brains of affected patients
would be closely related to the functional aspects of the neural network in some way.
These results suggest that network topology 1s mvolved in the propagation among
dementia such as Alzheimer's disease and Lewy body [81]. Studyimng the relationship
between such spatial changes and alterations in physiological function 1s a key pomt in
understanding the processes of disease and abnormalities occurring in the nervous

system.

1.3.3 What we are inspired about reconstructing neural network?

Culturing neurons in vitro 15 not a difficult task, but the specificity of neuronal
morphology predicts that, when building neural networks, 1t 15 necessary to mumic the
projections of different regions in the human brain, such as the connections between
the cortex and the stnatum The signaling of neurons controls the processing and
feedback of all information in the brain. This means that the construction of m vitro
neural networks must be physiologically active and able to mumic the real functional
ones 1 certain regions of the bramn, especially the signaling between neurons. Neural
connectomics coupled with graph theory, meanwhile, simplifies the brain into a number
of different small information centers. Rather than relying on the cascading of
mdividual neurons, information transfer relies on an orderly integrating of information,
followed by the next round of information distribution and transnussion from the hub.
It 15 easy to see that a network structure consisting of individual neurons in composition
15 difficult to achieve both aspects at the same time. But when neurons have their own
community or group and then connected to another group, structural projective
connectivity and functional information transfer can be achieved at the same time. In
addition to this, the overall survivability increases. Therefore, when we design and buld

the chip, we first aim to capture a certain number of neurons in nodes of our design,
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then allow making connection opportunities between these nodes. Hence, the idea of

an ordered array of different small communities of neuron populations can be achieved.

1.4 Neurodegenerative disorder

1.4.1 Alzheimer's disease and other dementia disease

Dementia 15 an acquired, generalized, persistent syndrome of mtellectual loss
resulting from brain function and mental impairment common 1n older people. The most
common forms of dementia are Alzheimer's disease (AD) and vascular dementia (VD),
as well as frontotemporal dementia (including Pick's disease), Lewy body dementia,
traumatic brain mjury, Parkinson's disease, Huntington's disease, etc. The incidence of

Alzheimer's disease 1s increasing every year as the elderly population grows older.

1.4.1.1 Pathological features of Alzheimer's disease

The typical neuropathological features of AD are semle patches (SP or amyloid
plaques) and neurofibrillary tangles (NFT) formed by intracellular over-
phosphorylation of tau proteins, which are also the basis for the histopathological
diagnosis. The B-amyloid protein (AP) 1s the main component of senile plaques, and
the accumulation of extracellular fibrotic B-amyloid protein culminates in the formation

of senile plaques.

In AD patients, there 1s widespread bramn atrophy in the temporal, panetal and
frontal lobes, mostly symmetrical The cerebral sulcus becomes shallow, the gyrus
becomes narrower, the lateral ventricles become enlarged, the ventricular hom becomes
blunt, the gap between the hippocampus and the temporal hom becomes wider, and
significant atrophy of the mternal olfactory area occurs early. In AD patients, brain
tissue destruction spreads from the memory area to the emotional and sensory control
areas, with a loss of 5.3% per year in the prey matter of the brain and up to 10% per
year in the memory area, compared to 0.9% m normal controls, and the edges of the

brain tissue destruction area continue to push outwards, resulting 1 more brain tissue
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damage.

1.4.1.2 Clinical manifestations of Alzheimer's disease

AD mainly occurs in the pre-genatric and old age. The disease starts msidiously
and symptoms usually become apparent after 2-3 years of onset, with a duration of 5-
10 years. The main chinical manifestations are dementia syndromes, such as memory
loss, cogmtive and language dysfunction, etc. Memory impairment i1s the earliest
manifestation of AD, accompanied by emotional and personality changes.

There are various scales to detect dementia [82-85], including the mini-mental
state examunation (MMSE), the Mattis Dementia Rating Scale (DRS), the Alzheimer's
disease assessment scale (ADAS), the Hasepawa Dementia Scale (HDS), the
Alzheimer's Disease Assessment Scale (ADAS), the Blessed dementia scale (BDS),
Wechsler adult intelligence scale (WAIS) and Wechsler memory scale (WMS). The
MMSE 1s the best-known scale for detecting dementia, designed by Folstein et al [86].
It 15 easy to use, requuring the patient to draw a clock within a circle, a test that patients
with dementia often fail to complete comrectly. The clock test has a sensitivity and
specificity of 90% for patients with dementia.

The biochemical tests include tau protemn levels in the cerebrospinal flmd (SF)
and amyloid denivatives in the cerebrospmal flmd. The electrophysiological tests
mclude electroencephalography and evoked brain potentials. The neuroimaging tests
mclude computerized tomographic scanning (CT), magnetic resonance imaging (MRI),
single photon emission computed tomography (SPECT), positron emission computed

tomography (PET), and proton magnetic resonance spectroscopy (H-MRS), etc [87, 88].

1.4.1.3 The treatments of Alzheimer's disease

According to mformation released by the World Health Orgamization, AD 1s the
fifth most common disease-causing death in humans, and to date there 1s no curative

treatment. The aim of treatment 1s to slow the progression of the disease, maintain

17



residual brain function and reduce complications [89, 90]. NMDA receptor antagonists
[91], for example, reduce the neurotoxic effects of glutamate. Cholinergic agomists such
as milameline and xanomeline have shown sigmificant improvements in cognitive
function and motor behaviour. Cholinesterase mnhibitors [92] such as donepezil,
galanthanmine and nvastignune significantly inhibit the activity of acetylcholinesterase
m bram tissue and enhance cholinergic synaptic transnmssion, thus improving the
symptoms of AD patients in terms of cognition and memory. Calcium antagomsts such
as mmodipine, flunanzine and pmlizine have different degrees of improvement on
certain symptoms of Alzheimer's disease such as memory loss and reduced ability to
adapt to the environment [93]. Anti-AP drugs [94] such as Alzhemed (tramiprosate)
bind solid B-amyloid peptides and bt their aggregation. AP antibodies bind to the
AP region of the APP protein on the surface of the cell membrane, accelerating APP
endocytosis, and the presence of antibodies in endosomal vesicles enhances the
degradation of APP cleavage products, thereby reducing the imtracellular AP content
and achieving a reduction in the AP protein content. In addition, there are antioxidant

drugs and some hormone replacement therapies [95].

In summary, the course of AD 1s progressive and non-reversible, the pathogenesis
1s complex and there are no specific drugs to target.

1.4.2 Parkinson's disease

1.4.2.1 Pathological features of Parkinson's disease

The hallmark histopathology of PD is the loss of dopaminergic neurons in the
substantia mgra, accompanied by neuronal inclusions known as Lewy bodies. The cell
loss 1n the substantia nigra occurs 1n a specific way. There 1s also significant neuronal
loss 1n the ventricles, dorsal motor nucleus of the vagus, nucleus accumbens, and basal
nucleus. And the Lewy bodies may be found i all these sites as well as in many other
subcortical structures. The caudate, putamen, globus pallidus, thalamus, and other
brainstem structures appear normal [96, 97].
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1.4.2.2 Clinical manifestations of Parkinson's disease

The mam clinical features of Parkinson's disease include resting tremor, myotoma,

bradykinesia and abnormal postural gait movements. The non-motor symptoms include

cognifive impairment, neuropsychiatric symptoms, autonomic dysfunction, sleep
disturbance and sensory disturbance [98, 99].

1.4.2.3 The treatments of Parkinson's disease

The goal of treatment for Parkinson's disease 1s mainly to delay the progression of
the disease, control the symptoms of the disease and improve the quality of life of
patients [100]. It 1s generally considered that the goal of treatment for young, early-
stage patients 1s to maintain or restore the ability to work. For mtermediate and late-
stage patients 1s to have the ability to take care of themselves. For advanced patients 1s

to reduce pain and prolong life.

Patients with Parkinson's disease have a severe deficiency of levodopa in the bramn,
and the provision of exogenous levodopa can mcrease the level of dopamine in the
brain[101]. Levodopa 1s a dopamune precursor that 1s decarboxylated to dopamine by
L-amino acid decarboxylase. Dopanune itself cannot cross the blood-brain barrier, but
levodopa can cross the blood-brain barrier and become dopamine in the brain tissue by
decarboxylase action. Levodopa 1s currently the most effective drug for Parkinson's
disease treatment. Levodopa ethyl ester (LDEE) 1s a pre-dmug of levodopa [102], and
levodopa ethyl can be rapidly hydrolyzed into levodopa in the duodenum after taking,
and 15 rapidly absorbed in the form of levodopa, which avoids the disadvantage of
unstable absorption of levodopa in Parkinson's disease patients. In addition, dopanmune
agomnists can act directly on striatal dopamine receptors, and their efficacy 1s not easily
affected by the loss of migrostriatal neurons and can reduce the adverse effects of
levodopa [103].

In addition, neural stem cell therapy for PD may be more promising, but 1t has not
been applied to the clinic yet due to the problems of survival and preservation of
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transplanted cells and long-term postoperative immune response [104]. Neural stem
cells have the ability to differentiate into neurons and glhal cells, are capable of self-
renewal, and have the potential to provide a large number of brain tissue cells. Therefore,
neural stem cell transplantation therapy can repair the damage of striatal dopamunergic
pathway caused by mgrostriatal neuronal degeneration, thus achieving the purpose of

treating PD[105].

1.4.3 The different hypotheses for mechanisms of neurodegenerative

diseases

1.4.3.1 Protein aggregation

One of the most important hypotheses in neurodegenerative diseases 1s that 1t 1s
due to abnormal interactions of certamn proteins m the bramn, which can alter the
conformation between normal soluble bramn proteins leading to the formation of
aggregated insoluble fibers, which are divided into ordered and disordered forms [106].
Normally, protemns are mn a dynamic balance between vanous conformations in
synthesis and degradation [107]. Whle folding 1s the normal procedure for converting
newly synthesized protemns into physiologically functional molecules, abnormal
misfolding can lead to changes in protemn structure and induce the formation of various
supramolecular agpregates (Figure 17). These mistakes can onginate from production
errors, genetic or acquwed amino acid substitutions or damage [108]. These
abnormalities can induce a vicious cycle, leading to neuronal and ghal cell dysfunction
and death [109, 110].
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Figure 17. Model of protein misfolding and fibrillation leading to deposition of aggregated proteins in
cells and extracellular spaces via actions of the UPS, phagosomes and aggresomes, either causing cell
death or cytoprotection. (Kurt, 2010)

This mechanism shares a sinular protein aggregation pathway with the cell-cell
propagation of prion disease like the Creutzfeldt-Jakob disease, hence that protein
aggregation hypotheses of neural degeneration 1s also called prion-like disease. In prion
disease, it is the cellular prion protein (PrP®) converging into PrP5¢ which are the
abnormal P-sheet-rich form of PrP® [111] In Prion spreading scenario, PrPSc
aggregates are amplified through a seeding/nucleation process that leads to the self-
perpetuation of specific supra molecular assembles that behaves like infectious agents
m the bramn. Similarly, 1t 1s now postulated that protemns such as mnvolved n
neurodegenerative syndromes B-amyloid (AP), Tau, a-synuclem (aSyn) aggregates,
and TDP-43 mvolved in respectively Alzheimer Diseases, Parkinson Disease and
Amyotrophic Lateral Sclerosis may acts as “Prion-Like™ elements that progressively
mvades specific brain areas in affected patients. The figure below summarized these
prion-like mechanisms involved in the transmmssion of musfolded proteins which were
detected in mammals (Figure 18).
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Figure 18. The prion-like mechanism of several misfolded protein transmission in different NDD
(Acquatella-Tran, 2013).

Alpha-synuclem (o-Syn) 1s a 140 amino acid long protemn encoded by the SNCA
gene that 1s highly expressed in neuronal fissue. a-Syn 1s normally mvolved 1n vesicular
transport by interacting with the SNARE complex protein at the presynaptic ternunal
[112]. Overexpression of this protemn disrupts the homeostasis of the termunal vesicle
cycle, thereby mhibiting neurotransnutter release. This protemn 1s naturally unfolded, it
1s amphipathic and forms an a-helical structure at the N-termunal end when bound to
the lipid membrane [113]. When 1t 15 cleaved and phosphorylated by proteases, it
mcreases its propensity to aggregate, leading to the formation of p-sheet format. The
aggregation process can be divided mnto primary and secondary nucleation stages. In
the primary stage, nusfolded monomers form oligomers, which in turn form prefibrillar
nucle1, which in turn form larger fibnils. In the second stage, cellulose can create new
fibnls by fragmentation and catalyze the formation of new oligomers on the
hydrophobic surface of the nucleus [114]. a-Syn aggregation plays a key role in its
toxicity.

Tau belongs to a fanmuly of microtubule-associated proteins [115] that are nvolved
mn regulating microtubule stability mamly in axons. Tau has been shown to have at least
45 possible phosphorylation sites, which are susceptible to phosphorylation and a
variety of kinases have the ability to phosphorylate them [116] In
hyperphosphorylation pathologies caused by an imbalance between kinase and
phosphatase, it becomes unstable when bound to microtubules as well as the kinesin 1s

82



affected, eventually causmng impairment of axonal transport [20]. Meanwlule,
hyperphosphorylation of tau increases its tendency to self-assemble mto larger
aggregates, resulting n the accumulation of tau assemblies and the formation of paired
helical filaments (PHFs) [117]. Ammt also reviewed the some evidence of tau
pathology spreads through prion- like propagation, but it 1s still not clear that how the
prion-like propagation ansing from differential spatio-temporal vulnerability of
connected neuronal populations[118].

APP (Amyloid precursor protein) 1s a transmembrane glycoprotein [119]. It 1s a
cell surface receptor that interacts with extracellular matrnix protems [120]. And 1t 1s
essential for motor neuron development and neuronal migration [121]. Amyloid-p
peptide (AP) 1s an approximately 4 kDa fragment derived from the larger amyloid
precursor protein (APP) by the concerted action of p- and y-secretases[122]. The AP
peptides polymerize into insoluble ~10 nm filaments which are the main component of
exftracellular amyloid plaques. The deposition of amyloid plaques and neurofibrillary
tangles (NFT) in the brain 1s the character of Alzheimer's disease[123]. Tau proteins are
mainly distributed in neuronal axons, and in normal brain tissue tau proteins promote
tubulin polymenzation to form mucrotubules, reduce dissociation of micro tubulin
molecules, and stabihize microtubule structure. Neuronal fiber tangles are one of the
main pathological features of AD, which are composed of double-stranded helical
filaments, while the main component of PHF 1 the brain of AD patients i1s abnormally
phosphorylated tau protemn. tau protemn can also undergo abnormal modifications, such
as excessive glycosylation and ubiquitination. The hyperphosphorylated tau protein 1s
partly soluble and partly insoluble deposited in the PHF [124], resulting in neuronal
degeneration in the brain. Under pathological conditions, imbalance of kinase and
phosphatase activities can lead to hyperphosphorylation of tau protein, thus detaching
tau protein from microtubules, causing disintegration of the mucrotubule system,
affecting axonal transport and eventually leading to neuronal degeneration. APP i1s
widely present in the cell membranes of many tissues throughout the body. AP 1s a
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normal product of cellular APP, and all cells of the nervous system express Af and APP.

1.4.3.2 Genefic factors

Besides “epigenetic” abnormal protemn aggrepation genetic factors are also
mvolved in mitiating and or interfering with the outcome of neurodegenerative
syndromes. For example, in Alzheimer Disease, several genes have been linked to
susceptibility factor to AD, some of which are directly involved in triggering the
formation of agpregates, some being secondarily linked to the duration of the disease.
the mam genes associated with AD patients are, Tau, amyloid precursor protein (APP),
presemlin, and apolipoprotein E (ApoE) [125, 126].

It 1s not the scope of that PhD to provide an mn-depth review of the genetic
mechanisms mvolves in the aetiology and development of AD related process. For mn-
depth review see these papers [127-130].

Under normal conditions, the production and degradation of AP maintamn a
dynanuc balance. APP gene abnormalities 1n any of the various aspects of transcription,
translation, expression of APP molecules, and formation of APP precursor protein and
1ts hydrolysis product Ap may lead to the formation and deposition of AP protein[131,
132]. PS genes have PS-1 and PS-2 type. Defective PS1 gene can reduce the formation
of AP by inhibiting the occurrence of cleavage by secretase[133]. PS2 can mnhibit T cell
receptor and Fas-mediated apoptosis of neuronal cells, thus suppressing the occurrence
of AD. Mutations in PS2 gene can lead to mcreased production of Ap[134] The main
role of ApoE is to transport cholesterol in the blood. ApoE is present in both NFT and
senile plaques in the bramn of AD patients, and the main component of NFT 1s PHF,
while the main component of PHF 1s abnormally phosphorylated tau protemn. It was
found that ApoE 1s associated with abnormal phosphorylation of tau, and the formation
of PHF may result from the inability of ApoE to effectively maintain the stability of tan
protein-microtubule protein junctions and/or the failure to inhibit the self-agpregation

of tau protein[135]. In addition, ApoE can be mvolved in regulating AP production and
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can affect the clearance and formation of AP by astrocytes and neurons. ApoE can bind
to AP and accelerate the precipitation of Af by prompting the latter to form
monofilament fibers [136].

There are five genes clearly associated with Parkinson's disease, namely the alpha-
synuclein (a-syn) gene, LRRK?2, parkin, DJ-1 and PINK1 [137]. a-syn and LRRK?2
mutations are commonly found in patients with autosomal dominant PD and are mainly
mvolved in the formation of intracellular protein mclusion bodies. While mutations m
Parkin, DJ-1 and PINK1 are common in autosomal recessive and sporadic Parkinson's
disease patients and are mamly involved in the regulation of mutochondmnal and
oxidative stress-related signaling pathways. DJ-1 1s a common pathogenic gene mn
Parkinson's disease and has an important role i transcriptional regulation and
resistance to oxidative stress [138]. The a-syn gene encodes a presynaptic protein, a-
syn protein, which 1s widely expressed in the bramn, mainly in presynaptic ternunals of
the central nervous system. The a-syn exists i solution as an uregularly coiled form
and 1s a highly soluble protein m the neuronal cytoplasm. The a-syn mutations,
overexpression, and abnormal aggregation of the protein may result in large aggregates
of u-syn protein to form Lewy vesicles. The a-syn protein 1s present in the fibnls of the
a-beta lamellar structure in the Lewy microsomes and binds to other proteins such as
synphilin-1 and parkin to form msoluble aggregates [139]. In addition, because a-syn
protein has a natural unfolded molecular conformation, it has a tendency to interact
with homologous protein molecules, and high concentrations of o-syn can self-
aggregate and form fibnllar structures, which have toxic effects on neurons [140, 141].

1.4.3.3 Oxidative stress/injury

Oxadative stress occurs because of an imbalance between the intracellular
oxidative and antioxidant systems, leading to the accumulation of reactive oxygen
species (ROS) clusters in cells, and when the production of these free radicals or their
products exceeds antioxidant defense mechanisms, these endogenous reactive oxygen
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species produce cytotoxic damage to cells. The excessive ROS produces damage such
as cell membrane hpid peroxidation[142], altered lipid-protein interactions, enzyme
mactivation, DNA and RNA  breaks[143, 144] nufochondmnal respiratory
dysfunction[145], excitotoxicity leading to cell necrosis or apoptosis [146], then
mhibiting glutamate uptake followed by release and mntracellular calcium overload and
activation of neuromnflammatory responses and apoptotic pathways[147, 148]. Some
tissues of the body, especially brain tissue, are particularly sensitive to oxadative stress
oxidative stress attack because of its ligh oxygen utilization, its high content of
polyunsaturated fatty acids and multiple metal ions required for oxidative reduction
reactions, and its relatively low antioxidant content in the bramn, which makes it
particularly vulnerable to oxidative stress [149, 150]. In the models of human AD and
transgenic (tg) mice of AD, oxidative injury occurs prior to AP deposition, which
further leads to OS and ND[151], and OS induces macroautophagy of AP proteins and
leads to apoptosis[152]. The hippocampus 1s the earhiest and most severe bramn region
where mitrated brain[153] proteins are seen in both the early and late stages of AD, and
oxidative damage to DNA and RNA repair 1s particularly severe m the
hippocampus AD 1s accompanied by substantial free radical production and msufficient
free radical scavenging capacity, and the imbalance between free radical production and
scavenging 1s the main cause of neuropathological changes inducing AD. Other studies
have shown that in Parkinson's disease patients there 1s a defect in the anftioxidant
system, with reduced activity of both reduced glutathione and glutathione
peroxidase[154], as mn the mgrostniatal reduced glutathione levels are sigmificantly
reduced. The DAergic neurons in the substantia nigra densa (SNc) of humans bramn,
recent proteomics has identified L-ferritin in neuromelamin granules, suggesting that it
15 an important player in the complex network controlling Fe homeostasis in human DA
neurons[155]. For oxidative stress mjury, antioxidants may protect neurons in AD and
PD and reduce the nisk of ND[156-158]. The picture below demonstrated the role of

OS m neurodegenerative diseases. OS may not be a trigger for NND, but they may
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exacerbate disease progression through oxidative damage and interactions with
mifochondria[159].
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Figure 19. Schematic illustrating the key roles of OS5 in the development of AD, HD, PD_ ATS, and
SCA. (Zewen Lin, 2017)

1.4.3.4 Mitochondrial damage

Mitochondria are the main site of cellular energy production and play an important
role mm oxidative stress, and mitochondnal dysfunction can lead to cell death
Mitochondrial damage can lead to impaired energy demand of cells, such as impaired
ATP production and increased oxygen radicals can induce mitochondria-dependent cell
death. Through inlibiting mitochondnal function, the permeability of the membrane 1s
mcreased, resulting in the release of cytochrome C and second nutochondrial activator
of caspases (Smac), which are mn turn to promote AP oligomenization, causing cellular
damage [160]. AP binding alcohol dehydrogenase (ABAD) 1s located in the
mitochondrial matrnix and 1s the direct effector of AB-induced mutochondnal toxic
damage [161]. It has also been found that overexpression of Tau protein m cultured
cells can also cause increased AP production, resulting in nutochondrial damage [162,
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163]. The mutochondria damaged and the affection of axonal transportation were
described in chapter 1.2.2.2.

1.4.3.5 Cells death — apoptosis, autophagy and necroptosis

Programmed cell death (PCD) 1s the process by which nucleated cells end their
lives on therr own under certan conditions by mitiating internal death mechanisms
according to a specific genetic program Neuronal cells are long-lived, non-recoverable,
and non-differentiated cells that cannot be regenerated. When the body 1s exposed to
persistent low levels of oxidative stress and bramn injury, the neuronal cycle can be
abnormal, with dysregulation of apoptosis-related gene expression, dysregulation of
calctum homeostasis, oxidative damage, and low energy metabolism triggering the
mitiation of the apoptotic program leading to a sigmficant reduction in neuronal
numbers and consequent brain dysfunction. PCD 1s classified into three major types:
apoptosis (PCD type I), autophagy (PCD type II) and necroptosis (PCD type III) [164].
The main difference between PCD I and PCD III 1s that the former 1s dependent on the
activation of caspases and can occur locally without damaging adjacent cells. The latter
one 15 an unexpected and uncontrolled mode of cell death, triggered by OS[165], which
exhibits rapid cell swelling and subsequent plasma membrane rupture, with DNA
breakage also mvolved in the degradation process. Autophagy (PCD type II), known as
the process by which molecules and organelles undergo lysosomal
clearance/degradation to help maintain cellular homeostasis[166]. In the bramn of AD
patients, they first lose hippocampal neurons and as the disease progresses, the frontal
cortex and other cortical/subcortical areas also expenience neuronal loss[167, 168]. The
death pathway mvolved may be apoptosis or necroptosis. Tau protemns can form
neurogenic fiber tangles (NFTs) under disease conditions[169]and the formation of
these apgregates 1s associated with DNA fragmentation. It suggests that they may be
related to regulated neuronal death [170]. Besides, it has been shown that Tau 1s related
to the re-entry of cells cycle and directs mature neurons towards death, which may also
mcrease their susceptibility to cell death [171]. An in vitro study showed that neuronal
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cell membrane elasticity decreases by 30% in short-term co-cultures of AB40 or Ap42
with hippocampal neurons, and that these biomechanical changes may affect vesicular
transport and 1on channel activity, so that neurons are more susceptible to neuronal cell
death [172] In PD, there 1s a heavy loss of migrostriatal neurons, and some studies
suggest that necroptosis may also be involved in the death pathway in PD [173]. At the
molecular level, it 1s not clear how a-synuclein induces neuronal death[174]. But its
expression m dopaminergic neurons i1s related to mitochondrial dysfunction and
oxidative stress. Overexpression of a-synuclein in vivo takes a long time to induce
significant pathological changes and neuronal loss [175]. It has been shown that after
co-culture of a-synuclein with DA neurons, cells were found to be susceptible to
apoptosis in the presence of minimal levels of proteasomal toxins and cells exhibited
nuclear fragmentation and caspases activation[176]. In another study, the authors found
that when a-synaptic nucleoprotein aggregates entering cells via endocytosis, 1t leads
to lysosomal membrane rupture and increases ROS levels[177], which leads to cell
death. Overall, for these neurodegenerative diseases there i1s no evidence to fully
distinguish the PSD type of neuronal cell death[178].

1.4.4 Current disease models

1.4.4.1 Animal models in vivo

In vivo ammal models are usually used to simulate brain mjury and lesions by
some means such as chemical way or biological transgenesis. For example, amimal
models in PD often use 6-hydroxydopamune (6-OHDA) damaged rats and 1-methyl-4-
phenyl-1,2 3 6-tetrahydropyridine (MPTP) poisoned non-human primates [179]. These
models simulate neurochenucal lesions in which loss of dopamine-producing cell
bodies 1n the substantia migra, so the levels of striatal dopamine decreased. Ammal
models of HD mainly employ some neurotoxins such as quinolinic acid (QA), itaconic
acid (IA) or 3-nitropropionic acid (3-NP) to break the cortical striatal circuit. Based on
studies of genetic loc1 mvolved m PD, fransgenic rodents model modeling familial PD
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disease have been created that partly recapitulates human neuropathology. More
recently, in an attempt to substantiates the “prion like” spreading hypothesis of
synuclein, intracerebral mnjection of Preformed Synuclein aggregates became a new
animal model of PD [180-182] Simularly in AD, amimal models pnmanly mimic
expression of human amyloid precursor protein (APP), and the most common rodent
model of AD 1s the transgenic mouse model [183]. However, unlike humans, the tracer
bound to P-amyloid deposits does not accumulate substantially m the bramns of

transgenic nuce [184, 185]

The most commonly used imaging techniques 1n ammal models m vivo are
posttron emussion tomography (PET) and magnetic resonance mmaging (MRI). The
great advantage of mn vivo imaging 1s that 1t allows the non-invasive study of biological
processes, thus enabling the longitudinal follow-up of the same objects over time [186].
However, at the same time, there are many limitations like the instrument cost, difficult
to go the molecular levels. All the chemical ways usually cannot control in a very
precise condition, because 1t also impact by metabolism in different species. And some
transgenic models also not very ideally for disease modelling.

1.4.4.2 Brain Slice culture in vitro

An mtermediate process that lies between in vivo and in vitro models consists of
shicing bramns m thick samples to allow the study of intact networks mn a in vitro
paradigm. Usually, brain slices preserve the structural connections which exist m vivo.
Two main systems are primarly used in neurosciences: Adult brain slice, that can be
maintained alive for a couple of hours. While those are pnmanly used for [187]
electrophysiological studies of neurons, and neural networks or synapses, like Sara [188]
they do not allow long term studies as the networks starts to degenerates after a few

hours ex vivo.

A second alternative consists in slicing embryonic brains which can be maintained

m vitro for several weeks in aw/liqmd interface cell culture system This allows to
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preserve some anatomical pathways and study long term biological processes. Recently,
mouse hippocampal organotypic bramn slice has been used to study o-synuclein
aggregation and inter-neuronal spreading initiated by micromjection of pre-formed a-
synuclein fibrils (PFFs). But the drawback of organotypic shces 1s that few slices can
be obtained per animal and their in vitro manipulation remans tedious [189]. Moreover,
some studies have shown that keeping the slices in high (95%) O, conditions may lead
to hyperoxia and progressive cell death and oxidative stress[190]. The traditional way

and novel technic of culturing dissociated neurons in vitro.

1.4.4.3 The traditional way and novel technic of culturing the dissociated neurons in

vifro

Traditional cell cultures, usually dissociated cells, are smtable for studymng the
function of neurons and synapses under pathological or pharmacological conditions at
relatively higher throughput that in vivo or ex vivo methods. This type of model allows
studies for long periods of time in vitro. In the neurodegeneration field, i vitro cultures
of primary neurons are mostly used to decipher cell signalling pathways that are
mvolved in cell autonomous molecular and cellular dysfunction. For example, Raiss et
al studied the formation of intracellular a-synuclemn protein mclusion bodies with and
without the addition of low concentrations of fibnillated seeds in the neural extracellular
matrix). [191]. Using this king of models, numerous evidences have been acquired that
shows that that high concentrations of extracellularly added a-synuclein or aggregates
leads to nucleation of host encoded synuclein, amplification of synuclein aggregates
and progressive synaptic and mitochondnal dysfunction [192] [193] [194] [195] [196].
However, all these studies in traditional Petr1 dishes have certain linmtations. First,
neurons grown in fraditional culture dishes form a senu-random network in complex
state of connectivity that do not numic ordered brain pathways and /or bramn
connectomics. Moreover, traditional “petr1 dishes™ cultures do not permut to mitiates
cellular and molecular processes at a subcellular level, and are only used to study cell-

autonomous processes were all neurons in the petr: dishes are considered “equivalent™.
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While non-cell autonomous processes are classically used trough co-culture
experiments, treatment of distinct cell populations cannot be performed separately. The
differences between m vivo and in vitro tissue-cell-molecular responses thus do not
permut modeling of human physiology or pathology at the neuronal network level and
therefore create barriers to the discovery of therapeutic solutions. Traditional culture
dish techniques have therefore been gradually replaced by emerging technologies [197-
202]. For example, in recent years, neural networks have been cultured in microflmdic
chips and achieved using 3D printing technology. In the next section, the emerging field
of organ-on-a-chip will be specifically described as 1t encounters with neuroscience.

1.5 Brain on a chip

The European ORCHID (Organ-on-Chip development) defined that: “An Organ-
on-Chip (OoC) 1s a fit for purpose fabricated microflmdic-based device, containing
living engineered organ substructures in a controlled micro- or nano environment, that
recapifulate one or more aspects of the dynamucs, functionality and physiological
response of an organ in vivo, in real-time monitoring mode. ™ Theoretically theses OoC
can be used for studymg human organs physiology and disease in a dynamic and
spatially controlled context and therefore allows to envision better biomarker and target
identification, personalized medicine approaches (use of patient-specific cells),
emulation of host-microbiome interaction, drug development process. The organoid
research field progressively mteracts with the “organ on chip™ field, amming at
reconstructing organ through a top bottom approach by imposing directed evolution
through the use of mucro-technological approaches. This represents a challenge to
create a microphysiological systems (MPS) which mvolved in identifying new materal
allowing to control cell-cell interaction and therefore creates advanced co-cultures
platforms, interfacing with new physical and/or chemicals sensors, and control of
cellular micro-environment and fhud circulation in micro-chips. The major aim of this

field 1s to reconstructs, trough top bottom approaches, ordered nunimalistic models of
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human organs that could eventually leads to human body on a chip trough senal
mterfacing [203, 204].

The brain being a highly ordered organ with very complexes topological features,
it represents a specific challenge m the field of organ on chip. In our labs, we are
focusing on developing and using Brain-on-chip models to study the brain related
disease processes. In the following section, I will therefore introduce the basic

engimeening process that underlies brain on chip platforms development.
1.5.1 Major micro-physiological systems for Brain-on-chips

1.5.1.1 2D spatially controlled technics - Micropatterning

Micropatterming 15 a 2D stamping technique which allows creation of spatially
controlled adhesive pattern on a substratum and that has been widely used to control
local adhesion and the geometry of living cells. The figure (Figure 20) illustrates some
examples of geometric control of neuronal growth over rational patterns of adhesive
polycations. Feinerman et al. [205] designed large triangle shaped patterns which allow
neuronal cells bodies adhesion and axonal outgrowth toward other triangular areas. This
permutted the creation of chain like directional networks and the creation of complex
logical Boolean loops (Figure 20a). One major 1ssue with micropatterning techmque 1s
that neurons often detach from the patterned areas. Copatterning of cell repulsive
moieties has been explored by several laboratories to increase cell adhesion contrast.
For example, Hardelauf et al [206] printed poly-lysine with micro-structured network
motif onto a PLL-g-PEG coated glass substrate that allowed reconstruction of a multi
nodal neural network with good stability (Figure 20b). Using sinular techniques Jang
[207] also demonstrated the effect geometric constrains on mitial neuritogenesis and
axon gpmdance in 2D patterning methods. The Figure 20c shows the neurite escaping
out of the geometric patterns followed a sharpest vertex. While numerous studies using
micro-pattering to control axonal outgrowth have been published in the literature, the

vast majornity of those aims at studymng the impact of mitial constrains on neuronal
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polanization and few studies use MP to model mature network’s function and
dysfunctions. This may be due to the fact that mature networks (trans neuronally
connected) tend to collapse and detach from the patterned substratum due to important
mechanical tension in axonal tracts that links neuronal patterned islands. Therefore,

alternative methods that enforce neuronal polarity trough mechanical constrains have
also been explored.
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Figure 20. Micropatterning technics. (a) The axons can cross the triangle shape to form the network.
{Ofer Feinerman, 2008) (b) Mini-network created on PLL-g-PEG coated glass substrate with poly-lysine
pattern (Heike Hardelauf 2014) (c) Micropolygon motifs affect single nenron survival (Min Jee Jang,
2012).

1.5.1.2 2.5D or 3D architecture-based on compartmentalized system

Compartmentalized neuronal models are micro-systems that contain multiple
culture chambers connected by microchannels. Microflmdics-based chips are usually
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fabricated from PDMS using soft photolithography. The principle of these devices were
ongimally designed by the group of Taylor et al [208, 209]. Inspired by the semunal
work of R Campenot i the late 70’s, PDMS compartmentalized chambers allows to
gumde some axons and dendrites orgmating from a primary neuronal culture toward a
second chamber and therefore compartmentalize distal axons from somato-dendritic
compartments (the length of micro-channel controlling whether or not dendrites from a
specific neuronal subtype will reach the second compartments with the axons). Based
on this principle, seeding different types in the axonal compartments allowed the
creation of mumimalistic models such as neuromuscular junctions, neuroimmune
mterface etc... One of the mam advantages of compartmentalized platforms compared
to MP approaches 1s first that axons cannot escape the pgwmding, tunnel like,
microstructures and therefore allow long term culture and second that flmdic 1solation
between microfluidic chambers allows to control flmdic neuronal micro-environment.
Many laboratories have cloned and further optimized that principle and demonstrated
that gmiding micro-channels allows to compartmentalize axons from all type of neurons.
As shown 1n the figures (Figure 21 a and b) theoretically, this type of device 1s 1deally
suted for controlling connections between different types of neurons and therefore
reconstructs small networks modules and compartmentalized systems have been
particularly used for modelling neurodegenerative diseases related to axonal transport
and synapse formation (see following chapters). Similarly to MP approaches such kind
of devices can also be combined with MEA thus allowing recording of electrical signals
propagation along neurons [210, 211]. Soscia et al. [212] created a compartmentalized
device for precise placement of different cells on MEA substrate (Figure 21c). Kajtez
et al. [213] also use 3D printed compartmentahized microflmdic device (Figure 21d).
Ndyabawe et al. [214] used sumlar principle to reconstruct neural network by
multicompartment microdevice (Figure 21e).
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Figure 21. Compartmentalized systems. (a) Compartmentalized microfluidic device for neuron survival
and axon guidance. Taylor, 2005. (b) Five parallel culture chambers device. Andrew J. Samson, 2016. (c)
Cell positioning on MEA substrate. Soscia, 2017. (d) 3D printed compartmentalized microfluidic device.
Kajtez, 2020. (e) Multicompartment microdevice. Kenneth 2021

1.5.1.3 Micro or macro scales neural spheroid on chip

Conventional compartmentalized platforms are also used to compartmentalize
axons from bramn explants; Park et al [215] developed a three-dimensional (3D)
neurospheroids system on chip that allows both the control of mmtial spheroid
development and inter-spheroid connections. In that system which provides a constant
flow of flmd, the neurospheroids were formed i concave mucrowell arrays
mterconnected to build a complex neural network (Figure 22a). Jeong et al [216] also
created a stmilar system with a deep hemispherical, nicrochannel-networked, concave
array system and applied 1t to generate three-dimensional nerve-like neural bundles
(Figure 22b). Kato-Negishi et al. [217] established a mullimeter-sized 3D neural
network by connecting neural building block composed of different neuronal subtypes.
This techmque allows the visualization of axonal extension, dendntic branching, and

morphological changes of presynaptic components and synapses in real time (Figure
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Figure 22. Neural spheroids. (a) Neurospheroids on chip. Parke 2015. (b) (c) A millimeter-sized 3D

neural network. Midori 2013,

1.5.1.4 Material associated scaffold device

The figure below demonstrates a device based on three-dimensional (3D) scaffolds

which fabricated by 3D laser wrniting (nanoprinted) [218]. Structurally, it enrniches the

extension of the neural network 1 Z-axis space, while more complex imaging problems

should be considered and further applications are still some way off.

Figure 23. 3D scaffold devices (Harberts, 2020)
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1.5.1.5 Integrating multiple physiological and fimctional system

Microflmdic technologies pave the way toward the reconstruction of modular
elements of complex organs. Many groups are actually mvolved in trymg to capture
complex physiological features of organs through simple microflmdic platforms. For
example, Booth et al. [219] developed a two-channel microflmdic device that contained
a semupermeable membrane coated with brain endothelial cells on one side and
astrocytes on the other They implemented a transendothelial electrical resistance
(TEER) assays on both sides of the membrane to evidence that they modeled a simple
blood brain barrier (BBB) microchip. Similarly Kilic et al [220] created a new multi-
layer silicone elastomer dewvice allowimng interfacing of layer of human bramn
microvascular endothelial cells with neuronal-ghal environment.. They used this device
to model migration of human neural progemtors within a brain-tissue setting. Bang et
al. [221] created a novel three-dimensional BBB platform which has one vascular
channel connected to the imnner lumen of the vascular network while the other supplies
media to the neural cells channel.

Figure 24. Integrating multiple physiological functions in one system (a) Blood brain barmier on chip.
Booth 2012 (b) Microvascular on chip. (Kilic,2016). (c) Neurovascular unit with blood-brain barrier
on chip. (Seokyoung, 2017).



1.5.2 Consideration about physical cues in designing microfluidic

chips to build neuronal networks.

Shear stress 1s defined as the stress created when a tangential force acts on a
surface. The defimtion of shear stress applied to biology and microflmdics is the
frictional force of a biological flmd flow acting on cells or tissues. The flmd flow does
not have the same velocity at every point in the channel, creating a velocity distribution
with a velocity profile that tends to be parabolic in most simple cases of laminar flow.
Fluid velocity 1s the fastest at the center and slowest near the channel wall The picture
below showing the cell behavior changed under the shear stress (Figure 25). Viscous
flow 15 a flmd defined as a substance that continues to exhibit strain when subjected fo
shear stress. The Reynolds number (Re) compares inertial effects with viscous effects,
and the very low values for Re that are typical in microflmdics reveal that nucroscale
flows are greatly dominated by viscous effects. The threshold between turbulent flow
and lanunar flow typically does not occur until Re 1s at least 10,000 times greater, so
microchannel flow 1s clearly laminar It’s a good way to mumic flows found in veins
and small artenies where the flow 1s usually unidirectional and lanunar Huber [222]
reviewed how the hydrodynamics effects the cellular behavior, cell adhesion and
deformation. In this field, the micro scale physical forces are a very important point.
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Figure 25. Cell behavior under shear stress (Copyrightt Darwin-microfhudics hitps://darwin-
microfluidics com/blogs/teviews/shear-stress-in-microfludic-devices)

1.5.3 The basic technics for microfluidics chips fabrication

The micron-sized structures of the basic building blocks of mucroflmdic chips

requires that the environment must be carefully controlled during the preparation
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process. The environmental indicators involved here typically mclude: air temperature,
arr hunudity, air and particle density mn the various media used in the preparation
process. The higher environmental requirements for chip fabrication generally need to
be aclueved in a clean room. The success or failure of the microfluidic chip fabrication

process 1s mextricably linked to cleanroom technology.

1.5.3.1 The principle and process of photolithography

In the previous subsection the importance of structures for organ-on-a-chip was
mentioned, and how to construct these structures 1s one of the goals that are constantly
bemg explored by researchers m this field. There are two broad categories of these
methods. The first category 1s direct sculpting on the matenial, such as laser ablation,
where micro-pores and micro-channels of different shapes and sizes are machined into
matenials such as metals, plastics and ceramics by precisely controlling the position of
the laser in the X-Y direction, or direct moulding by 3D pnnting techmques. The
advantages of these methods are that the resulting microfluidic chip structures are less
damaged by heat, less dependent on the mask and more flexible. The disadvantages are
lower productivity and the nisk of operating in a standard laser laboratory during laser
ablation and the high cost of UV lasers, which has linuted the further development of
laser ablation methods. Inspired by this technology, stencil-based chip fabrication has
developed rapidly and photolithography based on photosensitizers has become
mainstream_After obtaiming an accurate mold, in addition to injection molding there 1s
also hot embossmg, which cures thermoplastic matenals to quckly replicate the
microstructure. In addition to the use of photosensitizers, molds can also be constructed
from wire with a diameter of 50 pm or less. This method of manufacturing through a
die allows for multiple use production with high efficiency.

Photolithography is the process for patterning the microstructure on the substrate,
such as silicon or glass, by using light exposure and the photoresists chemical reactions.

The photoresist used in photolithography 1s a photosensitive polymer matenial After
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light exposure it can undergo photo-crosslinking reactions, photo-polymenzation

reactions and photo-dissolution reactions.

In photolithography, a mask 1s used for hght filtering. The microchannels are
usually designed using standard CAD computer graphics software and the design
graphics are transferred to a graphics file. Depending on the resolution required,
different substrates are used to carry the different design For example, plastic has a
resolution of approximately 20um, but quartz can be used on a sub-micron scale. Then

the pattern 1s printed on the substrate matenial using high resolution printing technology.

Photolithography begins by placing the silicon wafer on a spin coater, covering it
with photoresist, then achieving the required thickness by controlling the rotation speed
of the spin coater. The silicon wafer 1s then transferred on an aligner, where 1t will be
put 1 contact with the mask, and illuminated. Thus, only the unmasked areas of the
material are exposed to light. With positive photoresists, the photosensitive material 1s
photodegraded and the developer dissolves the exposed areas, then leaving a coated
surface where the opaque areas of the mask are placed. With negative photoresists, the
photosensitive material 1s photo-enhanced (polymerized or cross-linked) and the
developer only dissolves the unexposed areas. The mask has two types of structures
(transparent and opaque) and the photoresist can be positive and negative, so there are
four combinations of mask and photoresist. The mask pattern 1s finally transferred and
the mold obtained after a_ process of development.

The basic process of photolithography using the negative resist SU-8 1s composed
of some of the following processes: pre-treatment, coating, pre-baking, exposure, post-
baking, development and checking, hard baking (Figure 26), and the Charactenization

of geometry of SU-8 master.
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Figure 26. The process of SU-8 master fabrication. (Copyright: elveflow.com). 1) Wafer preparation.
cleaning the surface of the substrate (wafer) is required to have a good adhesion of the photoresist with
the surface of the substrate. 2) Spin coating of the negative SU-8 photoresist. The common method is the
spin coating, using different molecular weight photoresist on a flat clean surface with different rotational
speed, can get different thickness of the photosensitive adhesive layer, this thickness determines the
height of the internal microstructure of the chip. In addition, there are brush coating method, dipping
method, spraying method. 3) Soft baking (first baking of the photoresist). The solvent in the photoresist
solution is evaporated by heat, which enhances the adhesion of the photoresist to the substrate. This solid
state protects it from the effects of friction with the mask and ensures a sufficient photochemical reaction
during the exposure. 4) UV exposure. The mask is placed between the light source, usually using a
mercury lamp emitting at 300-500nm, and the photoresist. 5) Post baking (second baking of the
photoresist). The patterned substrate 15 heated again to accelerate the rate of light-induced chemical
reaction and to make the three-dimensional pattern stick tightly to the substrate. ) Development. The
developing solufion washes away the unexposed photoresist, then remain the final patterns. 7) Hard
baking By further increasing the baking temperature, residual solvents are removed and the pattern
cannot slip off The final master is obtained.

1.5.3.2 The solidification process and PDMS soft lithoeraphy

One of the more widespread applications of soft lithography 1s based on PDMS._
This techmque uses an elastic mold mstead of a hard mold in lithography to produce
micro-structures and 1s known as soft lithography. The emergence of soft lithography

and the large-scale application of PDMS matenals 1s an important milestone in the

102



history of mucroflmdic chip development. As compared to conventional lithography,
soft lithography 1s more flexible. It can create complex three-dimensional structures,
even on uregular curved surfaces.
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Figure 27. The process of soft lithography (Copyright: elveflow.com)

There are still some limtations m the application of soft lithography in
microfabrication, such as the 1% shrninkage deformation of PDMS after cuning, and
there will be some expansion of the width-to-depth ratio in the presence of toluene and
ethane_ The elasticity and thermal expansion of PDMS makes it difficult to obtain high
accuracy and also limmts soft lithography in multifaceted microfabrication; as the elastic
mode 1s too soft to obtain a large depth-to-depth ratio, too large or too small aspect ratio
will result in deformation or distortion of the microstructure. However, these are not
enough to stop PDMS being widely used in soft lithography, and 1t 1s believed that with
further research, various ways will be found to compensate for these shortcomings.

1.5.3.3 Substrate bonding

There are many different polymer matenals that can be used for nucroflmdic chip
fabrication. The method of bonding 1s also different. The common bonding methods
mclude hot pressing, thermal or photocatalytic adhesive bonding, organic solvent
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bonding, automatic bonding, plasma oxidation bonding, UV uradiation and crosslinker
conditioning.

PDMS 1s relatively well adherent and the micro structured PDMS substrate can be
reversibly or wrreversibly bonded to the same matenial or to a variety of different
covering matenials_ If the surface of the PDMS substrate and coverslip 1s first treated
with plasma oxidation or UV wrradiation, the PDMS chip can be wreversibly bonded,
allowing for a stronger and more durable bond. In addition, by changing the optimal
ratio of PDMS polymer and crosslinker so that the ratio of PDMS polymer and
crosslinker in the substrate and cover chip are shghtly higher and lower, when the
substrate and cover chip are bonded together, the polymer and crosslinker are better
matched at the junction due to molecular diffusion, which can also improve the sealing
solidity.

1.5.3.4 Others machining methods for chips fabrication.

Etching 15 the method of chemucally or physically stripping off the etched matenal
to obtain the desired pattern. The method using chemical etching 1s widely used for
matenials such as metals, glass and plastics, but the resolution 1s poor. In contrast, more
precise etching can be achieved using high-energy particle beams, but the instruments

are expensive and not commonly used for patterned construction.

1.5.4 The materials used in the field of microfluidics

The materials chosen for the bio-mucroflmidic chips need to be biocompatible and
should have good electrical insulation and permeability to oxygen and carbon dioxide.
The light transmmssion properties facilitate the monitoring of the inside of the chip.
Materials commonly used to make mucroflmdic chips include glass and organic
polymers such as polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS),
polycarbonate (PC) and hydrogels. The wide range of polymers, the ease of processing
and molding, and the low cost of raw matenals make them ideal for hugh volume
production at the laboratory scale and low matenial costs. There are three main types of
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polymers used in microflmdic chip fabrication: thermoplastic polymers, cured
polymers and solvent-volatile polymers. Thermoplastic polymers include PMMA, PC
and polyethylene; cured polymers include PDMS, epoxy resins and polyurethanes,
which are mixed with a curing agent and hardened over a period of time to give the
chip. Solvent-volatile polymers such as acrylic, rubber and fluoroplastics are produced

by dissolving them m a swmtable solvent and then slowly evaporating the solvent to
obtain the chip[223, 224].

PDMS material, also known as silicone rubber, 15 one of the most used polymers,
with the following advantages: i) it can transmmt ultraviolet and wisible light above
250nm, 1) 1t 1s permeable to gas, 111) stable under repeated deformations and iv) it has
a certain degree of chemical inertness. Moreover, the chip microchannel surface can be
modified with a vanety of coatings. Finally, PDMS can be molded to replicate the
microflmdic chip with high fidelity, not only with itself reversibly, but also with glass,

silicon, silica and oxidized polymers reversibly.

Hydrogels [225, 226] are a class of natural or synthetic polymeric materials that
are microscopically composed of hydrophilic polymer chains in a three-dimensional
lattice-like structure with gaps of typically a few to several hundred nanometers.
Synthetic hydrogels are mostly named after their polymer composition. The most
commonly used are polyacrylamude (PAAM), polyethylene glycol (PEG), polyvinyl
alcohol (PVA) and polyhydroxy ethyl methacrylate (PHEMA). Typical natural
hydrogels include agarose gels, gelatine, sodium alginate gels, hyaluromic acid gels, etc.
Hydrogels have a range of bulk and surface properties that distingmsh them from other
matenials. The special bulk properties mclude high water content, high permeability,
structural stability and mechanical elasticity; in addition, some hydrogel materials also
have good optical properties, such as fransparency. The surface properties of hydrogels
are mainly reflected in their overall hydrophilic nature. Some hydrogels can be
synthesized from aqueous solutions of their monomers by UV or visible light-initiated

radical reactions.
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Quartz and glass have good electro-permeability and excellent optical properties,
their surface adsorption and surface reactivity are conducive to surface modification,
and microstructures can be etched onto quartz and glass using similar photolithography
and etching techmiques to silicon wafers [227]. The lugh UV transmission and stable
surface properties of quartz make 1t easy to achieve surface modification and are
particularly smtable for microfluidic chips for detection. However, due to 1ts hugh price,
1t 15 not commonly used n the organ-on-a-chup field. Glass is often used as a substrate
matenial i organ-on-a-chip. During the sealing process of the chip, the surface of these
materials must reach a high level of cleanliness, which usually requires a ngorous
chemical cleaning of the clup substrate and cover, and the cleaned chip should complete
the bonding process in a clean room. The success of the chip bonding also depends to
a large extent on the flatness (total thickness dewiation) and roughness of the chip
surface [228, 229].

1.5.5 Advances for neural network reconstruction on microfluidics

chips

Brain networks topology 1s tremendously complex and although neuro-anatomy 1s
an historical research field that started in the late 19th century, new neuronal pathways
and connections modes between brain areas are still discovered these days primarily
through the study of whole brain connectome [62, 67, 77]. The anatomical connectivity
of the brain drives the impact of neural circuits on brain function [72]. While brain areas
connections can be viewed at a macroscale level with nodes composed of specific
neuronal subtypes linked by edges representing axonal tracts, each node 1s also highly
ordered at a nmucro-connectome level [69]. And the projection of multiple regions in
the brain 1s constructed in a way that cannot be achueved on traditional Petr1 dishes.
Most m vitro studies of neural networks have been performed through the use of brain
shicing techmques that allows to study intact networks at the electrophysiological level.
However, brain slicing 1s susceptible to trigger cell death damage and adults slices
survives only for a few hours m vitro, thus preventing the study of any chronic
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biological process. Compartmentalized microflmdic chips are therefore an interesting
complementary model that may allow construction of complex neural (physiological or
non-physiological) mmmahistic networks that survives for long period of time. Indeed,
by compartmentalizing the cells which originate from different regions of the brain and
connecting them through microchannels, 1t should therefore be possible to reconstruct

functional network 1n vitro.

1.5.5.1 The binary neural network reconstruction in microfluidics device

Based on the semunal work of A Taylor and NL Jeon, several groups have been
mvolved in trying to reconstruct networks by seeding 2 different neuronal populations
m separates chambers of compartmentalizing devices. Using their mitial design AM
Taylor et al constructed a hippocampo-hippocampal device [230] to study hippocampal
synaptic connectivity. This was progressively followed by the work of many other
groups who created a variety of networks composed of different neuronal identities
[197]. Whule this constitute a first step toward building of ordered networks the main
drawback of those approaches 1s that, permitting selection of axons over dendrites,
1sotropic pmiding micro-channels used in the mitial Jeon’s group allows connections
between the 2 neuronal population i a bi-directional manner. An improvement was
reached by seeding the 2 neuronal populations at different times or using specific
patterning of proteins in the microflmdic chambers [255].

From the above construction of neural networks, 1t can be concluded that these
bidirectional neural networks can respond to stimuli and achieve compartmentalized
segmentation of neural networks. While many studies have demonstrated that cells and
neurons survive for long term mn mucroflmdic environment, controlling the projection
direction of neurons 1s an absolute prerequisite to envision the construction of neuronal
networks in vitro for the study of trans neuronal dialogue or any approach that envision

to capture network properties.
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1.5.5.2 The geomeltric strategies for neural projecting direction _and the studies on

unidirectional neural network

Cells sense their environment through integration of many different types of cues
among which mechamcal ones are increasingly studied. Decades of research on
neuronal biology have evidenced that mechanical cues participate both in the control of
neuronal migration and axonal outgrowth, while more recent evidences show that they
also control neuronal differentiation. Therefore, geometrical features encoded by soft
lithography are very interesting levers that can be used to enforce axonal outgrowth and
ultimately pernut building umdirectional the network. Compared to other approaches
that could prove useful (protein patterming or flowing of chemo attractive or repulsive
cues, use of electrical field etc ) the use of mechanical cues allows to encode gmding
cues in rather static platforms that are easy to manipulate. Our lab first created an
asymmetric axonal gmdance "Diodes" that bridges two different neuronal populations.
The principle being that axons originating from “enmutting™ neurons enters faster in the
micro-channels than the one from the “receiving” population[231](Figure 28a). This
allowed to generates onented networks with an axonal selectivity of approximately
90%. Using this system, we built umidirectional cortico-stnatal network [231-235]
Using that platform, the neurophysiological properties of cortico striatal networks were
studied. We also demonstrated that this kind of platform could prove useful as a drug
screen tool for evaluate the synaptic protection ability of candidate molecular in
damaged neural network[232] Furthermore, we found the axonal trauma, focal
1schemia, or alteration of neuronal rhythms can mmitiate spreading of dysfunction along
neuronal pathways [233]. In cortical-lhuippocamps networks, we found that B-amyloid
[236] can cause presynaptic loss and evaluate the aSyn expression level and pSyn
accumulation[193]. Progressively other research teams explored simular approaches to
enforces axonal directivity to build modular oriented networks. For instance,
Eamudzandu et al. [237] used "Diodes" built neuronal circuit which conclude cortical,
substantia mgra (SN), globus pallidal (GP) and striatal neurons.
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Figure 28. The geomeifric strategies for building unidirectional neural network. (a) Diodes (Peyrin,
2011). (b-c) Arches (Renault, 2016; Courte, 2018). (d) Arches-like structure (Holloway, 2019). (e)
Stomach shape (Forro, 2018). (f) Triangle (Gladkov, 2017).

While “Axonal diodes” were the first demonstration that encoding amisotropic
gmding structures could be mnteresting, extensive biological experiments with different
neuronal subtypes showed that the funneling micro-channe] shape exhibited hints.
Especially for long-term cultures were axons from the receiving population
progressively mvaded the emutting chambers or with the use of neurons which extends
very long axons (e.g. human neurons). In search of alternatives and improvement our
labs created another asymmetric geometry enforcing umdirectional gumidance mn two
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chamber microflmdics chips named "Arches" [238](Figure 28b), the principle being
that growing axons follow walls and edges and have a tendency to be gmded by the
direction of the microstructures once they leave it. Therefore encoding “arche™ like
structures allows axons to cross the structures in one direction while they are deflected
back in the other direction. Although the principle differs from the one of the “diode™,
similar filtration results were obtamned. A further improvement was proposed[239]
(Figure 28c) that allows full control (100%) of axon directionality and therefore the
reconstruction of fully oriented networks [240, 241]. As followed, Holloway et al. used
arches-like structure gmded the axons growth of pnmary hippocampus cells m vitro
two weeks [242](Figure 28d). Based on improved "Arch" system, we tested the aSyn
spreading level in unmidirectional hippocampal network [240].

Using a sumlar plulosophy, Forrd et al. designed "stomach shape" gmding
microstructures for hippocampal axonal gmdance[243] (Figure 28e). In their system,
they also used MEA to record neural activity of the networks. They proved the
umdirectional hippocampal network have highly information transmission. Gladkov et
al. designed " Tnangle " geometry [210] (Figure 28f), they also built hippocampal
network and used MEA to validate the neural activities.

1.5.6 The strategy of neurological disease modelling on microfluidics

chips

1.5.6.1 Alzheimer's disease modeling on chips

In the previous sections I mentioned that prion-like mechanism 1s an important
hypothesis in neurodegenerative diseases. The studies of Alzheimer's disease modeling
on chip have focused on the spreading of tau and AP n network. Microfluidic platforms
are bemg increasingly used by the commmumity of researcher involved m studying
neurodegenerative syndromes and their associated molecular mechanisms dysfunctions.
Using conventional microfluidics, tan aggregates have been shown to be taken up by
neurons and can be axonally transported both in an anterograde and retrograde
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manner[244-246]. While Tau oligomers also induce aggregation and phosphorylation
they cause neurosynaptic retraction, synaptic loss, abnormal calcium homeostasis and
immbalance in neurotransmutter release [244] Using reconstructed networks in
conventional microfluidic platforms tau antibody have been proposed to effectively
block Tau uptake, aggregation and trans-neuronal diffusion[247]. For the mechanmism

of tau transmission, it has been suggested that synaptic activities can enhance the tan

transnussion to connected neurons via synapses [248, 249] [246, 248], while non-

synaptic mechanmisms such as exosome release have also been proposed to take part in
prionoid spreading [249] [250].

AP has been similarly shown fo be taken up and fo have axonal transport processes
[251], and exposure to AP can cause neuronal atrophy [252]. Deleglise et al [236]
observed that AP mmduces death and synaptic changes m presynaptic neurons and
phosphorylate Tau occurred post-synaptic neurons in reconstructed networks. In
addition, AP can affect morphological changes in microglia in a co-culture system [253],
and 1t can indirectly triggers astrocytes play a detrimental role on neurons[254].

1.5.6.2 Parkinson disease modeling on chips

Simular approaches have been published to study the “prion like” properties of
alpha synuclein For example, exogenous nusfolded a-syn and a-syn fibrillar form have
been shown to be transported c1s and retrograde mn axons[255, 256]. Both forms of a-
syn, fibrils and nibbons, were shown to be fransported between neurons and could
trigger endogenous w-syn aggregation, disrupting synaptic integrity and mitochondnal
morphology [257] a-syn oligomers have sinularly been shown to have the same toxicity
[258]. The mechanism studies of a-syn propagation 1 neural networks can be found in
chapter 4 of my thesis.

Quite surprisingly, neuronal networks reconstructed i nmucroflmdic platforms
have been mostly studied to probe “Prion like” propagation of protein aggregated
and/or viral spread between neurons. Yet, care should be taken in the interpretation of
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some results published with classical (straight channels) microchips as bidirectional
connection occurs at various level in these networks therefore mitigating the trans

neuronal spread “evidence™ that are sometime commented [240, 241].

1.5.6.3 Huntington's disease modelling on chips

Microchip have also been used to model Huntington Disease processes, which
etiology (100% genetic) differs from the one of AD and PD (90% Sporadic) [259].
Importantly, Huntingtin, the main protein imnvolved in HD forms mtracellular aggregates,
15 not supposed to hold an efficient “prion like” amplification capacity and therefore do
not behave like an amplifying infectious agent. This limits the technical problem raised
m the previous chapter (possibility that receiving neurons send some axons in the
emutting chamber) therefore making the results obtamned through the use of
“conventional” microflmdic chips more reliable. Virlogeux et al. [260] used a binary
device and reconstructed a Htt diseased corticostriatal network,
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Figure 29. Binary corticostriatal network for Huntington’s Disease studies (Virlogeux, 2018)

The modelling of other diseases of the nervous system on MPS or chips 1s usually
based on similar principles as mentioned previously. For example, modelling of micro
strokes through the use of chips allowing precise control in time and space of oxygen
levels[259]. Increasing numbers of studies also demonstrates the interest of MPS for
the study of brain cancer cells dynamic and nugration issues [261] Owverall,
microflmdic chips and other MPS that enable precise control of the microenvironment,
precise arrangement of cells using spatial structure, and powerful integration
capabilities have tremendous room for development in neurological disease modelling.
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2 Using in-mold patterning
technique to reconstruct cortico-
striatal neural network and
controlling synaptic connectivity in
vitro
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2.1 Introduction

As global ageing of population increases, the prevalence of neurodegenerative
diseases anises. The complexity of neural networks in the human bramn, which links
brain cells in a mghly determumistic manner, underlies the diversity of research on
neurodegenerative diseases. The main hypotheses regarding the cellular and molecular
mechanisms underlying neurodegeneration studies imclude progressive protein
aggregation, cumulative oxidative injury, impaired bioenergetics and mitochondnal
dysfunction, disruption of cellular/axonal transport, axonal and synaptic collapse etc.
[164]. Notably, most of the molecular scenario bemng drawn from both cellular and
animal models describes cell autonomous processes leading to progressive neuronal
death. While non cell autonomous dysfunction 1s gaming more attention, they mainly
focus on neuronal/non neuronal crosstalk dysfunctions. Only a few approaches aim at
studying non cell autonomous dysfunction between neurons. This 1s primarily due to
lack of adequate in vitro system. For the study of neurodegenerative diseases,
experimental models include ammal models, brain shice cultures, and in vitro cell
cultures. Ammal models preserve anatomical structures but limt experiments at the
cellular level Brain shice culture preserves the structure and cellular level to a certain
extent. Still, the shicing procedures can easily damage networks and do not allow for
long term culture experiments. While permitting the precise mterference and study of
molecular scenario, conventional m vifro neuronal culture allows reconstructing
random networks which do not model the orderly and determinmistic architecture of brain
networks. Therefore, techniques that enable the control of connection between 1solated
neurons to mimic the reconstruction of neural networks have become a hot 1ssue in this

field.

Over the past two decades, techmiques to mamipulate neuronal differentiation in
vifro have been expanding. Both nucropatterning[262] and mucroflmdic techmques
[263, 264] were shown to be powerful tools to allow the growth of primary neurons in
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a constrained environment and control their complex topology. Biochemical constraints
like microcontact printing to print substrates with cell adhesive poly-lysine patterns
have been used to guide the neurite extension and control the connections of
neurons[205, 265, 266]. This has been successfully used to build ordered networks
consisting of single neurons on flat and open substrates. Microflmdic chip with precise
structure has also been developed as a tool allowing mechanical confinement of axonal
growth. Inspired by the “Campenot chamber” developed in the late 70’s, the principle
of microflmdic cell culture chamber for neurons which allows physical separation of
axons terminal from the somatic compartment was first demonstrated in the laboratory
of NL Jeon 1n 2003 [208, 209]. In these studies, 2 cell cultures chambers separated by
an array of micro-channels which size 1s inferior to neuronal somas allows neurons
seeded 1n the first chamber to send their axons along the straight microchannels to the
second cell culture chamber. The laminar flow 1n cell culture chamber and hydrostatic
pressure encoded by the microchannels allows selective perfusion by over
pressurization of one of the 2 chambers. This mnovative design has been rapidly
adopted by many neuroscience laboratories and optimized by several laboratories
mvolved in microfabrication. Indeed, besides the advantages of these microfluidic chips
allowing somatic and axonal separation, these chips are relatively easy to construct mn
a highly reproducible manner, allowing the conception of simple or complex multilayer
channe] systems. Most of the chips being fabricated with a silicon-elastic matenal
PDMS (more detail with this matenial in chapterl 54), they exhibited excellent

biocompatibility, optical quality and gas permeation.

The microflmdic device reported in [208] provided the foundation for the
development of brain on a chip technology, and more research based on the principles
of this chip has emerged over the years. A major 1ssue with the mmtial design from the
Jeon’s group relates to the control of neural connection between 2 distinct populations
as 2 cell population seeded 1n the 2 opposed chambers will connect 1n a bidirectional
manner. Mimicking brain pathways requires controlling the directional growth of axons
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to obtain umdirectional networks. Not only this would permit to construct determumistic
networks capturing some of their in vivo properties but this would prove useful for
molecular and cellular studies exploring neurotropic viruses and "prion-like"
propagation along nerve pathways (see 14.3.1). The design and reconstruction of
umdirectional neuronal networks can be smtable for studying how information flows
from one neuron to the other (neurophysiology) or eventually the way various key
proteins mvolved mn ND syndromes propagate along the neural network (please see
more related knowledge i 1.2.2). Our lab has published the first strategy allowing to
easily control network topology in vitro. The initial system, called “axonal diode™
system (Figure 30a) allows to promotes to some extend umdirectional connectivity of
neurons by usmng funnel-like asymmetrical microchannels to selectively filter axon
growth [231]. The principle relies on the mcreased probabulity that neurons seeded on
the wide parts of microchannels send their axons to the opposite chamber compared to
neurons seeded in front of the narrow part of the microchannels. These techmques have
been successfully used m i vitro studies amming at studying neuronal network
development and dysfunctions [193, 236, 267, 268], thus paving the way for modelling

neurodegenerative syndromes on a chip.
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Figure 30. Methods for mechanical axon gnidance in compartmentalized microfluidic and construction
of unidirectional networks. (a) Peyrin et al. use funnel shaped axonal outgrowth channels to preferentially
guide axons from one chamber to the other (Peyrin et al, 2011). (b) Renault et al. exploit an arch shape
structure to guide the axon growth and promotes a “return™ to sender affect (Renault et al | 2016).
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While “axonal diode™ structures enable to enhance directional connectivity m,
they do not allow to enforce full directionality of the reconstructed networks. Indeed,
whale mmitial axonal directionality approximates 90% in forward growth from enutting
to recerving chambers, with increasing time of cultures, axons from neurons seeded in
the “non pernussive” compartment can reach to emutting chambers then leading to a 10%
to 20% backward growth.

In order to improve that bias, studying how axons grow when encountering a
physical obstacle, our teams described that axon, which tends to follow walls, can be
erther deflected or gmded by an obstacle depending on the contact angle between the
axon and the obstacle. Based on this principle, the teams developed a curved channel-
shaped structure, named “Arches” structure. (Figure 30 b) [238]. Using the arch
structure between the chambers, it 1s possible for axons from the transmmtting chamber
to reach the receiving chamber smoothly, while axons from the receiving chamber
encounter the gindance of the arch structure, 1t will fold back into the receiving chamber,
thus achieving a higher umidirectional giudance rate than the onginal “axonal diode™
system. Further improvement of the filtrating micro structured barrier by a tnal and
error procedure led to the generation of a mucrosystem allowing full umidirectional

construction of neural network [239].

While allowimng studies requiring the absolute control of axonal directions [240]
the “conventional” microflmdic platforms used for brain chup modelling have shown
some limitations for the bulding of complex neural networks that would be composed
of several (>2) “nodes”. In conventional chip fabrication, the entire surface of the
mcubation zones, including the nucrochannels and chambers, were coated with
adhesive molecules (usually poly-lysine). Due to the usual width of, neuron chambers
(a few hundred of microns), only a low proportion of “emitting” neurons will be able
to send their axons to the (asymmetric or not) microchannels and connect to the
recerving chambers. This results m a low ratio (5%) of connections between the

enutting and receiving chambers, thus impainng efficient and controlled multi nodal
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networks to be reconstructed. Hence, how to efficiently guide the majornity of axons in
the emutting chambers to connect with neurons in the receiving chamber, and how to
segment areas where neurons adhere to achieve a higher degree of node-network

structure, are further challenges for the construction of neural networks.

Years ago, our labs developed a technique called "mn-mold patterming™ (1MP) [269]
(Figure 31), which incorporates both micropatterning and microgrooves/micro pockets.
1MP allows patterming of poly-lysine specifically mside the grooved structure therefore
allowing controlled axonal gmdance trough chemical and physical constramnts.
Compared to conventional micropatterming of the poly-lysine alone on flat substratum
on the one hand and mechanical constrains provided by the groove alone on the other
hand, IMP provides a better axonal constramt on the long term with much less axonal
escape from the gmdes. Yet, m the onginal study, this technique has not been used to
build neural networks. We therefore attempted to use this techmque 1n association with
arches structure to reconstruct umdirectional, highly nodal connected neuronal

networks 1n vitro.

micro-contact printing ~ micro-groove  in-mold patterning
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Figure 31. in-Mold patterning (IMP) techniques allows to encodes both mechanical and chemical
cues to guide axons in open areas. IMP outperforms classical micro contact printing or mechanical
guidance in maintaining axons in specific location for long period of time (from Yamada et al 2016) .
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First, we designed a theoretical motif that would allow to control the connection
(or not) of 2 nodes composed of 2 distinct neuronal populations in a directional manner
with help of gmiding structures enforcing exit of the axons from the first node toward
the second node. At the microfabrication level, the optimal platform shall comprise a
bottom layer encoding the neuronal circuitry through the 1MP technique (Figure 32c)
and an upper layer allowing fluidic 1solation between the nodes (Figure 32b). In Figure
32a, the theoretical motif depicted i darker blue color are the cell trapping areas and
axonal grooves coated with poly-lysine while the lighter blue areas represent flat,
uncoated PDMS. The white color presents the walls of the three separate cultures
chambers corresponding to the 3D representation shown in Figure 32b and e. The only

connections between two chambers are the microchannels encoded in the IMP layer.

b, oY) a.

| = Y ! E& i
cells deliver chamber T I L

finnal chips
Figure 32. Principle and important structures of the “2 node™ in-mold patterming micro-chips. (a) The
intersection point between “fins” structures (middle chamber with neurons in green) and straight axonal
micro-grooves shall allow physical contact between cortical axons (in red) and striatal dendrite (in green).
In principle, these two fypes of neurons should establish synaptic connectivity around the vicinity of
“fins” structure. The purpose of arches-like structures and longer crooked channels is to decrease striatal
neurons backward growth Cortical axons will terminate i the coiled structures. The striatal axon will
through straight channel reach the right chamber. (b) Global view of the upper part of the device, which
has three compartments. () In-mold patterning layer and glass coverslip as substrates for cell adhesion
and guidance. (d) The final appearance of the device. (€) 3D Drawing of cross-section of final chips.

Each microchips encodes five 2 nodes networks and four microchips are arranged
m one large microflmdic chip, thus allowmg replicated experiments. The chips
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fabrication follows the process depicted m Figure 33.

UV exposine
Photolithograpy Pattern transfer on PDMS
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Figure 33. Microfabrication process of 2 nodes chips. Upper part: A silicon wafer encoding the
macrochamber was produced by photolithography followed by PDMS soft lithography to produce the
upper chambers. Lower part: The in-mold patterning motifs were designed by laser writer allowing to
produce a stamp. The stamp was then inked with a solution of poly-lysine to promotes PLL adhesion on
the areas of interest. Next, uncured PDMS was spincoated on top of the inked stamp and let at RT until
PDMS is cured. The resulting hybnid layer was bonded on top of a glass coverslip and the stamp was
removed by peeling, letting the final coated iMP layer bonded to the glass coverslip. Finally, the
macrochamber (treated by plasma) was aligned and bonded with the iMP substratum.

Using the technology presented here, we were able to reconstruct Cortico-Striatal
network where small populations of cortical axons are umdirectionally connected, or
not, to pockets of striatal neurons which itself send their axons in a third, flmdically
1solated, chamber. A simple functional neural network was thus reconstructed. The
establishment of this neural network may provide an effective model for subsequent
studies of the propagation of abnormally folded proteins in neural networks, numicking
the mechamsms of disease and providing potential drug screeming functions.

2.2 Methods and Materials

2.2.1 Structure and principle of the in-mold patterning chips

The chip mcludes multiple independent nodes 1 the same microflmdic chamber
(both emutting and recerving), each enutting node being connected to a receiving one.
The upper layer consists of a larpe chamber used for cell delivery and
compartmentalized media renewal The lower layer consists of a glass substratum on
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top of which a thin layer (75um) of PDMS encoding the IMP design (S5pum depth) 1s
bonded.

The microchip designs capitalize on previous studies showing that 1) both axons
and dendrites can travel in microchannels and grooves, cortical dendrites not being able
to grow more than 400um. 1) Axons are gmided by walls of nucrogroove or channels

and follows walls which deflection angle 15 not more than 40°.

The nodes in a given chamber are independent and do not connect to each other,
only sharing the same culture medium. The nodes in different chambers are connected
by microchannels in the bottom thin layer. Thanks to flmdic 1solation there 1s no hiqud
exchange between the fwo chambers, thus allowing cell culture medium
compartmentalization. Axons from neurons seeded in the emmtting chambers waill
extend i the cell traps and find the arche-like gmding microgrooves which reach the
second “recerving” chamber, pass by pockets of striatal neurons and ultimately reach
an “mfinite” circular loop. Oval shaped cell pockets in the second cell culture chambers
have 2 microgroove exits. The first one shall allow stniatal neurons to send their axon
m a third cell culture chamber. The second one is constituted of small microgrooves
connecting the cortical axons microgroove tracts. Cortico-striatal connection occurring
in fins structure, this shall allow Striatal dendrites to extend fo the cortical axons’ tracts.

In addition, independent nodes m the emitting chamber not being linked to any
microgroove puiding tracts have been positioned. They shall enable more “independent™
data acquisition and observation and increase number of neurons seeded in the enutting
chamber thus mmproving cortical neurons survival by allowing cell culture media
conditioning by neuron denived pro survival factors.

2.2.2 Micro-Chips Fabrication

The designs of each layer chip patterns were drawn using Clewin5 software. The
plastic masks with high resolution of the delivery chamber were pninted at IPGG
Microflmdic platform.
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2.2.3 The process of in-mold patterning chips fabrication

2.2.3.1 The silicon wafer for macro-chamber fabrication.

A 4-nch silicon wafer was spin-coated with 4ml negative photoresist SU-8 2050
(MicroChem) at 3000 rpm for the 30s, then soft-baked for 1mun at 65°C and followed
by 6mun at 95°C. After the wafer cooling down to room temperature, it was exposed
14s under UV hght (MJB4 Mask Aligner, wavelength: 365nm, energy: 16.8mW/cm2)
through the delivery chamber photomask And then baked for 2nun at 65°C and
followed by 7nun at 95°C. The master was developed in PGMEA at 60 rpm for the
6mun and dried with pressunzed nitrogen. A final "hard bake" was performed for 5 mins

at 200°C.

2.2.3.2 The silicon wafer of IMP trapping layer

A 4-nch silicon wafer was spin-coated with SU-8 2005 (MicroChem) at 2500 rpm
for 30s, then soft-baked for 2 mins at 95°C. After cooling down to room temperature,
the wafer was loaded mm a UV Laser Writer (Heidelberg nPG 101) to promotes local
SUS8 polymenzation according to the chips blueprints. The resulting master was post-
baked for 3 muns at 95°C followed by development in PGMEA under 60 rpm agitation
for 45s and finally dried with pressurized nitrogen. A final hard bake was performed for

5 muins at 200°C.

All above masters’ dimension were charactenzed by an optical profilometer
(Veeco Wyko NT9100).

2.2.3.3 Soft Litho of the (u cell deli macrochamber and IMP sta
fabrication

Polydimethylsiloxane (PDMS, Sylgard 184, Ellsworth Adhesives) base was mixed
with 1ts curing agent as ratio of 10:1, and degassed under vacuum. The mixture was
poured on the silicon master surrounded by aluminmum and incubated at 70 °C, 3h
for the macrochamber and 2h for the stamp. After unmolding, using the 4mm dimeter
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punch to make the wells on delivery chamber, and cleaming 1t very well to keep for
chips assembly.

2.2.3.4 The PLL FITC Inker preparation

7-8ml of the mixed polydimethylsiloxane were poured in a Scm petr1 dish, baked
mto an oven at 70 °C for 10 hours, and further cooled down to the room temperature.
The PDMS was incubated with 10% sodmum dodecyl sulfate (SDS) solution for 15mins,

rinsed with water and further incubated with a 100pg/ml PLL-FITC solution for 1h
The mnked PDMS was then dried with pressurized nitrogen. The dried inker was sliced

m 5Smm*5mm small square blocks.

2.2.3.5 The stamp fabrication of trapping substrate

The stamp was placed in O: plasma machine (FEMTO, science, CYTE) with
pattern side above (exposed to plasma). After plasma treatments, the stamp was
silamzed using (Tnidecafluoro-1,1,2 2-tetrahydrooctyl) trichlorosilane (AB111444,

aber) for 30muns.

2.2.3.6 IMP layer trapping substrate fabrication

The stamp was immersed into 10% SDS solution for 30nun, rinsed and dried with
pressurized nitrogen. Next, the stamp was inked with poly-lysine by gently contact with
the dned inker without any pressure. Then the inked stamp was spin coated with fresh

PDMS at 1000rpm for 45s, and baked at 70°C for 75muns to promote PDMS curing.

Glass covershp were cleaned with 1so-propanol, treated with plasma and attached
to the IMP stamp. After Smins of contact, the stamp was peeled off, generating a final
IMP bottom layer ready for further assembly with the top delivery chamber.

2.2.3.7 Chips assembly

The cell delivery macrochamber was treated in a plasma oven and immediately
(not more than 10s) manually aligned and bonded with the IMP layer, and pressed for
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bonding for approximately 30s. Final micro-chips were then immediately filled with
PBS through the punched reservoirs (appropnate liquud flow in chamber 1s monitored
by eyes thus ensuring the device hydrophily i1s adequate for further biological
experiments. The final microchips are kept in 5em petnn dish, stenhized with UV

illumination, covered and sealed for storage mn a fndge until use.
2.2.4 The preparation of primary neurons cell suspension

E14 Pregnant WT Swiss nuce were purchased from Janvier Lab (Le Genest Saint
Isle, France) and sacrificed the day of delivery for neuronal cultures. The C57BL/6J
tdTomato and GFP mouse lines were supplied by Institut Curie animal facility. The
study was carried out in accordance with European Community gindelines on the care
and use of laboratory animals: 86/609/EEC, and the standard ethical guidelines of local

mstitutions at Sorbonne Unmiversity.

Cortical and stniatal regions of E14 embryos of WT SWISS mouse (Janvier Labs),
C57BL/6J tdTomato mouse and GFP mouse were mucro-dissected under the
microscope in the cold Gey's balanced salt solution (GBSS) supplemented with 0.1%
glucose (w/v). Cortical and striatal dissected structures were separately rninced 2 times
with GBSS. Cortices were mcubated at 37 °C with 5ml of 5mg/ ml. papain (Sigma
76220) in Dulbecco’s Modified Eagle Medium (DMEM, Thermofisher 31966 021)
supplemented with 100 units/mL penicillin-streptomycin for 8 mun. Papain was then
mactivated by adding 500l of Fetal Bovine Serum (FBS, GE Healthcare), followed by
2 muns mcubation at room temperature. Brain fissue was allowed to sediment and
dissociation medium was removed and replaced by 5ml of fresh DMEM contaming
20ul of deoxymbonuclease (DNAse, Sigma D5025). The tissue was mechanically
dissociated by pipetting. Following a stmilar procedure, stniatal tissue was incubated
with 2ml GBSS supplemented with 1ml of Trypsin-EDTA at room temperature for
10muns. Trypsin was then mactivated by adding 1ml DMEM, 300ul FBS and 20ul
DNAse. The striata were then mechanically dissociated by pipetting. Cortical and
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stnatal neurons were recovered by centnifugation (80 g, 7 mun) and counted with a
Malassez counting device. Neurons were resuspended at final concentration n
Neurobasal complete culture medium contamming 5% FBS and 2% B27 neural
supplemented (Invitrogen). Fmal concentration for Cortical cell suspensions was 30
million cells per milliliter, and the striatal cells suspensions was 20M/ml.

2.2.5 Cell seeding and culturing

The micro-chips were sterilized by UV light (15mins) before took to cell culture
room. PBS was removed from mucro-chips reservoirs. 6l of cortical neurons cell
suspension were mtroduced in the upper wells of enutting (left) chamber. 6ul of stnatal
neurons cell suspension were mtroduced in the upper wells of the nuddle chamber, and
the nght chambers were filled with 6l of culture media with no cells. The seeded cells
flow into the cell culture chamber from upper to lower well and rapidly settled on the
cell culture (IMP) substratum_ Seeded suspension let to settle for 25 mins permmt strong
adhesion to the IMP PLL area, the non-adherent cells were removed by flowing fresh
cell culture medium in the devices. After filling the microchips reservoir with complete
medium, chips were placed 1n an incubator at 37 °C with 5% CO2 for long term culture.
In order to avoid evaporation of media from the reservoir, water was placed i the 6 cm
holding petr1 dishes. 24 hours after seeding, mmitial cell culture media was replaced by
FBS free Neural basal medium contaming 2%B27. The medium was half-changed

every 6-7days.
2.2.6 Live-Imaging of Calcium activity

Cortico Striatal networks were recorded for calcium transients after 12 to 14 days
of culture. To start calcrum hive-imaging recording, two buffer should be prepared
before experiments [235]. Recording (rinsing) buffer preparation composed of NaCl
116 mM, KC1 5.4 mM, MgSO4 0.8 mM, CaCl2 1.8 mM, NaH2PO4 1.3 mM, Glucose
10 mM, Hepes 10 mM, bicarbonate 25 mM, glycme 10 pM dissolved m sterile water.
Loading buffer preparation: recording buffer supplemented with 2 pM Fluo-4 calcium
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mdicators and 1/1000 dilution of a 20% pluromc F68 acid dissolved in sterile water.

The loading buffer should be freshly made for each experiment.

When the cell cultures are mature for recording cell culture medum was gently
removed with a pipette, and networks were washed with nnsing buffer. Networks were
then incubated with loading buffer for 10muns at 37°C, 5% CO2 environment.
Networks were then washed with recording buffer, and recorded under an inverted
epifluorescence microscope (Zeiss Axio-observer, 5X or 20X objective, Coolsnap HQ
CDD camera). Areas of interest were selected with a 5x objective and time laps imaging
was recorded at a 500ms frame rate (0.5 Hz) with a 200ms acquisition time. Movies
were acquired so that both emmtting and receiving chambers could be recorded at the
same fime allowing further analysis for intra node synchronous activity.

2.2.7 Calcium activity analysis by FluoroSNNAP software

The data (images stacks) were processed under MATLAB environment by using
Fluorescence Single Neuron and Network Analysis Package (FluoroSNNAP, Tapan
Patel, Umversity of Pennsylvama) [270] Following the FluoroSNNAP user guide.
Bnefly R OI's representing entire nodes were automatically selected and vanation in
Fluo4 fluorescent signal intensity was quantified over time. This generated raw calcium
traces that were further normalized through the use of FluoroSNAPP internal dF/FO
mternal functions. Bursting peaks were then 1solated by selecting up states that were
higher than 3 standard dewviations over noise, allowing raster plot representation.

2.2.8§ Immunofluorescence staining and imaging

Cell culture medimum was removed and replaced by 4% paraformaldehyde (PFA,
Electron Microscopy Science) and 4% sucrose (Sigma) dissolved i phosphate buffered
saline (PBS, Thermo Fisher) for 15nmns at room temperature. After ninsing with PBS,
the chips incubated with 1% bovine serum albumin (BSA, Sigma) and 0.2% Triton X-
100 (Sigma) PBS solution for 45mins to allow both saturation and permeabilization

After removing the saturation solufion pnimary antibodies diluted (1/500 m 1% BSA
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PBS solution was mntroduced. These prnimary anfibodies were anti-microtubule
associated protemn 2 (MAP2, IgG1, sigma, M4403), anti-B-Tubulin Isotype IIT (TUBB3,
IgG2b, sigma, T5076), Bassoon (IgG2a, Abcam, SAP7F407), Homer1(IgGl, Synaptic
System,160011), VGLUT1 (Rabbit, Sala El Mestikawi's lab), and Phospho-p44/42
MAPK (Erk1/2, Rabbit, Cell Signalling Technology, 4370). Chips were covered with
aluminium foil and incubated at (4°C) overmight. Micro chips were then washed with a
PBS mnsing step and further incubated with species specific secondary antibodies
diluted at 1/500 m 1% BSA PBS solution for 45mun at RT. These secondary antibodies
are corresponding with 1sotype of primary antibodies, which conjunct to Alexa Fluor
365, 488, 555 or 633 (Thermo Fisher). In order to probe cell nucle1, Hoechst (Sigma,
33342) can be added to secondary antibodies solution with 1/5000 dilution. After
rinsing by DPBS, the chips were imaged by an Axio-observer Z1 (Zeiss) fluorescence
microscope, which equipped with a CCD camera (CoolsnapHQ?2, Ropert Scientific)
through a 5X, 20x, and 63x objectives and was controlled via Metamorph software. All
mmaging data were processed using F1j1[271] Imaging software. The clups were stored

at 4°C 1n PBS solution containing 0.1% azide before eventual analysis.

2.3 Results

2.3.1 The PLL-FITC inking and cell trapping performance

2.3.1.1 The poly-lysine patterning of the IMP cell trapping layer and cell capture in

the initial 2 hours

To study the results of microfabrication process and IMP patterming efficiency, we
used fluorescently labelled PLLs during the IMP layer fabrication After full chip
assembly, microscope mmaging showed the distribution of PLL patterns in the chips
(Figure 34). A long trial and error optimization process of the IMP patterning technique
led to the validation of stable protocol allowing reproducible production of microchips.
The results demonstrated that the patterns are well defined and are also intact for
relatively narrow microchannels. The complexity of the optimization 1s underlined by
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the fact that resolution of patterns ranges from 5pm (mucrogrooves) to 3000pum (some
large cell culture pockets) and that several independent networks are patterned in a
single micro-chip (Figure 34d). Figure 34 shows representative image of chips
produced with optimized protocol. Overall, our IMP patterning protocol allows good
and homogenous PLL patterning 1n all the area of interest with barely no interruption
of the PLL pattern. Due to some amount of PLL was insert into PDMS by spinning
coating process, thus FITC-PLL signal intensity was not measured. Figure 34e and f
show cortical neurons and stnatal neurons seeding 2 hours after seeding primary
neuronal cells in chips.

L . % i -

Figure 34. IMP layer Fluorescent PLI. Patten and Cell trapping efficiency. (a) Micrograph of a
complete microchip encoding 5 minimalistic networks. (b) Higher magnification picture of a single
minimalistic iMP network (c-d) Left, magnification of emitting nodes. Right, Magnification of Receiving
nodes, the upper one being connected to the axonal grooves onginating from the emitting node. (e)
Freshly dissociated cortical neurons seeded in the emitfing chamber after 2 hours. (f) Freshly dissociated
striatal neurons seeded in the receiving chamber after 2 hours.

2.3.1.2 Cells trapping efficiency and final cell density in emitting and receiving

chambers.

In order to estmate the efficiency of IMP protocol on local cell trapping in the

areas of interest, the number of cells which adhered in the enutting and receiving
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chambers were quantified after seeding with neural primary cells for 2 hours. Each
micro-chip contamed 11 individual cortical traps (6 non connected and 5 connected)
and 10 striatal pockets, constituting 5 individual mimmalistic cortico-striatal networks
(each cortical pockets hinking or not 2 stniatal pockets). We therefore quantified the
trapping efficiency in each single node. The efficiency of cells being captured for
cortical and striatal neurons were 86.36% and 87.8% respectively (Figure 35a) (>10
mdependent expeniments). In routine experiments a mean of 260 (round-like traps) and
220 (square traps) cortical neurons were seeded in each trap while a mean of 223 stnatal
cells adhered in the pair of recerving chambers (Figure 35b). The final trapped cell
density was correlated with the mitial seeding concentration. Hence, for further use, the
seeding concenfrations were fixed at 30 nulhon/ml for enutting chamber
(corresponding to 33 cells per 1 x10* um? of round-like traps and 35 cells per 1 x10*
um’ of square traps), and 20 million/ml for receiving chamber (35 cells per 10000pm?

of ellipsoidal traps) (Figure 35c).
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Figure 35. Cell trapping quantification and cell density in each chamber 2 hours after seeding (a)
Percentage of brain cells trapped inside PLL coated areas (dark grey) versus outside the PLL areas (light
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grey). (b-c) Quantification of final cell density (b) and cell mmmber/trap (c) in traps located in both
emitting and receiving chambers.

2.3.2 Topographical control of reconstructed neural network

2.3.2.1 Axon guidance and tracing

After 3 to 4 days in vitro, neurons positioned m the traps and have extended
dendrnites and growing axons. In order to visnalize the whole neuronal architecture of
the reconstructed networks, cortical and striatal neurons from fluorescent Tomato
transgenic mice were seeded m their respective chambers. As shown m Figure 36 both
neurons and growing axon are well confined by the traps and that axons tends to follow
the walls/edge of the cell culture traps. Neuntes finally entered to the exiting
microgrooves. Importantly no axon escaped also from the fraps and gmding mucro-
grooves. The fins structure in the recerving chamber encodes a curved microgroove that
links striatal pockets to cortical axonal grooves. As shown mn Figure 36¢ the curved
"fins" efficiently guides the striatal neurite to the axonal grooves. The second exit of
stniatal pockets 1s a straight microgroove that reach the 3thd cell culture chamber which
15 progressively mvaded by the extending neunites from the striatal neurons (Figure
36d).

Emitting chamber _Receiving chamber (connectad _ Receiving chamber (unconnected)

Figure 36. Representative image of tdTomato fluorescent cortical neurons seeded in the emitting nodes
(a); and tdTomato fluorescent striatal nenrons seeded in the receiving nodes after 6DIV (b, c, d). Note
that neurites are strictly confined in the traps of emitting (a) and receiving chambers (b) with neurntes
being guided by “fin” structures (c) and axonal tracts (d).

2.3.2.2 The encounter of two groups of neurons

We recorded axonal outgrowth between 4 days and 6 days in vitro. Starting from
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5 DIV, arch structures are progressively invaded by axons origmating from the cortical
pockets (Figure 37) with barely no escape of cortical axons from their mitial pocket.
After 6 DIV cortical axons bundles constrained m the microgrooves reach the area of
stniatal pockets after which they pass by that area and keep growing toward the circular
“mfimite” wrapping area. Analysis of several networks seeded with Td Tomato
transgenic neurons shows excellent axonal confinement in the axonal grooves with not
escape up to 2 weeks in vitro. On the other hand, striatal neurons are well confined in
the striatal pockets and efficiently send neurites to the axonal grooves as well as axons
(>400pm length) in the 3thd cell culture chamber.

tdTomato neuron 4DIV in vitro

Figure 37. Progressive axonal invasion of tdTomato fluorescent cortical axons trough “arch™ pmding
structures between DIV4 (upper) and DIV 6 (lower).

2.3.2.3 Theto aphyv of axon confinement in mature network

HiRIRIR BT HI. below shows several micro-networks grown in the same
chips after 13 days in Vitro. Networks were stained with B-ITI-tubulin, highlighting the

axonal compartments.
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1000 gm

Figure 38. Representative image of a full scan of a single device encoding 5 minimalistic networks
seeded with GFP fluorescent cortical and striatal neurons after 13 DIV.

2.3.2.4 Quantification of topographical distribution of neuritic extensions in various

areas of the microchips

For a two-node neural network, the umdirectionality of the neural network 1s an
important aspect. We therefore undertook single-chamber seeding to evaluate the paths
distribution of cortical and striatal extensions in the guiding tracks, and therefore assess

the effectiveness of the pattern in pmding axon growth to their expected location.

Quantification of Anterograde Cortical shooting toward striatal pockets.
After two weeks of cultures, a ime by which cortical axons have reached the circular
“mfinite” loop, cortical neurons seeded in the emitting chamber were fixed and stamed.
As described earlier, before reaching the final loop area, each cortical path passes by 2
pockets of striatal neurons one connected through “fins™ structure to axonal groove and
one unconnected receiving trap. Quantification of cortical axonal location at the vicimty
of the stnatal traps connected to through “fins™ to the striatal traps shows that 23 33%
of strniatal traps were invaded by cortical axons and 76.67% of them did not contain any

cortical matenial, with cortical axons being confined in their grooves up to the twining
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in circle loops (Figure 39). No cortical axons were able to reach the striatal pocket in
absence of “fins” connecting structures (Fig40), cortical axons being confined to their

tracts and “infimite” loops.
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Figure 39. At DIV12, cortical axons from GFP neurons exhibit 2 behaviors at the vicinity of striatal
pockets by invading (left) or not (right) the siniatal pocket through the connecting “fins™ microstructures.
(center) quantification of percentage of siriatal traps exhibiting cortical axons (unsuccessful) or not
{successful). Data from 3 Independent experiments (one expeniment=4 chips ; One chip=5 mim networks.
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Figure 40. Cortical axons from GFP neurons forward growth toward striatal pockets containing no “fin™
strictures at DIV12. Cortical axons are confined in their guiding tracts and do not invade the striatal
pockets. Data from 3 Independent experiments (one experiment=4 chips; One chip=5 mini networks).

These experiments demonstrates that cortical neurons are efficiently gwded
toward the striatal pockets and that IMP allow exqusite axonal confinement in the
gmding tracts. Commumication between the cortical axons and striatal pocket is

efficiently controlled by the presence of “fins™ connecting micro-structures.
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Quantification of Retrograde Striatal shooting toward cortical pockets. We
next assessed the potential retrograde shooting of stnatal neurons back to the cortical
chambers. Under the same experimental conditions, the chips were seeded with primary
cells m the recerving chamber and analyzed after 2 weeks of culture (Figure 41). We
analyzed the distribution of striatal neurons according to two main critena 1) “Forward”
Axonal mvasion of the cortical axonal tract (from “fins” to circular loop) and 2)
Retrograde striatal axon invasion of the cortical pockets, in both the “connected (trough
“fins™ or not connected configuration.
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Figure 41. Behaviors of axon from neurons seeded in the pockets from receiving “fin™ connected or
chambers; (Left) axons invading the emitting chamber, (Right) axons invading the forward cortical
axonal tracts. (Center) quantification of backward growth from “fin” connected receiving chamber to the
emitting chamber. 4 45% of the emitting chambers evidenced one or more axons oniginating from the
receiving chambers. Data from 3 different experiments. (One experiment=3 chips; One chip=>5 mini
network)

As shown in Fig4l, 445% of the neural networks exhibited striatal axons that
reach retrogradely the emmtting chamber despites the presence of arch-like structures.
This shows that the filtering efficiency of the fins and arches structure for umidirectional
axon gwmdance reaches 95.55%. Likewise, no axons from neurons seeded in recerving
(striatal) chambers that were not connected through “fins” were able to reach the
emitting chamber (Figure 42).
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Figure 42. Quantification of backward growth of axons from neurons seeded in the unconnected
receiving chambers; virtually no nefwork exhibited retrograde axonal growth in such conditions. Data
from 3 different experiments (one experiment=3 chips; One chip=5 mini networks).

Overall, after 2 weeks of culture; the mimmalistic networks exhibited good
topological control of mter node connections. For forward growth axons from enutting
chambers were efficiently gmided toward receiving pockets. Out of the successful (good
survival) networks, at strnatal pocket vicimty, 76.67% exhibited intact cortical axons
confined on the cortical tracks while; 23.33% of the networks exhibited slight invasion
of the recerving pocket. Regarding retrograde (unwanted) shooting from the recerving
chambers back to emitting ones only 4.45% of the reconstructed networks exhibited
emutting chamber mmvasion. We therefore conclude that approximately 90% of the

seeded mimmalistic networks exhibit the appropnate “anterograde™ topology.
2.3.3 The survival behaviour of neurons and synaptic connectivity.

After 6 days mn vitro, networks were stained for assessimng mtegnty of axonal,
dendritic and nuclear compartments ($§#R!K3R 8] 5| . ). Neurons trapped in both
the cortical and striatal pockets shows good differentiation with mntact dendnitic and
nuclear compartments. Importantly, the image shown in Figure 43 1s representative of
“healthy™ networks (as determined with phase contrast microscopy). The survival of
reconstructed networks was generally homogeneous mn a single chip, but some
vanability occurred between the chips of the same fabrication batch. This varability
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arose mostly from chip leaking and incorrect mitial cell seeding density.

Figure 43. Striatal nenrons differentiation in receiving chambers after 6DIV. Striatal neurons growing
on FITC labelled PLL, were stained with MAP? (dendrites) and DAPI (nuclei). Note that Striatal
dendrites invades the whole siriatal pockets with some dendrites invading the cortical axonal tracks.

We next assessed survival and differentiation at longer time of culture. As shown
on Figure 44, 14 days neuronal cultures seeded at low density shows exhibited excellent
neuronal survival both in both cortical and striatal nodes with no signs of spontaneous
axonal degeneration Stamng the networks with bassoon (pre synaptic marker) and
Homerl (post synaptic marker) antibodies allows to evidence pre and post synaptic
puncta m the cortical and strniatal nodes. Interestingly strong synaptic puncta were
evidenced at the junction between striatal dendrites and cortical axons tracts, suggesting
that pre and post synaptic connections occurs between both neuronal types in the
munimalistic networks.
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Cortical emitting chamber{140DMV)

Figure 44. Representative immunofluorescence of axonal and dendritic arbours and synaptic markers
of 14 DIV cortico-striatal network. Neurons from both emitting (upper lane) and receiving (lower lane)
pockets were stained for axonal B3 fubulin (blue), dendritic MAP2? (red), pre-synaptic Bassoon
compartment (yellow) and post synaptic homer compartment (white). Note the strong pre and post
synaptic clusters in the “fin” structures at the vicinity of theorefical contact zone between striatal
dendnites and cortical axons.

2.3.4 Ca®" activity analysis for estimating synaptic connectivity.

In neurons, propagation of action potential leads to fransient modification of
Ca’" ions influxes, a process that can be monitored by dynamic imaging using calcium
probes indicators (fluorescent molecules) which reversibly chelates Ca’*ions. In
dissociated cell cultures, cortical neuron exhibit calecium oscillation patterns which
evolves with maturation time This 1s linked to the progressive connection of
Glutamatergic pyranudal cortical neurons and GABAergic cortical mterneurons. The
activity goes from spontaneous sparse activity in smngle neurons to massive mfter-
neurons synchronisation events up to 50% of cortical neurons exhibiting synchronous
activity. The emergence and amplitude of these patterns depends on the
Excitatory/Inlubitory (E/T) balance of the cultures and the final density of cortical
neurons[272] On the other hand, strniatal neurons, which are GABAergic inhibitory
neurons and only connect to themselves do not show any signs of synchronous calcium
activity i culture. We previously showed that striatal neurons connected to cortical
neurons in conventional mucroflmdic chips exhibited synchronous oscillatory
behaviour with cortical neurons, a process driven by striatal NR2B signaling [231, 235].
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Here, after 2 weeks of culture, we therefore loaded our munimalistic networks with fluo-
4 mdicator and recorded the signals with 2Hz frame rate. Activity patterns being

analyzed with FluoroSNNAP MATLAB plugin [270].

2.3.4.1 Spontaneous calcium activity of individual cortical cluster in emitfing

chamber

In preliminary experiments we noficed that emergence of corfical neurons
synchronous oscillation was highly dependent on the imitial cell seeding densities.
Cortical pockets seeded with low density exhibiting no synchronous activity. We
therefore proceeded to high density seeding of the cortical neurons, which after 2 weeks
m vitro promotes the formation of cortical cluster/spheroids. Using 5X imaging we first
recorded calcium signals from neuronal clusters in the emitting cortical chamber. Figure
45 shows the fluorescence traces of each cluster in different traps; 2 clusters show

robust oscillatory synchronous activity while one shows modest activity.
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Figure 45. Representative data of spontaneous activity of three cortical clusters in emitfing chamber at
19 DIV. (a) phase image, (b) Fluo-4 staining (show in fire color type). (c) AF/F0 Fluo-trace of Neuron
cluster bursting. Representative Image from experiments conducted in 3 independent dissections with
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several networks per condition.
FluoroSNNAP analysis of calcium traces through Raster Plot representation

allows to detect synchronous oscillatory events.

Inferred cluster bursting
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Figure 46. Ratser plot representation from data obtained in Fig45.

As shown in #HR 1R 3|5| F¥. | during the sampling time, trap N°1 and N°3
fired 17 times 1n total and no. 2 fired 7 times. Overall, the average bursting frequency
1s about 0.19 s-!. Comparison of the cortical nodes two by two evidences no inter node
synchronicity suggesting no functional connection between the nodes. The Raster plot
15 representative of what was observed in several independent experiments yet the
spontaneous bursting frequency and amplitude changed from on chip to the other, a
process linked to the stochasticity of calerum fransient emergence in m vitro models.

2.3.4.2 Synaptic activity of Cortical - Striatum connective cluster in compartmental

chambers

Ca’ signal mn the neural network were next monifored in connected vs
unconnected cortico-striatal mimimahistic networks. In these configurations, each
cortical axon tract was surrounded by 2 stniatal nodes, one connected to cortical axon

channe] through small curvilinear grooves “fins”, one not connected lying 30pum away
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from the axonal grooves. Representative calcium fraces are depicted n Figure 47. In
those representative experiments, among the 4 ROIs that were sampled, cluster 1 and
cluster 4 are connected via “fins” microchannels, cluster 3 serves as a control as the
striatal neurons are not connected to the cluster 1, and cluster 2 1s a cluster of cells

mcidentally adhering to the outside of the trap.
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Figure 47. Spontaneous activity of two nodes networks. (a) neuron cluster survival 19days. (b) Fluo-4
as Ca™ indicator to estimate calcium activity (show in fire color type). (c) Neuron cluster bursting signal
analysis - fluorescence trace (A F/F0 traces). We observed this phenomenon in survival chips, and
choosing one or two chips from each experiment to record the data.

In the calecrum imaging results, clusters 1 and 4 fired 64 and 67 times, respectively,
with a finng frequency around 0.23 Hz, in which the same inferred peaks were found
63 times. This means that about 94% of the finng activity of cluster 4 i1s synchromzing
to cluster 1, while 98% of the peaks in cluster 1 can find a corresponding signal in
cluster 4. The striatal cluster 3 and cluster 2, which were not connected to the cortical
network, fired 11 and 17 times, respectively, and only once at the same time as cluster
1. Thus, the percentage of synchrony between cluster 1 and the other clusters was only
1.5% (Figure 48). Importantly Calcium traces of unconnected striatal neurons exhibit
very broad bands remuniscent of intra node non synchronous calcium transient events.
In comparison connected striatal neurons exhibit sharp and fast oscillatory behaviour
mimicking conventional cortical thythms. The Raster plot is representative of what was
observed in several mndependent experiments yet the spontaneous bursting frequency
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and amplitude changed from on chip to the other, a process linked to the stochasticity

of caleium transient emergence in m vifro models.
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Figure 48. The interred network cluster and correspond raster plot

The conclusion 1s that cortical neurons spheroids exhibiting spontaneous activity
efficiently transmit action potential toward the connected striatal pockets and not to the
unconnected one that lies 30pum away from the cortical axonal bundles. This 1s
remumiscent of efficient synaptic contact establishing between striatal neunites and

cortical axons.

2.3.4.3 Effect of KCL stimulation of Cortical nodes

In order to further validate the coupling of cortical and striatal neurons, we also
stimulated cortical neurons with 50mM potassium Chlonide (KCl) to enhance cluster
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activity. 85iR!1FK M BI5| HI. shows calcium traces before and after (red line)
stimulation of the cortical nodes with KCl. After KCl stimulation node 1 in the enutting
chamber starts to oscillate synchronously, together with node 2 and 4 (connected striatal
pockets). Raster plot analysis shows high coincident bursting between node 1 (cortex)
2 and 4 suggesting efficient coupling m the networks. While node 3 that 1s not
connected through node one, shows no sign of bursting, surprisingly, node 5 (an
mcidental striatal cluster growmg outside of the stmatal pockets) shows increase in

calcium frequency.
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Figure 49. KCL stinmlation of Cortical nodes and impact on Siriatal oscillations. (Left) : phase and
Fluo 4 images. (Right) raster plot analysis of extracted DF/F traces. Preliminary experiment performed

once.

2.3.5 Activation of striatal Erk signaling pathway in reconstructed

networks

We previously showed that cortically induced striatal oscillation leads to activation
of Erk signaling pathway m striatal neurons [231, 273] Having shown that calcium
oscillation only occurred m the connected striatal pockets we therefore assessed
whether cortical activity would trigger changes i Erk phosphorylation in connected or
unconnected striatal nodes. First, the enutting chamber of mature (>>14 DIV) networks
were treated with Bicuculline, a competitive GABA 4 receptor antagomist that leads to
mcrease excitability of cortical neuronal culture, or TTX an mhibitory stimulus that
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abolishes cortical rhythms. As shown by our preliminary results depicted i Figure 50,
stniatal neurons seeded m the trap connected to the emutting chamber have higher pERK
signal than the control (unconnected) chamber (Figure 50). As shown n Figure 51,
analysis at higher microscope magnification to evidence Erk nuclear franslocation at
the single cell level, was rendered difficult by the clumping of neurons into spheroids.
Shall these results bemg reproduced this would further substantiates our results
showing that cortico-stniatal connectivity can be finely funed mn our nunimalistic IMP

platforms.
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Figure 50. The pERE signals in BiC treated neural network.
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Figure 51. The ERK signal in cortico-striatal neural network. First row, emitting chambers. Second
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row, BiC treated network. Third row, TTX treated network. The title with red color, 1t may have pErk
signals. The tifle with green color, it shows no pFrk signal

2.4 Discussion

Using “In Mold Patterming™ that allows to impose both mechanical and chemical
gmdance to growmg neurons, we designed a microflmdic platform that allows to
construct mimmalistic oriented 2 nodes networks with a control of synaptic connectivity.
Starting from conventional microflmdic platforms our mitial aims were to achieve 3
goals: 1) Encode a platform were all the neurons seeded in the first node send their
axons toward the second node. 2) Compartmentalize axons from the second nodes away
from the ones of the first node. 3) Allow fo control synaptic connectivity between the
first and the second node. These goals rooted mn biological requirement that were 1)
permut the future construction of multi-nodal networks such as feedforward A>B->C
networks i which C Neurons are indirectly connected to A. 2) allows the study of
refrograde propagation signals from B axons toward A neurons without targeting A
axons. 3) Allows the study of the role of synaptic contact in age matched networks. At
the technological level, while some of these goals could have been achieved using
classical micro-patterning approaches we reasoned that this would have been impaired
by the fact that first networks tends to detach from their patterned substratum once they
mature due to strong tensile strength between connected neurons; second,
mmplementing micro-patterning on flat substratom requires mucro alipnment with
funneling nmucrofhudic channels that serves both as gwmdes and flmdic
compartmentation barrier. “In Mold Patterming™ that was previously developed in our
laboratories imitially demonstrated that it allowed the construction of “mono-nodal”
networks with exqusite stability over time “In Mold Patterming™ techmique 1s a
demandmg approach that required many technological optimization steps to obtain
reproducible patterning mn the groove and pockets, efficient neuronal survival at

relatively low cell culture densities and good maintain stability of network topology.
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2.4.1 Micro-fabrication process and micro-chips production.

Efficient, homogeneous and reproducible patterning of poly-lysine mnside the traps
and grooves was an absolute prerequsite for enabling the chip to capture cells and

confine neuritis.

This turned out to be a challenging 1ssue as the designs encodes surface dimensions
encompassing 3 orders of magmitudes; the smallest resolution of design for axonal
gmdance bemg a few microns wide, while the scale of the whole clup neural network
can reach several thousand microns. The most important parameter to control therefore
relied on the way of stamping and imprinting PLL, a complex 1ssue. since poly-lysine
faces two transfers steps, one classical mucro contact printing and one
mmprinting/embedding m the bulk of reticulating PDMS. For this reason, through
extensive frial and error empinical processes encompassing variation of PLL quantities,
coatmg of PDMS stamps with various amounts of SDS, modification i PDMS stiffness
(vanation of % curing agents, variation in T° and curing time.), prevention of collapse
during the IMP patterning (creating unwanted pattern zones) with distribution of
supporting micro-pillars. we renovated the whole mitial process to make such complex
chips. Overall, by the end of the optinization process, this permutted the production of
6-10 overall mold replica leading to 40 mdependent chips, therefore 200 munmi networks
per batch of microfabrication session with a fabrication rate of success (according to
fluorescent PLL deposition) being >80%. Sometimes, we lost some chips due to
misalignment, but we still at least have 120 nmum networks for each trial. That
fabrication success rates were then challenged by the biological functional properties
of the chips. At the microfabrication process level, IMP therefore turns as a feasible
process to constructs serialized microflmdic chips. Yet we envision further adaptations
to smmplify the fabrication process, which limting steps stands i the
patterning/molding of the bottom layer. Moreover, in depth cell biological experiments
led us to pin poimnt some specific linitation of the IMP process in controlling cell
clustering through PLL bioavaibility. Indeed, IMP process most probably triggers
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partial embedding of the biochemical cues that are patterned, the proportion of which
1s unknown. The exact quantity of PLL adsorption on 2D surface for optimal neuronal
“ghung™ 1s not known, as for neuronal attachment on 2D substratum the optimal PLL
concentration 1s mostly inferred through empirical observation in the biological labs.
Yet, modification in the quantity of PLL during the fabrication process did not lead to
significant changes i the cell culture outcomes. As mentioned in Chapter 5, this
promoted us to explore alternative ways to promote controlled local PLL deposition in

microstructures areas.

2.4.2 Microenvironment systems for cell culturing and survival.

In order to promote survival on the reconstructed mim networks, I had to modify
some cell culture parameters. We thus have tried different cell culture media
formulation. Among them, DMEM and Neurobasal are our common formulations and
we have tried to adjust the ratio of serum. We found that DMEM with 5% serum
supported better neuronal survival than Neurobasal for hippocampal cells, while for
cortical and striatal cells, there was no significant difference. As far as the results of the
current experiment, we believe that the engineenng parameters underlying the chip
assembly process (volume and geometry of cell culture macro-chambers holding the
pockets, control of PLL quantity, final mitial cell density) have a more pronounced
effect on cell survival than basic culture medium formulation. Yet unexplored strategies
such as supplementation with neurotrophic growth factors, use of astrocytic
conditioned media or rational co-culture with ghal cells to the system could be tried to
enhance stabilize the survival outcomes.

2.4.3 The topology of the pattern controls the direction of axonal

growth and neural network connections.

The control of connections between cell populations 1s mostly mfluenced by
topographical factors and surface adherence, and 1t 1s also related to the concentration

of cells seeding. During the reconstruction of neural networks process, we noticed that
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the efficiency of neurons seeded in the two chambers to form network connections
dependencies 1s highly impacted by the imtial cell seeding densities. Too few neurons
don’t allow to form connections because of impaired cell survival, too many cells
mduce cell clumping and formation of spheroids. Overall, our experiments showed that
once seeded at relatively low densities the IMP synaptic chips work as predicted,
allowing to establishes fully oriented synaptic contacts between cortical pockets and
stniatal ones. Importantly these devices allow for the first time to 1) study the role of
synaptic contact in a specific biological question (e.g. prion like spreading) in age
matched networks and 2) study genuine retrograde propagation toward cortical neurons
of any biological or biophysical entities mtroduced specifically in striatal axons. We

believe our platform 1s on the few one allowing to such a controlled process in vitro.

Calcrum imaging experiments demonstrated that spontaneous oscillation from the
cortical pockets arose only in clustered spheroids. While this pernutted to demonstrate
the umdirectional, anterograde, propagation of cortical influxes toward stnatal
connected micro-pockets, this came at the cost of loss of topography, especially for
stnatal neurons. The control of umdirectional connection of neural populations was
enforced by the classical “arch™ structure, while this allowed to enforce anterograde
topology, arches proved not always efficient to control striatal shoot backs when seeded
at too high densities. Indeed, striatal clumping led striatal axon fasciculation and tension,
detachment from their gmuding microgrooves and erroneous connections with cortical
material Control of these drawbacks could theoretically be enforced by
microfabrication procedures rather than biological adaptation of the system. Ths
mainly encompass: 1) implementing more stringent arch/diode like structures such as
the described in Courte et al 2018 [239]; 2) increasing the PDMS wall surface to
mimnuze the “open” (flmdically accessible) groove areas in the macro-chambers; 3)
modifying the fabrication process so that PLL quantities are more controlled. Therefore,
the final cell seeding density was set around 30-40 per 10* pm2.

147



2.5 Conclusion

In this work, we demonstrated the interest of using both mechamical and chemical
cues to control the reconstruction of onented mumimalistic two-node neural network
allowing 1) control of synaptic contacts un age matched cultures 2) post synaptic
neurons axonal compartment allowing genmne retrograde fransport studies between
connected neurons 3) enforcement of anterograde connection between nodes compared
to conventional microflmdic designs. Through expennmental iteration/optimization of
the fabrication process we achieved serial construction of the IMP mucrochips, a process
that requires further simplification to be fully operational Culture of low-density
networks demonstrated that determumistic networks can be obtained in a reliable manner
thus paving the way for biological studies based on axonal transport or synaptic
connection establishment. The IMP protocol only showed its limits when high density
neuronal nodes were required, mostly to permut the arising of spontaneous collective
neuronal activity. We envision that that specific pomt requires alternative ways to
control local deposition of cell adhesive cues in micro-pockets, a process we started to
evaluate by the end of the PhD works (Chapter 5).

2.6 Supplementary data

2.6.1 Final chips design and geometry

Durmng the work aiming at reconstructing mimmalistic cortico-striatal networks
with controllable synaptic connectivity, we assessed the efficiency of several designs in
order to obtam mucrochips allowimng reproducible seeding, neuronal survival and
topological control of axonal outgrowth.

2.6.1.1 The whole chips design map

Figure 52 depicts the different geometries that were finally chosen for the two-
node cortico-striatal chup. The geometry of the chip has also been optimized several

times to overcome problems such as nmucroflmdic flow dynamics caused by
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hydrophobic surfaces that could arise in PLL free PDMS areas, cell survival, chip
assembly and production efficiency. More discussion on the manufacturing aspects of
the organ-on-a-chip domain can be found m Chapter 6.
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Figure 52. The whole chips design map. (a) Cell delivery chamber. (b) The trapping pattern with round
grove in emitting chamber. (c) The trapping pattern with square grove in emitting chamber. (e-f) The
optimized size of chip patterns.

2.6.1.2 The details of each design parameter and their purpose

In the enmutting chamber, the size of the cell frap 1s about 300pm m width
(diameter), and the area of the round trap (the area marked as 1 in the Figure 53) 1s
about 1.2 times larger than the square one, where the individual trap on the left side (the
area marked as 2 in the Figure 53) 1s used to enhance the survival of cortical neuronal
cells by mncreasing the cell numbers in the whole chamber (Figure 53).

According to the experimental results of the type A chip of the screemng system,
the selection of the interval of 200pum-400um as the size of the cell trap can take into
account the spatial structure of the chip and the survival of the cells. The area of a single
recerving trap 1s approximately equal to the area of a circle with a diameter of 200pm.
In two-nodes chips, the area of emutting traps 1s approximately equal to a pair of

recerving traps.
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Figure 53. The geometry size of two-nodes system. The size of each emitting trap is around 300pum,
and the distance between traps is at least 130pm, and between two group networks, the distance is around
230pm. The number of the right corner above are the aera of each part, the unit is pm’.

The distance between cell traps accommodates the one of the Class E chip (chapter
3) of the screening system. In a group of neural networks, the spacing between two
recerving groove 1s 130pum, where the spacing between parallel channels 1s a mnimum
of 40pm, and the spacing between the receiving chambers of two groups of neural
networks 1s 230pm, to mminuze the probability of unwanted connection between these
nodes. In cell culturing, except for a very small number of experiments chips n which
cell seeding overload caused unwanted connections, these spacing dimensions worked
properly. The emutting chambers being independent of each other no connection
occured between them.

During our experiments were both compartments were seeded to obtain cortico-
stnatal networks we noticed that the cell seeding density i1s the most important
parameter to control. In the two-node chip, after several adjustments of the seeding
scheme, the cell density can be controlled around 35 cells per 1x10* um’, when seeding
6ul of cortical cells with a concentration of 30 mullion/ml 1n the emitting chamber and
6ul of 20 million/ml striatal cells in the receiving chamber.
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Figure 54. The percentage of frapping area occupy all chamber surface
In conclusion, for neural network chips, designing the pattern of the chip relies on
biological data, microflmdic hydrodynamic calculations, and a sense of architectural
spatial structure. And a large amount of statistical data can help pmde further chip

design.
2.6.2 Characterization of chips geometry

The wafers for fabricating the pattern master were characterized by an optical
surface mstrument. The results show that the height of the cell delivery chamber 1s
about 50pum (Figure 55) and the depth of the cell traps 1s 5Spm (Figure 56).
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Figure 55. The master of cell delivery chamber characterizing by optical profilometer
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Figure 56. The master of cell traps layer characterizing by optical profilometer

2.6.3 Evaluation of various “Arches” pattern to guides axonal

outgrowth direction.

A vanety of arch-like channels were produced and assessed for their ability 1) to
promotes good anterograde axonal outgrowth from emutting chambers while 2)
dimumishing retrograde axonal outgrowth from the recerving chambers. They capitalize
on the principle that 1) axon growth in contact with edges of microgroove or walls of
micro-channels 2) that bundled axons that were gmded by walls keep growmg in
straight direction when they are not gmided anymore or when the walls/grooves deflect
abruptly [238]. The following figure (Figure 57) shows axon from GPF expressing
neurons mvading several of the tested patterns. The arch-like channels can serve to
gmde the axons forward growth (Figure 57 a and b) and tum to backward growth
(Figure 57c and d). Hearth shape pattern were also assessed, giving less reliable results.
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Figure 57. Some selected arches patterning working on axon guidance which tracking by GFP neurons
survival 5 days in vitro. (a-b) The cells seeded in emitting chambers. (c-d) The cells seeded in receiving
chambers.

2.6.4 Ca* imaging movies from cortico-striatal minimalistic

networks.

2.06.4.1 Spontaneous calcium activity of individual cortical cluster in emitting

chamber
chapter? spon activity emuting awvi

2.6.4.2 Synaptic activity of Cortical - Striatum connective cluster in compartmental

chambers
chapter?2 spon_activity networks.avi

2.6.4.3 Stimulating connective network by chemicals- Potassium chloride

chapter2 stimulating KCl avi
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3 Reconstructing
compartmentalized multi-nodal
neural network on microfluidic chips
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3.1 Introduction

In section 1.3 .3, I elaborated on the relationship between hubs and nodes 1n neural
connectomics. Connectomics stems in the study of fundamental networks theories [65,
67]. It mamly consists m 1dentifying specific neuronal networks topologies both at the
macro scale and nucron-scale levels. The core theory 1s that, at the macroscale level,
brain networks depict generic topologies that are shared by all kind of networks. Indeed,
brain macro connectome 15 organized as a “small world” network (were each neurons
15 close to anyone else) and specific regions (eg. hippocampus) in the bramns encodes
structures such as hubs. Besides classical neuro anatomical description, bramn networks
can therefore be described by network theores properties such as centrality, hubness,
robustness etc. Besides the description of the brain basic architecture, an increasing
number of studies now aim at describing the change of the connectome during acute or

progressive neurological syndromes with specific topologies being targeted earlier.

In the previous chapter, we demonstrated that IMP allows generation of finely
tuned 2 nodes networks composed of distinct neuronal identities. Here, inspired by the
theory of neural connectomics, using IMP approaches, we aimed at bulding more
complex neural networks encoding some generic network properties. In our mitial idea,
we limited the scale size of neuronal networks roughly to the milh-nucrometer level.
After assessing optimal node size and spatial spacing between nodes to pernut good
neuronal survival our goal was to generate a microsystem allowing to confrol inter node
connectivity in order to build multi-nodal topologies with 1) control of nmidirectional
vs bidirectional mter node connections and 2) specific fhudic access to the nodes. We
used the IMP techmque for these goals.

A matrix composed of nodes can serve as an ideal model for building different
architectures of inter-node connections. We therefore designed multiple matrices of
traps (1.e. defimng nodes) , which can first be of different sizes and have different

spacing. In order to provide homogeneous conditions for cell delivery, we designed a
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parallel multichannel delivery system, which together with a matrix of traps made using
IMP technology constitutes the structure shown in the fipures (Figure 58, I).

!IEE: aHE
FLELL
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Figure 58. The two types of connection in multi nodes array. (I) The screen system (1) The mmlti-
nodes with internal connection. (IIT) The multi-nodes with external connection.

The working principle of this system 1s that when the cell suspension enters the
main seeding channel, they are evenly distnbuted into four identical macro-chambers
enclosing round traps. The cells fill these traps by sedimentation. Each macro-chambers
encodes different IMP patterns thus allowing cell trapping and survival comparisons
for the same seeding conditions system While we assessed several node shapes some
networks were encoded with an “internal” connectivity linking the nodes of the same

chamber together (Figure 58, II).

Beyond neuronal survival in the nodes, a critical aspect relies on how to buld
controlled external connections between the nodes in a platform allowing flmdic
1solation between some of the nodes. This was followed by the optimization of
microflmdic geometries allowing to enforce connectivity between arrays of nodes
located in sperate mucroflmdic cell culture chambers while limiting the topological
problems of encoding too long inter node distance. Consequently, we designed a wave-
shaped cell delivery chamber, similar to the flower bud structure that solves the

topological problem.

With such an optumzed design, we evaluated several networks motifs

encompassing ring-like (feedback) connection, hnear (feedforward) connection,
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(Figure 58, III) that may potentially encode properties that may mpact
neurodegenerative traits such as Prion Like elements spreading.

3.2 Design and patterns of multi-nodes array

3.2.1 Isolated traps to study cell survival conditions

The survival of cells and the formation of network structures are related to a
vaniety of factors encompassing neuronal density, cell surface attachment area,
geometrical shape and surface/volume ratio of the macro-chambers.

® 88 i i .
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Figure 59. Design of a “screening” device allowing to assess optimal node size, internode distance
and shape. (Left) design of a SUS wafer encoding 10 different micro-chips encompassing several IMP
patterns. (Right) Each micro-chips encode 4 distinct chambers that can be interfaced with an IMP layer
encoding several node size, shape and inter node distance.

In order to explore some of these parameters, we first designed a split-flow parallel
channel chip for homogeneous cell distribution and seeding in the macro-chambers.
Thas allowed to measure the optimal parameters of cell trap mnterval, size, and seeding
density. Figure 59 shows the design of wafer exlubiting several independent clups (A,
B, C, E, F, and G) each of those bemng composed of 4 macro-chambers named A1, A2,
A3, and A4 When the cell suspension was seeded in the inlets, due to capillary force
and hydrodynamic channel properties, cells flew rapidly and homogeneously in the four
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macro-chambers, thus creating a completely parallel seeding and incubation
environment. B and C are copies of A. E1 to E4 have the same diameter of cell traps
but with 40pm to 240pm mtervals. F and G are copies of E. In that 5em diameter chip,

we mtegrated 10 such small chips to improve the productivity.
3.2.2 Multi-nodes mono-chamber devices

We designed a second type of mold (Figure 60). They are divided in two types,
depending on the shape of the nodes. The left image of Figure 60 shows the connected
and unconnected star-like dot arrays, where the comers of each star are expected to
provide neurite pmding properties. The right figure shows a circular dot array,
connected by straight lines. The different types of connections are implemented in the
same seeding chamber. Therefore, we define these clups as “Multi-nodes mono-

chamber” devices.
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Figure 60. Example of IMP patterns encoding variation of node shape and internal connectivity. (a)
Star-like connected array and unconnected array. (b) Round nmlti-nodes arrays with internal connection.

3.2.3 Multi-nodes multi-chamber devices

The following figure (Figure 61) shows the design of “multi-nodes multi-chamber”
devices. For the precise design of this system, we took advantage of the results of cell
survival in 1solated traps, leading to an optimized diameter of 400pm and trap intervals
of at least 400pm when located m the same chamber. The different chambers are
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connected by umdirectional arches, or straight channels, with a length (inter node
distance) of about 500pm. They have a height of 50pum and a width of 600pm.

©
oo oo

Figure 61. The design of multi-nodes network system with external connections. (a) The whole chips.
(b) The central pattern of chips. (c) Some other version of design (d) The design of binary direction
multi-nodes with straight channels (el, e2) The concept motif of binary direction nmlti-nodes and
corresponding location in chips. (fl, £2) The loop motif of unidirectional multi-nodes and corresponding
location in chips. (g1, g2) The second loop motif type. (hl, h2) The multi-nodes network with multiplier
emitting traps motif and corresponding location in chips.

3.3 Methods

3.3.1 Chips fabrication and assembly.

Chips fabrication process 1s similar to the one described in chapter 2.
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3.3.2 The preparation of primary cell suspension

E14 Pregnant WT Swiss mouse were purchased from Janvier Lab, and cortical
neuronal suspensions were generated using sinular procedure as the one described in
Chap2. Studies followed the standard ethical gmdelines.

3.3.3 Cell seeding and culturing

The Cell seeding and culture condition are sinular as the one described in chapter

3.3.4 Immunofluorescence staining and image acquisition

The staiming and imaging process using stmilar process as described in chapter 2.

3.4 Results

3.4.1 Impact of node size on neuronal survival and clumping

3.4.1.1 The relationship between the size of traps and cell survival status

The diameters of the traps encoded on the IMP layers in the four channels were

800pm, 400pm, 200pm, and a combination of 600pm and 100pm, respectively.

100um
&~ - p
w1 ¥ —_—
800um 400um 200um 600um

A1/B1/c1 A2/B2/c2 A3/B3/C3 A4/Ba/ca

Figure 62. Internal Nodes array with 4 parallel delivery chamber named screen chips for choosing the
1deal size of cell traps

After 8 days of culture followed by immunostaimmng, cell survival and
differentiation were assessed by ranking the mim networks formed in the traps m four
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distinct states. 1) Nodes exhibiting good survival (little DAPT nuclear condensation,
limited B3 tubulin axonal fragmentation) and homogeneous neuronal spreading in the
traps. 2) Good survival (same criterion as above) with cell clumping in spheroids. 3)
Un-clumped nodes showing signs of degeneration with fragmented axons and dendrites
and condensed nucleus. 4) Incomplete network with very low density.

Survival + Survival + Sunvival — Death or
Aggregation -  Aggregation + very low density

Figure 63. Illustration of the 4 classes of nodes after 8 DIV stained for MAP2 (red), £3 tubulin (Green)
and DAPI (blue). (The images are mainly used to show the state of the cells and are extracted from nmlti-
scale, so the scale bar is not shown here )

Analysis of “network topology and survival™ showed that the percentage of traps
with network clustering mcreased as the frap size decreased, while signs of neuro-
degeneration shows an inverse variation (Figure 64).
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Figure 64. Survival rate of cortical neurons in different size of traps, after 8 and 12 days in vitro.
Percentage of nodes exhibiting type 1 (“Health™), 2 (“Aggregating”, good survival with sign of node
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clumping), 3 (Unhealth but no aggregation™ ) and 4 (“dead or less density™) behaviors, as a relationship
with node size. FExperiments were performed in 2 separate (cell seeding) experiments.

The trend of the two curves depicting “healthy™” (grey triangles) and clumped
(black squares) nodes have further been used as a criterion for the upcoming design
patterns in the future. From these preliminary studies we concluded that for a chip
which should accommodate as many nodes as possible to improve the connection
efficiency, a trap size of 600 pm diameter should be the upper limit of the design, while
the trap diameter for cell survival should not be smaller than 200pm. They correspond
to areas of 12.56 x10* pm® and 314 x10* um?, respectively. As shown in Figure 65,
after 8 days m vitro, the seeding density in the nodes where the cells exiubited good
survival, was about 20-30 per 10* pm’. When the density reached 40 per 10* um?, the
cells started to clump. When the seeding density was higher, the cells neurons eximbited
clear signs of degeneration, (axonal fragmentation and dendritic blebbing). Below 8
per 10* um’, neurons degenerated quickly.
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Figure 65. Relationship between cell density and cell survival states.

Interestingly, 90% data of node exlibited clumped spheroids states arose from
200um traps indicating a threshold between mitial cell seeding densities / area of cell
adhesion and formation of spheroids. Considering that 600 pm diameter nodes traps

thousands of cells are systematically associated with node clumping and spheroid
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formation, we finally choose 200 to 400pm node size for further experiments.

3.4.1.2 Intra Node axonal outgrowth topography as a function of cell density.

Axons, which can grow over long distances, were confined in 1solated cell seeding
traps. Interestingly, the distribution of axonal bundles in the traps seemed to be
correlated with the seeding density. In 200um fraps, axons often circled endlessly along
the node walls (Type I). When a certain boundary condition 1s reached, some of these
axons will detach from the wall and retract toward the nodes center (Type IT & III).
Also, a few nodes have no axons visible (Type IV). Numeration of the number of
neurons per trap shows that axons detachment from the wall borders 1s directly
correlated with number of neurons, suggesting that cell clumping causes strong axonal

tension and relocation of axons i the spheroids.

200+
150
100+ R
ao ; -

Cell numbers in traps

Type | Type Il Type Il Type IV

Figure 66. Relationship between cell number, axon circling and clumping behaviour in 200pm
nodes.

Indeed, 1n nodes showing between 30 to 60 neurons (trap size 200pm), axons
consistently circle around the edge of the traps for more than & DIV. However, when

cell density reached 80-100 neurons per 200um trap soma started to clump and axons
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to detach from the edges. At higher densities nodes formed spheroids which survival
rate was difficult to assess; only a few axonal projections were evidenced out of these

spheroids.

3.4.1.3 Influence of inter node distance on unwanted inter node connections

Our second clup pattern was designed to assess the distance between traps and the
occurrence of “unwanted” axonal connection that sometimes occurs between nodes
despites no adhesive cues linking the nodes being encoded. In this pattern design, the
channels of E1, E2, E3, and E4 are laid with round trap matrices with different spacing.
Among them, the shortest distance and the longest distance exist between adjacent trap
boundanies. As showed by Figure 67, each macro-chamber of the same chip
accommodates several inter nodes spacing for the same node surface.
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Figure 67. Four channel microflmdic chips encompassing 4 type of IMP layers encoding various inter
node distances.

Cortical neuronal cells were seeded, grown and stained after 8 or 12 days of culture

m the chips (Figure 68).
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Figure 68. Illustration of unwanted connections between Cortical nodes at 8DIV. Neurons were
stained for axons (B3 tubulin), dendrites (MAP?) an nucleus (DAPT)

We estimated the proportion of nodes that tend to be inter connected by counting
the number of connections established between two traps and compared it with the
number of connectable connections that theoretically exist n whole chamber. The
picture below (Figure 69) depicts a portion of the E1 channel 1. e. a 3x%4 matrix of nodes.
If axons are crossing each other to connect nodes, 17 connections with a spacing of

100pm (red line), and 12 connections with a spacing of 140pum (black line) can occur.

p3-tulbglin

For example:

Total lines in theory: 40um: 17 140um: 12
Reality (connected) : 40um:3  140um: 1
Connection Rate: 3/17 1/12

Figure 69. Illustration of the quantification method of “unwanted™ internode connections on chip
encoding 40 and 140pm internode distance.
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After 8 DIV, the “unwanted” mter trap connection rate for 40pm spacing was 21.54%

a percentage that dropped at 4% for a 140pm spacing (see Figure 70).

... [EFGI EFG1 EFG2|EFG2|EFG3|EFG3|EFGA|EFGA

distance (um}) 40 140 100 225 100 225 225 400
porket number 48 48 30 30 16 16 16 16
possibly links Tr 66 45 36 25 14 20 18
The percentage of
unwanted connections 21.54% 4.15% 16.06% 3.72% 14.51% 9.3/ 11.58% 5.87%
happened
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Figure 70. Quantification of the proportion of unwanted inter node connections as a function of inter
node distance. Expeniments were conducted in 3 separates experiments (cell seeding).

Based on the above experimental results, we thus obtained a variety of data that
helped us to optimized both 2 nodes networks (Chapter 2) and mmlt: nodal platforms.
First, the diameter of the optimal node traps size should be between 200um and 400pm
for good survival, the spacing between traps should not be below 140pm to prevent
unwanted mter node connections, and when seeding cells, the final seeding density of
cells should be controlled at 20-40 cells per 10* um? to mitigate spontaneous neuronal
clumping and keep axons in the borders of the nodes These concepts were implemented
m the last versions of the two-node cortico-striatal neural network chip shown in
chapter 2 : the diameter of the emtting chamber trap 15 around 300pm, with an area of
about 7 x10* pm?, and the area of the receiving chamber trap connected (or not) to the
emitting chamber through a microchannel is about 3x10* pm? (refer to Figure 53 for
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specific dimensions). The distance between recerving traps should be at least 140pm
and 300pm between two mum networks. We also controlled the seeding density
followed the results in this chapter. Also, all these size parameters were used for
bulding and designing new multi nodal chips.

3.4.2 Study of the multinodes mono-chamber microfluidic devices

3.4.2.1 The preference of neural node connection

In addition to circular shaped nodes, we tested other hypotheses that aimed at
optimizing axonal bundles exit from cell traps. Based on the observation that axonal
bundles follow walls, as illustrated in the Figure 71, we assessed several pocket shapes
that could impact axon gmding. We used the curvature of the star comer to induce the
direction of axon growth We encoded both connected and unconnected cell traps to
monitor 1) the escape rate of axons in unconnected states and 2) the efficiency in mter
nodal connection through connections. Interestingly, although the results stayed
preliminary, star shaped pockets seemed to decrease the unwanted mter node
connections. Comparnng both connected to un-connected patterns seemed to indicate
that axonal connections promote higher survival rates m the nodes, these results

requiring further reproduction.
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Figure 71. Cortical neurons seeded in star traps nodes with connected or unconnected pattemns. 8DIV
neurons were stained for p-111-3 tubulin.

Interestingly, the experiments performed with linked mmlti nodes shows that

“unwanted” inter node connections decrease with the number of “wanted” node
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connectivity. This suggests that promoting axonal exit from the nodes trough adhesive
tracts strongly dimimishes “unwanted” axonal escapes on non-cell adhesive areas
(Figure 72). Although not tested here, we can infer that the depth of the IMP trap should
also affects the behaviour of axonal escape over the wall. Due to engineering limitations,
we did not test that parameter for now, and the trap depth were controlled to 5pm depth
mn this work.

B-lll-tubulin

Figure 72. Neural node connection in 12 DIV cortical neural networks in vitro. Neurons were stained
for B3 tubulin.

3.4.2.2 The survival of cell in multi-nodes network with internal connection

After 12 days i vitro, networks were stamed by MAP2 (dendrites), and B-III-
tubulin (axons). Figure 73 shows efficient neurites confinement and topographic control.
In this multi-nodal network, all the cortical neurons in each nodes share the same culture
environment. No cell nucle1r were evidenced outside the traps and gmding tracts were
mostly populated by axonal matenal although some dendrites were able to reach
neighboring nodes. This 1s due to the fact that cortical dendrites have been shown to
grow up to 400 pm long in vitro, a limmting distance used in micro-channels of classical

microflmdic chips to select axons and dendrnites.
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Figure 73. Distnibution of Axons (p-IlI-tubulin) and dendrites (MAP?) of cortical neurons in mmulti-
nodes system after 12DIV. (Horizontal distance between node’s edge: 100um. Diagonal distance between
node’s edge: 225um).

3.4.3 Study of the multi-nodes multi-chamber devices

In the previous paragraph we described some critical parameters allowing multi-
nodal networks reconstruction seeded in a single microflmdic cell culture chamber.
Here, we wanted to implement axonal guiding tracts to connect nodes that are located
m distinct mucroflmdic chamber, thus bridging the gap between conventional
microflmdic and multi nodal positioning. We therefore designed microfluidic chips as
described 1n Figure 61 which encodes different chambers (Z shaped) connected by
umdirectional arches, or straight channels, with a length (inter node distance) of about
500pum. The cell delivery chambers having a height of 50pum and a width of 600pm.

3.4.3.1 Cortical neurons survival

Due to the length and geometry of the microflmdic seeding chamber, seeding
volumes were adapted to obtain relatively homogeneous seeding along the flow axis.
The nmuicrochips were first seeded with pnmary cortical or hippocampal neurons to study
the parameters of progressive internode connections. In that new multi-nodal system,

170



we found that axons grew accordingly to what we inifially observed mn non-connected
multi nodal chups and that they progressively invaded the axonal gmiding tracts inking
the nodes. Crossing of the microchannel and reaching of the distant node occurred
around 5 to 6 days in vitro (Figure 74 a). As the fipures shown below the more axons
m the nucrochannel, the quicker they reach the other chamber (Figure 74 b).

¥} B buln 4
Figure 74. Axonal projection in compartmentalized nmulti nodal chips encoding straight inter chamber

linking micro-grooves after 6 DIV (a) Phase contrast and fluorescent images (f-III tubulin staining)
showing axonal trajectory between nodes. (b) Axonal invasion of a non-seeded node.

The networks were stamned to assess neuronal survival axons vs dendmte
outgrowth (0). As described earlier, axons followed the edge of traps and finally entered
the straight microchannel, and showed no sign of degeneration (0 a). The umdirectional
arches mucrostructures majored anterograde growth (0b) while limiting the retrograde
one (0 c). Due to the fact that some parts of the microgrooves or arches are exposed in
the flmdic chambers and not fully covered by the PDMS walls of the macro-chambers
few cells were found captured mnto the arch’s channels (0 b). However, that problem
can be further solved by optimizing the pattern design and alignment process in a future

study.
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Axonal (B-IT-tubulin) and dendritic (MAP?) growth in compartmentalized multi nodes chips encoding
(a) Straight microchannel or (b-c) Arches as a directional guidance for neurites.

3.4.3.2 Establishment of compartmentalized multi-nodal cortical networks

After 6 days m witro, the nodes from the cortical network starts to hnk and
therefore establish a multi nodal platform either mm umdirectional or bidirectional
confipuration (Figure 75). Overall, we succeeded in establishing intact
compartmentalized multi-nodal cortical network that survived adequately for more than
a week 1 vitro. Assessing further ageing of these networks showed that intact networks
could be maintammed for longer time of cultures but as described earlier, cortical
clumpmg occurred progressively leading to loss in single cell study resolution
Clumping also induces high neurite tension leading to detachment of cells in the open
(non PDMS covered) areas of the pmding microstructures. We tried to address this

drawback in the following chapter.
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Figure 75. 6 days cortical neural network seeded in compartmentalized mmlti nodal platforms. Cortical
network encoding 3-nodes looped, bidirectional (a) or unidirectional (b) motifs. (Left) phase image,
{Center) MAP? staining. (Right) overlay of MAP2, p-IlI-tubulin and DAPT staining. Fach node being
individually fluidically accessible it can be seeded with distinct neuronal subpopulations and/or
challenged with distinct fluidic conditions.

3.5 Discussion

The purpose of this work was to build a multi-nodal platform allowing control of
axonal outgrowth directionality and microflmdic compartmentalization. As a proof of
principle, we used the IMP techmque to pattern nodes and guiding tracts to build several
theoretical motifs that encode feedforward, recurrent and “synaptic weight™ topologies.
These topologies being potentially interesting for studying how Prion-like element
spreads along neuronal networks. Importantly in our final design each node being
mdependently flmdically accessible. This shall pernut both 1) seeding with distinet
neuronal subpopulations allowing to construct complex neuro anatomucal loops such as
the basal gangha loop; and/or 2) challenging of the nodes with distmet flmdic
conditions and therefore mmitiation of diseases on one node to study disease progression

according to the connectome grid.

The most demanding part of the work consisted in optimizing the crmtical
parameters for node size and distance, as well as neuronal density to allow 1) good
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neuronal survival and differentiation and 2) controlled axonal shooting toward the
target nodes, after which we successfully encoded compartmentalized interconnected

neuronal grids that survives for a week in wvitro.

3.5.1 Geometric features as a dominant factor in QoC system

3.5.1.1 The geometry and master fabrication

Geometrical considerations to achieves microdevices that allows neuronal culture,
axonal gmdance and control of synaptic contacts requires the production of mucro-
systems that encompass a range of 2 orders of magnitude in the dimensions of their
building elements. When producing the master of the design, some thin structure of the
microchannel will be linited by the thickness of the coated photoresist, and too small
width-to-height ratio will lead to the failure of the photolithography process. The MIB4
15 a common photolithography machine, and the power of its hight source 1s easily
mfluenced by the laboratory conditions. It cannot expose a homogenous large area such
as the one needed for cell trapping substrate. Therefore, I used microPG UV laser to
directly engrave the iMP master, and achieved good performance. However, there 1s a
limit of depth that can be patterned by this machine. Currently, the more mature
experimental condition in our lab 1s to use SU 8 2005, leading to about S5pm in-depth
structures after development. But good quality patterns might be obtained for thicker
photoresists. It might thus be possible to limit the escape of cell axons by exploring the
production of traps with a depth of about 6-8 pm.

3.5.1.2 Geometry and hydrophobicity issues

In both 2 nodes and multi-nodal designs (Figure 64, Figure 68), cell seeding along
the flow axis presents a gradient of cell density distribution in the traps. Besides the cell
suspension being progressively depleted from cells when they adhere to the target areas,
a nonexclusive explanation could be that this 1s caused or majored by the fact that the
bottom (IMP) layer of the chip 1s a rather hydrophobic surface with only the traps being
hydrophilic due to PLL printing. When the cell suspension enters the chamber, the
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hydrophobic surface slows down the flud flow. The easiest way to solve that problem
would be to extend the width of delivery channels to decrease flow resistance. Having
noticed at the early stage of the processes that cells almost cannot enter "classical”
rectangular flow chamber, this 1s why in a second generation of devices I encoded the
size of enfrance and exit of the flow chamber.

In addition, the cell suspension flow inside the chambers highly depends on the
ratio between the seeding cell volume and the total volume of the flow chamber. A too
high cell seeding volume (>10pl) would lead to such a flow rate that it would prevent
cells to touch and adhere to the target areas. Inversely, a too low volume would lead the
flow to stop mside the flow chamber I therefore had to adjust an optimal seeding
volume for a good compromise between hydrophobicity, cell adhesion and
homogeneous seeding along the flow axis.

The attention to the features of hydrophobicity and hydrophilicity in IMP system
15 due to the microfabrication process that differs from the one of conventional
microflmdic chips. Indeed, once generated, the patterned IMP layered cannot be
processed with a plasma generator that will enhances hydrophily of PDMS, as this wall
destroyed the PLL patterned areas. Alternative methods solving that problem could be
to use copatterning approaches of the non PLL areas to enhance substratum hydrophily
(see chapter 5) or eventually to consider an alternative, more hydrophilic matenal as a
substratum for IMP (thermoplastics). Yet this would require a complete re adaptation
of the IMP process to study whether or not molecules such as PLL could locally be
deposited in grooves and fraps for example in hot embossing protocols. While not
addressing that specific 1ssue, the altermative methods I describes mm Chap5 may be

compatible with the use of hot embossed thermoplastics.

3.5.1.3 Chip seometry and cell survival

The geometry of the nodes in the chip also affects the cell survival and indirectly
axon confinement. In the multi-nodes array, the internal structure encoded different
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diameters of circular traps, and its purpose was to screen the smallest area that 1s
suitable for neurons survival The size of the traps clearly had a direct impact on the
number of captured cells and that to some extend also depends on the density of the cell
suspension. Yet we did not find a significant linear relationship between the area at the
bottom of the trap and the cell density after seeding. This observation should deserve
further exploration mn the future. Therefore, the topology of the chip 1s not only
mmportant for the creation of appropnate connection distances between axons and
dendrites to form the synapse between the different cell populations: the size of the chip

determines whether the cell populations can be healthy and survive for a long time.

To sum up, the topology and size of the chip design are core elements for bramn on
a chip dewvice. For the reconstruction of neural networks based on network
connectomics, 1t 1s even more important to control the space mnside the chip in order to
accommodate as many nodes as possible and separate the nodes from each other to
create an individual microenvironment, thus that chip can be used to study and numie

how neurodegeneration propagates in the neural network.

3.5.2 The network connection and open/further questions

Although we have explored the optimal distance to prevent axonal escape using
Class E chip experiments, there are still some issues that are worth discussing and
mvestigating. The clumped (hugh density) networks established mternode links at a
much higher distance that low density networks. The cut off for low density networks
bemg around 100pm while clumped ligh density networks being able to send
projections at 250pm distance. The reason why highly packed, spheroid neurons send
“off target” axons more efficiently than low density networks remain obscure. This
could be due to better adhesion of individual axons within axon bundles compared to a
PLL substrate. Simularly, to a laminm substrate (known to accelerate axonal elongation),
axons could promote the elongation of other axons, resulting in increased collective

growth.
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The figure below displays some interesting phenomena. In 77a, a clustered neural
network forms a connection with the low density one. In 77b, nodes occupied by
spheroids are interconnected. In Figure 76 d, close clustered nodes don’t connect, while
m c the long distance between the high-density nodes does not prevent connection.
These observations lead to many very imnteresting questions about the dynamics of
axonal path finding above non-adhesive surfaces, and how 1t 1s modulated by the

properties of the region from which they emerge.

Figure 76. Illustration of unexplained unwanted connections. The diameter of traps size is 200um, and
trapping distance is 100um in c, others are 40um.

3.6 Conclusion

In tlus chapter, I generated three types of multi-nodal neuron arrays. The
optimuzation of various kind of nucroflmdic devices led to the generation of a new
platform that would allow to study the role of topological features on networks
behaviour. While these platforms could prove useful to decipher basic properties of
mformation flow in structured networks our imtial goals were to use these platforms to
study some specific aspects of neurodegenerative syndromes, more specifically, the

way prion like elements flows in neuronal networks. This 1s the topic of a next chapter.
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4 a-synuclein spreading in
cortico-striatal two-nodes neural
network and hippocampus multi-

nodes network
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4.1 Introduction

Progressive degeneration of neurons in the bramn, showing multiregional
sequential chronic lesions over time, accompanied by deposition of pathological
plaques of abnormal protein aggregates are pathological features of neurodegenerative
diseases [274]. In Parkinson's disease, for example, the pathway by which Lewy bodies,
of which a-syn agpregates are the mamn component, appear in the brain starts from the
vagus nerve to the brainstem, the mmdbrain and then the cerebral cortex [275, 276]. The
propagation mechanism of neurodegenerative diseases was then investigated [277-279].
In chapter 1.4.3, I reviewed various hypotheses of neurodegenerative diseases, among
which the prion-like hypothesis attributes the disease mechanism to a variety of toxic
proteins exhibiting prion-like propagation capabilities e g a-syn, tau, AP (also
suggested 1n the literature as priomiods [280, 281]). Prion-like propagation encompass
several rate limiting steps mcluding 1) spread between cells (fit vs unable to spread
between individuals) 2) seeding induced nusfolding and aggregation, and 3 loss of
neuronal structure and function and death, leading to this degenerative pathology [282].
These prionoids, especially exogenous seeds can propagate between cells by unknown

mechanisms. In contrast, prions cannot be amplified in cells without an endogenous
template [283, 284].

In the last decades, many studies have validated the concept of the transmission of
pathological proteins between cells [285, 286]. The potential mechanisms are shown in
the figure below (Figure 77). The main potential vectors of transmissions nmight be 1)
Synaptic vesicles and exosomes, which are related to endocytosis and exocytosis
process. The prionoids can be released from donor neuron by vesicles or exosome [250,
287-289]. Once m the extracellular space, these seeds can be uptaken by recerving
neurons or other cells through several pathways [286, 290], mcluding penetrating into
plasma membrane and flmd-phase endocytosis [280, 291], synaptic vesicles
endocytosis and fusion of plasma-exosomal membranes [24, 292-295]. Also, there 1s a
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study [296] showing that pathological a-synuclein fibril transmussion maybe receptor
mediated. 2) Tunnelling nanotubes (TNTs). TNTs are also a kind of mechanism for cells
communication, and these dynamic membranous tubes can create direct transient
cytoplasmuc continuty between cells [297]. Several studies shown TNT may mediate
the prionoids fransfer [298-301]. 3) Phagocytosis. The phagocytosis usually do not
occur between neuron to neuron, but between neurons and ghal cells [182, 302].

Microghal cells and astrocytes can endocytosis a-synuclein as a role in clearance [291].

Dinnar neuran Recipient neuran

@B\ — @y
/ Seeds \\‘
C
(RARAEAEAAE] Extracellular
Fathalogical space
aggregates

Figure 77. Potential mechanisms for the transmission of pathological proteins between cells. (a)
Receptor-mediated endocytosis. (b) Penetrating into plasma membrane. (c) Fluid-phase endocytosis. (d)
Synaptic vesicles or exosomes. (e) Tunnelling nanotubes. (Chao PENG, 2020).

To sum up, various exogenous prionoids are mostly introduced in these research
models and the triggering and propagation of these proteins can be observed through
the uptake of these seeds by cells. In in vitro studies, 1t 1s difficult to track its
transnussion process by traditional petri-dish culture. Thanks to microfluidic chip with
flmd 1solation [208, 209], 1t 15 possible to compartmentalize not only the neuronal soma
and axon in different flud environments, but also different populations of neuronal cells
m different chambers through specific architectural designs. This means that 1t 1s
possible to achieve a single chamber exposed to the seeds while the other chambers are
not affected. It provides a very ideal model for studying the propagation mechamsm of

prionoids.
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Microflmdic devices were successfully used for studymng the intracellular
transportation of pathogenic tau, aSyn, AP and HTT. The anterograde and retrograde
axonal transportation of these prions was demonstrated [245, 255-257].

Our team and collaborators using conventional microfluidic chips validated that
a-Syn strans trigger sustammed nucleation of host-encoded neuronal o-Syn and
associated neuronal dysfunctions. pSyn aggregates accumulate progressively in iPSC-
denived Corticocortical neuronal network [257]. In addition, they also concluded that
mouse primary neurons exposed to fibrillar aSyn, exogenous aSyn were simular uptaken
by neuronal cells from distinet bramn regions but differed greatly in their seeding
amphification capacities mainly because of thewr endogenous physiological aSyn
expression levels [193]. Regarding the aSyn spreading in 100% orented reconstructed
neural networks made of different neuron population, the data from my colleagues
shown that the inter neuronal transfer efficiency was very low [240]. From these results,
they inferred that the prionoids spreading maybe impaired by intact synaptic structures.
However, in the microflmdic devices they used (large chambers), most of axons stays
m the same compartment as their soma. In other terms, only a weak proportion of axons
cross the microchannels and contacted the post-synaptic neurons raising the question
of impact of synaptic weight on prionoid inter-neuronal transfer Moreover, due to
absence of separation between axons from presynaptic neurons and post synaptic
neurons 1t was not possible to assess retrograde trans neuronal capacities of prionoids.
But in the iMP systems developed in this work, the connection rate between two
chambers was extremely improved. We therefore wished to ask again the question of
the modalities of synaptic transmission using this new experimental setting.

In this chapter, usmg our IMP microchips, the propagation mechanism of prionoids
between neurons was explored. I first reconstructed the cortico-striatal neural network
m a two-node chip in vitro (more information about cortico-striatal neural pathways
and neurodegenerative diseases, please refer to 1.3.1.1), and treated the emutting

chamber with exogenous recombinant aSyn aggregates. A disconnected node was
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settled up in the receiving chamber in order to explore whether this propagation 1s
synaptic dependent. The same treatment was also applied to the third chamber to
explore the retrograde propagation in the neural network. Further, I performed
experiments in a multi-node neural network as well. Multiple motifs in multi-node
neural networks have been studied for specific purposes. It will be shown in the

following subsections.

4.2 Methods

4.2.1 Chips fabrication and assembly.
Chups fabrication process as chapter 2.
4.2.2 Preparation of primary cell suspension

WT Swiss E14 pregnant mice were purchased from Janvier Lab, and studies all
followed the standard ethical guidelines. The preparations of cortical and stnatal and
primary suspension are same as described in above chapters.

For hippocampal cultures, the hippocampal region of E16 embryos of WT SWISS
mouse (Janvier Labs) were micro-dissected under the nucroscope n the cold Gey's
balanced salt solution (GBSS) supplemented with 0.1% glucose (w/v). The
hippocampal structures were rinsed by GBSS two times, then the falcon contained
hippocampal pieces were incubated at 37 °C with 5ml of 10mg/ mL papain in DMEM
supplemented with 100 units/mL penicillin-streptomycin for 8 mun. Then papain was
mactivated by adding 500pul of FBS and incubation at room temperature for 2 nuns.
After removing the medium and replacing it by fresh S5Sml DMEM with 20ul of DNAse,
the cells were mechamically dissociated by pipetting. After centrifugation (80 g, 7 nmun)
of the cell suspension, the upper medium was removed, and DMEM used to suspend
the cells. The cells were counted using Malassez counting device. The cell suspension
was cenfrifuged again then removed the upper medium, followed by mixed in Neural
basal complete culture medium (5% FBS and 2% B27) and controlled to 25 mullion
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cells per nulhlitre as final concentration of hippocampal suspensions.

4.2.3 Cell seeding and culturing

The Cell seeding and culturing of cortical-striatal and hippocampal networks are

same as above chapters.
4.2.4 o-Synuclein treatments

4.2.4.1 Treatments in the mature (around 2 weeks) neural network

After around two weeks of in vitro cultures, we first removed the medium from
reservoirs of cortical chamber and transfer it to an eppendorf where 1t 1s nuxed with a-
synuclein Fibrils (Ronald Melki’s Lab) labelled with a 633nm fluorescent dye. Then
filled 30ul of w-synuclein medium solution back to wells, knowing that the final
treatment concentration should be 200nM. After 48 hours, remove all medium and
replace it by neural basal complete medium without phenol red. All procedures were
performed under the PSM in L2 laboratory, and all containers or surfaces which touched
with a-synuclem are all mactivated by a 2% sodmum dodecyl sulphate solution. Then
the chips were imaged under the fluorescent microscope. The same treatment was
performed also m the central chamber of the device for studying the retrograde
transmission.

4.2.4.2 Treatments in the hippocampus mulfi-nodes network (1 week) for p-syn

nucleation

After one week of in vitro cultures, we first removed all mediums from the two
reservoirs of the emitting chamber, and keeping half volume of old medum i the other
reservoirs, then filled 40ul of fresh medmum to wells except emutting chambers. The
30ul of 200nM a-synuclemn Fibnls (Ronald Melki’s Lab) labelled with 633nm
fluorescent dye which well diluted 1 neuronal cell culture medium was added mn each
reservoir of emitting chamber. All procedures were performed under the PSM m L2
laboratory, and all containers or surfaces that had been in contact with a-synuclein were
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mactivated by a 2% sodmum dodecyl sulphate solution. After one week, cell culture
medium was replaced by fresh one. Just before imaging, the cell culture media was
replaced by Neurobasal medium without phenol red and microchips were imaged under

an inverted microscope.
4.2.5 Immunofluorescence staining and imaging

Imaging acquisition and data processing are already descrnibed m the previous
chapters. The primary antibody used (pSyn, Rabbit, Abcam, 51253) only detects alpha
synuclein phosphorylated on Ser129. It shows no staming m human hippocampus
normal brain but label human Parkinson substantia nigra tissue as expected.

4.3 Results of synuclein spread in two nodes system

4.3.1 wo-synuclein propagation in two nodes cortico-striatal network

4.3.1.1 The anterograde propagating of a-synuclein in two nodes network

Cortico-striatal networks were reconstructed mn 2 nodes iMP platforms according
to the procedure described in Chap 2. Axons from one cortical node grew to the vicimty

of 2 striatal nodes that were either connected or not to the cortical axons.

Treated by a-syn
Str.

.
Str.

Figure 78. Schematic of chip pattern and treatment nodes. The left node was seeded with cortical cells
and treated using aSyn. Middle nodes: the upper one is “Str. Connected” and bottom one is “Str.
Isolated™, non-treated. The right nodes have no cells but are filled with medmom

After 16 days of in witro culture, networks were selected for good viability an
appropriate connectivity (no off target nodes and axons) in phase contrast microscopy
and cortical nodes in the emmtting chamber were exposed to 200nM of exogenous
fluorescently labelled recombinant alpha synuclemn seeding agpregates [303] for 48
hours. Representative images of cortical and striatal nodes are shown mn Figure 79.
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While cortical nodes exhibited strong aSyn uptakes and dispersion of in axonal
compartments, faints yet sigmificant signal of aSyn appears in the striatal trap that were
connected to the cortical neurons. This 1s remumiscent of a recent study conducted by
our groups showing that strict anterograde transfer of aSyn aggregates from pre to post
synaptic neurons 1s a limted process. Importantly no aSyn signal was evidenced in
stniatal nodes that were not connected to the cortical axonal grooves.

Figure 79. Results of the neural network being treated with aSyn for 48 hours after forward propagation.
The first column in the figure shows the emitting chamber, the second column shows the connected
receiving chamber, and the third column shows the unconnected receiving chamber. The images of aSyn
in the fisure were acquired at the same imaging exposure time and are presented at the same brighiness
and contrast.

Although I cannot completely rule out that the recerving (strniatal) nodes shoots
axons back to the emifting (cortical) chamber, this 1s rather unlikely. Indeed, in Chapter
2, I evaluated the that only 7.4% of all striatal nodes shoots a few axons back toward
the cortical ones. During aSyn propagation experiments we found 3 connected receptive
chambers with aSyn signals in 5 mumature networks of one chip, while none of 1solated
traps showed aSyn signals. Other chips from the same batch also had 1 to 3 mum
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networks showing aSyn signals in connected recerving traps. In addition to this, We
also observed that the intensity of the signals in receiving fraps 1s weaker compared to
the emutting chambers as we previously observed [240]. These observations suggests
that aSyn spreading i our experniments occurred mostly through anterograde
propagation. Further quantification and tracking of aSyn signals and higher resolution
mmaging results could better confirm this hypothesis. However, since the cells in the
chip are mostly like spheroid which makes quantification difficult, and the thickness of
the substrate of the clup 1s close to 200um (glass120 to 170um + PDMS layer 50 to
75um), which reaches the threshold for high resolution imaging. So, the quantification
data will not be presented in my PhD thesis. Acknowledging that the experiments
should be reproduced to permut statistical analysis, our results suggest that ASyn trans-
neuronal spreading only occurs when synaptic contacts are established between pre and
post synaptic neurons and do not majorly occur through humoral, diffusible (1.e.
exosomal), spreads of protein aggregates. This would constitute a new finding in the
field of prion like research.

4.3.1.2 Study of the retrograde propagation of a-synuclein in two-nodes network

Previous, published, studies have shown that both active anterograde and
refrograde transport occurs in one’s neuronal cytoplasm when aSyn seeds are
miroduced either on somatic or distal axonal compartments. Yet whether or not aSyn
can spread in a retrograde manner between neurons has never been assessed. Using our
platforms, we therefore investigated whether aSyn can backward propagates mn a
refrograde manner across neurons. In order to assess retrograde propagation, the third
(axonal) chamber of the neural nefwork was also freated with 200nM of fluorescent
aSyn aggregates. The third chamber being mostly composed of strniatal axons. The
figure below shows the location of aSyn treatment in the neural network.
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Ste Treated by a-syn
Figure 80. The schematic of chip pattern and treatment traps. (Fins could have different design
version. all these designs will demonstrate in appendix )

After 165 days of m vitro culture, the third chamber, containing striatal axons only;,
was treated with aSyn. The Figure 81 shows the aSyn signals are strongly detected in
the striatal axon compartment while fluorescent aggregates could be detected in the
stnatal pocket, evidencmg efficient retrograde transport from striatal axons termunal to
their cell bodies. Although preliminary, interestingly, we found an aSyn signal in the

cortical, emitting, chamber.

Figure 81. Results of retrograde propagation of fluorescent aSyn aggregates. aSyn was loaded on the
striatal axon compartment (right images), and fluorescence spreading to the striatal nodes (center) and
cortical nodes (Left images) was monitored.

After live experiments, networks were fixed and assessed for synaptic connectivity.
As shown m Figure 82, cortical axons expressed strong VGLUT]1 labelling with famt
VGLUT1 stamming along striatal MAP dendrites thus suggesting efficient synaptic
contacts in the networks that exiubited aSyn retrograde propagation.
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Figure 82. Synaptic connection between cortical and striatal nodes in the refrograde spreading study.
After aSyn imaging, neurons were fixed and stained for MAP2 p-IIT-tubulin and VGLUT1.

In Chapter 2, I showed that axons from the emitting chamber are mostly confined
mside the senal roller structure. However, axons from the emmtting chamber were still
found in 26 8% of the receptive chambers, and these axons cannot reach the third
chamber 14DIV. But we observed here 18 days cultures, the possibility that axons from
the emutting chamber have crossed the whole chip to reach the last compartment 1s not
completely excluded. Based on the above results, 1t 1s clear that striatal neurons can
uptake aSyn from axon terminals and transport it back to the soma in a retrograde way.
However, although unlikely, it remains possible that the presence of aSyn signal i the
transnutting chamber 1s due to the fact that axons from the transmmtting chamber in a
small number of recerving chambers launch into the third chamber to absorb aSyn and
transport 1t to soma, or whether aSyn may also somehow travel across neurons in

reverse to upstream neurons. This requures further study in the future.

4.4 Discussion about of few atypical cases that occurred
during the aSyn spreading experiments
4.4.1 No cortical connections due to the misalignment chips

In the above expeniments, we mentioned that neural networks with aSyn signals in
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the post synaptic chambers accounts for about half of their total number. However, this
proportion 1s also mfluenced by the chip fabrication process. It 1s difficult to avoid
misalignment in the fabrication of the chip, such that some channels may be completely
blocked when bonding 1s achieved (Figure 83, red arrow), while some will not. This
affects the number of statistics on the num networks that appear aSyn. In addition to
this, there are accidents such as a random unequal seeding of cells.

I'Lgure 83. ThE.' connection cut downh}rmsahgnmml

4.5 o-Synuclein propagation in multi-nodes system

In the above study we showed that aSyn propagates from one neuron to the other
only if synaptic contacts can be established between neurons. Remuniscent with one of
our previous studies [240] anterograde spreading of aSyn aggregates 1s a hmuted
process. One pending question 15 whether or not the number of synapses linking pre
and post synaptic neurons 1s an important factor and whether or not a threshold of
axonal connectivity for tnggering the process of aSyn transfer exists. Therefore, in
preliminary experiments, we assessed aSyn spreading in the multi nodal platforms that
encoded 3 distinct motifs. The platforms were seeded with hippocampal neurons that
grows at low density and most importantly have 2 important features that may impact
prion like spreading in the multimodal context. 1) Hippocampal neurons express high

level of endogenous synuclemn and are therefore fast Synuclemn amplifier trough

190



molecular seedng [303]. 2) Hippocampal neurons forms autapses both in vivo and in
vitro and thus can form feedback loops.

First a “cluster” motif (Figure 84 b) was designed, which consisted m a group of
7 nodes connected through umdirectional arches microgrooves (Identifier: N7a, nodes-
7-arches), among which 3 nodes in the emitting chamber (left transmutting chamber)
and 3 nodes in the level 2nd grade nodes (one node in the left side of the muddle
transnutting chamber, and 2nd nodes in the right emitting chamber. This Ph D. thesis
will not discuss the 2nd emitting case, just focusing on the 5 nodes in the Figure 84b).
The purpose of this motif pattern was to test the influence of the number of synapses
between emitting and recerving nodes on the aSyn transfer capacities.

Moreover, hippocampal neurons being able to form autapses and feedback
connection with themselves, I designed a 3-node umdirectional loop (Figure 84c), and
a bidirectional loop as a control (Figure 84a) to assess the influence of feedback
connection on aSyn spatial dispersion. Last, to study retrograde propagation and 1solate
the treatment nodes, I also designed a loop with an exit node (Figure 84d).
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Figure 84. The main four kinds of motif in mulfi-nodes system. (a) Bmary loop motif Identifier: N3s,
nodes-3-straight. (b) Clustering motif Identifierr N7a, nodes-7-arches. (¢) Unidirectional loop motf

Identifier: N3a, nodes-3-arches. (d) The loop with a tail motif Identifier N4a, nodes-4-arches. The
aSyn were injected in left chamber (red color).

aSyn transneuronal propagation occurning in 2 sequential steps 1) fast transfer of

protein seeds between neurons, 2) slow Syn aggregate amplification through a
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nucleation process of host encodes synuclein; in these multi-node neural networks,
aSyn aggrepates were introduced 1n two different ways. The first one corresponds to a
treatment of the emitting chamber of 2 weeks old network and a treatment time of about
48 hours to evaluates transneuronal transfer of fluorescent seeds. The other paradigm
uses 1 week old network that were treated for a full week to assess synuclein aggregates
amplification trough nucleation. The seeding mduced amplification of endogenous syn
was observed with pSyn antibody which 1s known as a reliable marker to visualize

endogenous synuclein aggregation [303].
4.5.1 wo-synuclein spreading in “clustering” motif

4.5.1.1 Transfer of fluorescent aSyn seeds in hippocampal topologies.

Hippocampal neural network was grown for 13 DIV and emutting nodes were
challenged with 200nM of recombinant fluorescently labelled aSyn aggrepates.
Networks were imaged after 48hours. As shown by prelimmary results in Figure 84b,
enutting nodes were strongly labelled with aSyn agpregates evidencing strong
hippocampal uptakes of the seeds. Interestingly detectable aSyn signal were evidenced
m the second order nodes that received 3 mputs from the enmtting chamber. No signal
was detected in the downward nodes. Empirical observation gave the impression that
aSyn signal i recerving first ode were stronger than the one observed in the 2 nodes

iyt 0 P i “ B ‘
Figure 85. The cluster motif of hippocampal neural network treated by a-synuclein start at 13rd days
and lasting 48 hours. Fixation at 15DIV, then staining by B-IIT-tubulin.
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4.5.1.2 Spatial dispersion of aSyn Nucleation in hippocampal topologies

Using a lower seeding density, we treated the chips with aSyn at 7DIV. At DIV15,
the signal of fluorescently labelled aSyn seeds in the emitting chamber was faint, and
was even weaker in the second receptive trap in the next node, and not visible in the
third node (Figure 86), evidencing transfer of recombinant seeds from node 1 to 2.
However, p-syn staming (endogenous syn aggregated by the recombinant seeds) shows
detectable phosphorylated aSyn in the second node with faint staining in the 3¢ one
This shows that recombinant seeds mtroduced in the first nodes leads to transfer and
nucleation activity in the second nodes with an eventual transfer to the 3thd one that
remains ambiguous as pSyn signal in the 3thd node could be due to stamning of axons

of the 2™ node neurons.

£ lan
Figure 86. Images of a hippocampal neural network formed in a clister motif after o-symuclein
treatment at TDIV. Fixation at 15DIV, then staining by b-Ill-tubulin and p-syn.

4.5.1.3 Spatial dispersion of aSyn Nucleation in hippocampal topologies, late time

points
Nucleation of endogenous synuclein by recombinant seeds occuring
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progressively over days of cultures, in order to try to observe higher aSyn and p-syn
signals m networks, we extended the culture duration up to 21DIV. A more mtense
signal of phosphorylated aSyn was observed in the second node thus evidencing
progressive amplification of Synuclein Prions.

Figure 87. Images of a hippocampal neural network formed in a clister motif after o-symuclein
treatment at TDIV. Fixation at 21DIV, then staining by b-Ill-tubulin and p-syn.

4.5.2 o-synuclein propagating in looped motif

4.5.2.1 a-Synuclein spreading in bi-directional loop motif, treated 7DIV; fixed 15DIV.

The followmg Figure 88 shows the propagation of aSyn and phosphorylated
synuclein i a two-way loop. The propagation seems significantly less efficient due to
the small number of neurons seeded n two nodes.

Figure 88. o-synuclein spreading in a bi-directional looped network Red arrows show pSyn labeling.

4.5.2.2 a-Synuclein spreading in unidirectional loop motif, treated 7DIV, fixed 21DIV.

The Figure 89 shows the propagation of aSyn in a umidirectional loop motif at
21DIV. As seen in the figure the signal of aSyn decreases from 1st to 3rd grade step by

step, as does phosphorylate synuclem.
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Figure 89. o-Synuclein spreads m unidirectional loop motif after 3 weeks culture.

Overall, the experiments of aSyn spatial dispersion m multi nodal networks
encoding specific topologies remains preliminary. Unfortunately, due to the COVID
pandemic episode the multimodal expeniments were delayed. We were not able to
proceed through a formal comparison between receiving nodes that were connected to
1, 2 and 3 nodes or statistical analysis. We therefore cannot draw any conclusion from
our preliminary observations about the role of synaptic weight and topological features
m the spreading of Prionoid elements. Yet, this demonstrates that the multimodal

platforms are ready for such experiments.

4.6 Discussion

4.6.1 Forward propagation of exogenous aSyn

In this chapter, we tested the interest of multi nodal platform in modeling aSyn
spreading in neuronal networks. The results depicted in that paragraph remains
preliminary and more experiments should be done to obtain robust data allowing to
correlate network topological features with aSyn prionoid spreading. Yet I observed
several trends that may be of interest. I first constructed a linear two-node cortical-
stniatal neural network and treated the emutting node with exogenous a-syn. Exogenous
aSyn was first uptake by soma then anterogradely transported to axon terminals located
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m the recetving chamber. In connected traps, we observed that exogenous aSyn
propagates in the neural network thanks to synaptic connection, while unconnected
traps are free of aSyn signals. We therefore speculated that the cross-neuronal
propagation of exogenous aSyn may be synapse-dependent and/or that paracrine
secretion (1e., exosome) of aSyn aggregates does not significantly participates in
prionoid transfer between neurons. The anterograde transport of exogenous aSyn in
axons has been reported in several studies[255, 257]. But the mechamsms of

propagation across neurons still constifute an open question [239].

4.6.2 Refrograde axonal transport and backward propagation of

exogenous aSyn

After treatment of the 2 nodes cortico-striatal neural network with exogenous a-
syn m the striatal axonal compartment, aSyn was efficiently uptaken at the axon
terminal and retrotranslocated to the stniatal soma located in a separated node. Such a
refrograde axonal transportation phenomenon has been consistently reported in the
literature both on propose [304] and inadvertently in non-directional microfluidic chips
used by groups (see Courte et al. [240] or chapter 1.5.5) studying neuronal transfer.
More mterestingly, we observed exogenous aSyn signals mn the soma of upstream
cortical neurons at a famnt level, suggesting efficient retrograde tfransfer between
neurons. Taken together our results suggests that aSyn seeds are transferred in both

anterograde and retrograde manner along neuronal networks.

4.6.3 Increasing the number of emitting nodes is more likely to

trigger enhanced-cell propagation of Synuclein.

In a previous study, using fully onented neuronal networks [240] we identified
that aSyn trans-neuronal transfer was a limited process involving molecular sieving of
large size Synuclein aggregates. Yet, in these mucroflmdic chips, enforcing 100%
axonal directionality was pernutted at the cost of decreasing the number of synapses
between the pre and post synaptic chambers. The mult: nodal platforms allowed to rise
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the proportion of first order neurons sending their axons toward the second nodes while
permutting to increase the number of emutting nodes connected toward a secondary one.
Thus, in theory should allow to control the “synaptic weight” between first and second
order neurons. To understand the difference in the propagation efficiency of exogenous
aSyn in the two nodes chips compared with conventional microflmdic chips, we made
the hypothesis that this increased efficiency 1s due to an mcrease number of connecting
axons. Following this hypothesis, we speculated that increasing the number of enutting
chambers can trigger the propagation of aSyn more easily. Therefore, we designed the
clustering motif in a multi-node neural network, and the results show a clear
propagation of aSyn mn three-week neural network, and the signal of aSyn can be

extended across up to the next node.

Besides, we observed the accumulation of pSyn m the neural network, which
mdicates that exogenous aSyn triggers the aggrepation of endogenous phosphorylated
synuclein. pSyn's signal can even span 2 nodes. In confrast, exogenous aSyn
recombinant seeds can propagate only to the next node. Our results remaming
preliminary we still noticed a trend that showed that aSyn phosphorylation (aggregation)
of endogenous synuclem of the nodes seems more efficient when multiple enutting
nodes connect a single receiving one thus furthering the further study on the role of

synaptic weight in prionoid element transfer.
4.6.4 Retrograde axonal fransport in multi-node neural networks

4.7 Summary of disease modelling on chips

I successfully observed the forward propagation of aSyn across neurons in multi-
nodes neural networks forming synaptic connections. We can draw preliminary
conclusions from the set of experiments presented in this chapter aSyn propagation
across neurons in the forward direction may occur through synaptic connections. The
mechanism of the retrograde transneuronal propagation of aSyn is not clear, but we
speculate that 1t may be related to the production of exosomes.
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When aSyn 1s uptaken by neuronal cells, endogenous aSyn expression 1s observed,
phosphorylation and nucleation can be mduced, manifesting as propagation in a prion-
like way to the downstream neural network Neurons on iMP devices have a tendency
to aggregate, which constitutes an obstacle to quantification. To solve this problem, I
have developed novel approaches to improve cell adhesion, so that the above
experiments can be replicated and neural networks can be more easily tracked and
quantified. The next chapter shows the two new methods I have developed.
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S New Methodologies of
patterning poly-lysine on PDMS
surface for improving cells adhesion
and survivals on microfluidic chips
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5.1 Imntroduction

In the previous chapters, using the “In mold patterning™ techmque, I demonstrate
the conception of two types and multi-node neural networks encoding distinct
topological features. In the two-node microflmdic chips, a cortico-striatal neural
network was constructed that allows the control of functional connectivity between
cortical axons and striatal neurons at the synaptic level. In Multi node platforms I
achieved construction of complexes topologies networks composed of the same type of
neurons. These experimental platforms allowed reproducible experiments when
growing networks nodes composed of limted number of neurons thus pernutting
preliminary experiments on alpha synuclein aggregates trans neuronal spreading.
However, while frymng to increase the duration of cell culture and the number of
neurons/nodes, two vanable that controls the emergence of spontaneous neuronal
network activity, I noticed that groups of neurons had a tendency to forms clumps after
several days of culture. This had two maimn impacts on the efficiency of our platform:
First, this decreased the capacity to track subtle fluorescent signals (e.g. pERK nuclear
translocation) as the cells orgamized in spheroids; Second and most importantly, axons
tracts hinking the two nodes had a tendency to escape the gmding tracks after internode
connections. In addition, I noticed that in some multi-node brain clups, the survival of

hippocampal cells was highly vanable thus increasing noise i our experiments.

In this chapter, I therefore assessed alternative strategies that could help stabilizing
the reliability of our platform. I postulated that cell clumping at higher density and long-
term toxicity may be linked to the uncontrolled quantity of PLL hinked by the IMP
fabrication process (unknown % of PLL embedded in PDMS bulk, and uncontrolled
PLL desorption on long term cultures). Hence, I explore alternative strategies that
would allow growing neurons using both mechanical and chemical constrans with

more controlled PLI deposition.

It has been shown that both the behaviour and the survival of cells seeded on top
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of artificial substratum are strongly related to the interface of their adhesion and the
properties of different matenal interfaces [305-308]. Currently, besides polycarbonate
and glass, the main material used in microflmdic organ chips 15 PDMS which
mechanical properties varies according to the reticulation process. Park et al used
varying ratios between PDMS and crosslinker agent mixture to change the stiffness of
the PDMS surface. When the crosslinker concentration ratio was raised from 10% fo
20%, the survival rate of fibroblast cells was higher However, for neurons, Chen[309],
Cheng[310] and Lantomne [311] et al studied the effect of PDMS surface stiffness on
the growth of various brain cell types (lhuppocampal, dorsal root ganglion neurons, and
cortical neurons, as well as ghal cells). In Wei-Hsin Chen's and Joséphine Lantoine's
studies, the growth rate of axon outgrowth was accelerated with a softer substrate that
15 obtained through the use of lower curing agent quantity. In contrast, in Chao-Min
Cheng's study, the effect of PDMS stiffness on neuronal cells was not linearly related
and already showed a bimodal response of neurite extensions at lower ratio of
crosslinker Considering that the stiffness threshold for the mechanosensitivity of
neuronal cells 1s much below the lowest ngidity achieved by lowening the proportion
of curmng agent, the changes in growth behavior reported above might be the result of a
change in the availabihty of adhesive molecules at the PDMS surface. Besides by
adjustment of the crosshinker proportion of PDMS muxture, some studies focused on
chemical modifications of PDMS surface [312-314] However, in our attempt to modify
PDMS stiffness, I found that modification of PDMS and adjustment of the stiffness
affects the quality of surface bonding leading to liquid leaks at PDMS/PDMS interfaces.
I therefore discarded that approaches that furthermore would have not solved the
potential PLL bioavailability 1ssue.

I therefore explored an alternative strategy that would allow more controlled PLL
deposition in the areas of interest. I hope to change both the long-term survival and
adhesion of the neurons by enhancing the polycationic attractive force of the substrate

toward the neurons.
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Unlike non neuronal cells such as Human mammary epithelial cells that can
survive without adhesive proteins on PDMS as mentioned in Chung’s study [308], the
adsorption of cell adhesive proteins that are coated on the substrate surface are essential
for neurons. Neuronal growth and neural network formation rely on both mnteraction
with a polycationic molecules which “sticks™ neurons to the substratum and allows 2D
neurite extension, and extracellular matrix (ECM) protemns coating, such as lamimn
[315], fibronectin and collagen [316] which enhances neuronal survival and can acts as

neurite elongating factors [266, 317] [318] and neurexin-1P[319]. As a source of

polycations PDL and PLL are the most commonly used. I therefore created two new
methods to promotes PLL local deposition in pock and grooves. I evaluated the potency
of these two new methods compared to IMP techmque, which all promotes local
deposition of PLL in embossed areas of the chips.

(Note: The results shown in this chapter were obtained from three independent
neuronal dissection and seeded m two batches of chip, each batch of chips were created

m parallel and under the same time and same environmental conditions.)

5.2 Methodology I: Co-patterning microfluidics chips

In-mold patterning techmque 1s achieved through a two-step pattern transfer
process. Therefore poly-lysine transfer efficiency can be suboptimal compared to
classical micro contact printing. In order to reduce pattern efficiency and transfer times,
cell adhesion outside of patterned areas, we decided to evaluate a co-patterning strategy.
PEG and PEG denvatives being commonly used to prevent cell spreading outside
micro-patterned areas [320-322]. I thus tried to use the stamp-off techmique[323]
combined with IMP to achieve co-patterning PLL and PEG/PLL imn the chips. I
evaluated two strategies to fabricate the co-patterned chups that are illustrated in Figure
90.
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Figure 90. Two alternatives (A and B) for co-patterning P11 and PEG-PLL on microchips chips. PEG-
g-PLL is represented in red, PLL in green.

5.2.1 Methods for PEG-g-PLL and PLL-FITC co-patterning chips

fabrication

The design of the microfluidic patterns was obtained with Clewin5 software. High
resolution photo-lithographic plastic mask of the upper chamber and extra flmdic
chamber are printed at IPGG Microflmidic platform, while masks encoding the bottom

layer are printed by microPG direct laser writer.

5.2.1.1 The cell delivery macro chamber and the stamp for trapping layers

The process 1s the same with chapter 223 1t02233and2.235.

5.2.1.2 The PEG-g-PLL Inker preparation

7-8ml of polydimethylsiloxane are poured m a Scm petn1 dish. The PDMS 1s then
baked for 10 hours at 70 °C m a dry oven, and further allowed to cool down to the room
temperature. The surface of the PDMS mker 1s incubated with a 100pg/ml PEG-g-PLL
solution for 1h and then dyed with pressunized mitrogen. The mker is cut in 6mm*6mm
small square blocks.

5.2.1.3 Route A: The fabrication of trapping layers and chips assembly

Su8 mold were spin coated with PDMS at 1000rpm for 45s, then baked into the
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oven at 70°C for 75mins. Clean a glass coverslip with 1so-propanol, perform plasma
bonding on the surface of spincoated PDMS. After peeling off the PDMS from the mold,
treat 1t with Oz plasma, then ink 1t using the PEG-g-PLL stamp. Removing the stamp,
bond and align the PDMS with the macrochamber, then fill with 10pg/ml PLL-FITC
and mcubate for 4h, rinse by deionized water followed by PBS. Type A of co-patterned
chips achieved.

5.2.1.4 Route B: The fabrication of trapping layers and the chips assembly

Spin coat the Su8 mold with PDMS at 1000rpm for 45s, then put the resulting
covered mold mto the oven at 70°C for 75muns. Clean a glass coverslip with 1so-
propanol, then perform plasma bonding on the surface of spincoated PDMS. After
peeling off the PDMS from the mold, treat 1t with Oz plasma and incubated the surface
m 10pg/ml PLI-FITC solution for 4h, rinsed by PBS and deionized water. Then using
a block whished treated by plasma attached on the surface to remove the poly-lysine,
then inked with the PEG-g-PLL. After removed the inker, bonded and aligned the
trapping layers with the microchamber, Type B of co-patterned chips 1s achieved.

5.2.1.5 Cells seeding and culturing

The hippocampal cell suspension was prepared and cultured using sinular process
as described mn chapter 422

5.2.1.6 Immunofluorescence stain ng

After cell culture, cells were fixed with a 4% paraformaldehyde (PFA, Electron
Microscopy Science) 4% sucrose (Sigma) phosphate buffered saline (PBS, Thermo
Fisher) solution also contained for 15muns at room temperature. After rinse with PBS,
chips were incubated with a 1% bovine serum albumin (BSA, Sigma) and 0.2% Triton
X-100 (Sigma) PBS solution for 45muns at RT. Fixed and permeabilized cells were
sequentially mcubated for 1h with primary and secondary antibodies diluted in 1% BSA

PBS solution.
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The primary antibodies used in that study were, anfi-nucrotubule associated
protein 2 (MAP2, IgG1, sigma, M4403), anti-B-Tubulin Isotype IIl (TUBB3, IgG2b,
sigma, T5076). Hoechst (Sigma, 33342). Secondary anfibodies are Alexa labelled
diluted at 1/500 in PBS 1% BSA_

3.2.1.7 Image Acquisition

After nnsing with DPBS, the chips were imaged using an Axio-observer Z1 (Zeiss)
epi-fluorescence microscope, equipped with a CCD camera (CoolsnapHQ2, Ropert
Scienfific), 5X, 20x, and 63x objectives and controlled with Metamorph software
(BioImaging). All imaging data were processing using Fiji [271] software After
mmaging, the chips were filled with PBS containing 0.1% azide (Sigma) and placed at

4°C for long term storage.
5.2.2 Results

5.2.2.1 The patterning results of two ways of co-patterning chips

Two co-patterning approaches are shown here, type A and type B obtamned
respectively by route A and B in Figure 90. The main difference between them 1s the
process order of PEG-g-PLL inker and PLL solution coating. From the literature I know
that PEG-g-PLL has a repelling effect on cell adhesion[324], I therefore used PEG-g-
PLL labeled TRIC (red fluorescence in Figure 91) and PLL-FITC (green fluorescence
m Figure 91) to visualize co-patterning efficiency. In route A, I used PEG-g-PLL as an
mker to imprint the plasma-treated PDMS surface. After assembly, the microchips were
mcubated with PLL-FITC, the cell trapping area had a clear pattern representation. The
apparent homogeneous FITC-PLL staining 1s due to the fact that the entire chamber
bemg perfused with PLL-FITC: both the ceiling and walls of the chamber are also
coated with FITC-PLL. Yet careful exanunation of trapping areas that are outside the
macro-chambers shows that target cell seeding areas were properly patterned (white
arrow, Figure 91 left). Moreover, PEG-g-PLL was appropriately counter-patterned on
the bottom layer, outside the cell trapping areas (The red fluorescent channel shows the
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complete patterning of the non-cellular adhesion zone). As the patterned area of interest
usually encodes thin-lines, most of the flat areas that will ultimately encode PLL free
areas, require small pillars to support the weight of the inker and to prevent collapse
and unwanted transfer of PLL (if the pillars and thin lines cannot stand the inking force,
it tends to collapse). In route B, I have used PEG-g-PLL to cover undesired cell
adhesion regions on the fully coated PLL-FITC surface. The images shown a clear
patterning of trapping regions and unwanted-trapping regions coated with PEG-g-PLL
and PLL-FITC respectively. The results show that both methods of co-patterning
present a good co-pattern of partitioned adsorbed proteins regions.

Type A co-patterning chlps Type B co-patterning chips

Figure 91. Co-Patterning of PLL-FITC and PEG-g-PLL on in-mold patterning chips: the red color
comresponds to TRITC labelled PEG-g-PLL and the green color corresponds to FITC labelled PLI.. The
white arrow shown the overlapping shadows from the ceiling of chamber.

5.2.2.2 Cell behaviours on co-patterning chips

I imaged the distribution of three different cell types in the type A chips after 6
days. The results showed (Figure 92) that although the adhesive contrast was present,
the cells were distributed over almost all areas, suggesting that although good apparent
co-deposition, PEG-g-PLL did not prevented cell adhesion efficiently.
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Hip : Hippocampal) seeded in a two
nodes network chips fabricated by route A co-pattering techniques. Note that adhesions “confrast™ 1s poor
with many cells growing on PEG-PLL areas.

i

Figure 92. Three neuronal subtypes (Cx : cortical, Str - Striatal,

Based on the resulfs of cell adhesion, we can infer that small molecule such as PLL
may enter in-between the chamns of PEG-g-PLL: the PLL head of PLL-FITC 1is
posttively charged and could be adsorbed within PEG chains [325] thus leading to non-
conclusive results.

Figure 93. Hippocampal primary neurons seeded in two nodes network chips which produced by route

B co-pattering techniques. Note that adhesions “confrast™ 15 poor with many cells growing on PEG-PLL

areas.

5.2.2.3 Cell survival in co-patterning chips

Interestingly, after I immuno-stained some of the micro-chips, I found that neurons
exhibited good survivals on the PEG-g-PLL surface after 8 days of culture (Figure 94).
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Figure 94. Neuronal differentiation on co-patterned (route B) chips at 8 DIV. Note that neurons
primarily grow outside the area of interest.

5.3 Methodology II: Extra-flowing patterning chips

Second, an alternative method to promote local PLL deposition in the pockets and
grooves of the substratum through microflow patterming was evaluated. That approach
relies on the use of 3 specific layer, 1) a thuin (50pm) bottom layer encoding cell traps
and axonal grooves, 2) a transiently (reversible bonding) bonded microflmdic flow
chamber encoding channels targeting the cell trapping areas, 3) a microflmdic cell
seeding/feeding layer that encodes several cell cultures macro chambers that is
ultimately bonded on top of the flow patterned textured bottom layer. The transient
microflmdic layer partially matches the cell seeding areas of the bottom layer. After
treatment of the bottom layer with oxygen plasma, the flowing layer 15 immediately
contacted with the bottom layer and PLL 1s flown through the channels of the
microflmdic layer. Plasma activation of the bottom layer allows minute PLL grafting n
the exposed areas. After a few hours of contact, this top microfluidic chamber 1s
removed. Due to the specific structure of the flowing interface, the poly-lysine will only
follow the desired channel m the cell traps, thus allowing coating only i specific area
of interest (Figure 95). Upon upper, flmdic, chamber removal, the final cell delivery
microflmdic 1s assembled on top of the bottom layer. The fabrication method of this
chip requires one step more than IMP, but 1t should provide stronger adsorption of PLL
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m the areas of interest and therefore, compared to the physical transfer of IMP, and
therefore allows better adhesion of neurons on the substratum.

iz prchinicpuee ; ex=Flowing chambier
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Figure 95. Design and Fabrication process of ex-flowing chips: An uncoated thin PDMS layer encoding
grooves and fraps 1s produced. A transient microfluidic interface targeting nodes of the PDMS layer is
contacted with the PDMS membrane and PLL is flown Extra flow in pockets and grooves. The transient
microfluidic inferface is removed and a Cell eulture microfluidic interface 15 bonded on the locally coated
PDMS layer

In this chapter, I compare the efficiency if the 3 methods (IMP; Co-patterming IMP;
flow patterned chambers) by seeding hippocampal neurons and assessing their survival
rate at different stages.

5.3.1 Methods for Extra-flowing patterning chips fabrication

5.3.1.1 The master of cell delivery chamber; ex-flowing chambers and trapping layers
fabrication.

Fabrication of the cell delivery chamber and the trapping layers are similar to the
process described m 2.2 .3.1. The master encoding the ex-flowing transient chambers
was fabricated by spin coating SU-8 2075 at 3000 rpm on top of a silicon wafer, then
soft-baked for 2mun at 65°C and followed by 8mun at 95°C. After cooling down at room
temperature, the wafer was exposed 17s under a UV light through the ex-flowing
chamber photomask. It was further baked for 3mun at 65°C and followed by 9mn at
95°C. The master was then developed in PGMEA at 60 rpm for the 7min and dnied with

pressurized nifrogen. A final hard baking was performed for 5 muns at 200°C.
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5.3.1.2 The soft lithograph for cell delivery chamber and ex-flowing chambers

Polydimethylsiloxane (PDMS, Sylgard 184, Ellsworth Adhesives) was mixed with
its curing agent at a of ratio of 10:1, then degassed under vacuum. PDMS was then
poured on top of the silicon master surrounded by aluminums and incubated at 70 °C
for 3h (chamber and ex-flowing chambers were produced at thicknesses around 4-5mm).

After unmolding, reservoirs were pinched in specific areas with 4mm biopsy punches.

5.3.1.3 The fabrication of stamp for trapping substrate

The stamp was placed in O; plasma generator (FEMTO, science, CYTE), with
pattern facing up (exposed to plasma). After plasma treatment, the stamp was silamzed
for 30 muns with (Tndecafluoro-1,1,2 2-tetrahydrooctyl) trichlorosilane (AB111444,
aber). PDMS was then spim coated on top of the silamzed stamp for 45s at 1000rpm and
further baked for 75 nun at 70°C 1n a dry oven.

5.3.1.4 The fabrication of trapping layers

5cm glass coverslip were cleaned with 1so-propanol, then plasma bonded with the
surface of the coated stamp. After peeling off of the stamp, the substrate layer treated
with Oz plasma, was contacted with the ex-flowing chamber (which 1s non-plasma
treated). 10pg/ml PLL-FITC solution was then flown mn the circmtry and icubated for
4h, followed by rinsing with PBS and deiomized water. The ex-flowing chamber, was

then dried with pressurized mitrogen.

5.3.1.5 The chips assembly

Finally, the PLL patterned trapping substrates was alipned and bonded with the
cell seeding micro-chamber producing the final micro-chip ready for cell seeding.
Chips were sealed and stored at 4°C until use (max 1 week after fabrication).

5.3.1.6 Cells seeding, culturing, staining and Image Acquisition

The process 1s the same with above section.
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5.3.2 Results of ex-flow chips

5.3.2.1 Patterning in two nodes system

As Imentioned, i IMP techmques the poly-lysine coating 1s obtained first through
micro-contact inking on the stamp, then from transfer by the spin coating process. It 1s
thus unknown how much PLL is left on the groove surface. Therefore, I created a
method to avoid any pattern transfer by adding a temporary chamber bonded with a
plasma active trapping layer. The role of this temporary chamber 1s to flow the poly-
lysine solution. This chamber will be removed after completion of the patterning. The
challenge here 1s to align two times properly the textured substrate with the temporary
“flowing™ chamber then the final culture macrochamber.

Flowing chamber design

Figure 96. Illustration of “ex-flow™ microchips design The yellow device comresponds to the fransient
microfluidic flow chamber. Yellow area comresponds to the areas of the PDMS membrane that will be
coated with PLL. (Right, center): Phase contrast image of an ex-flow chip. Note that PDMS walls of the
final microfluidic cell culture layer are located on top of the arche like micro-grooves. (Right, bottom):
Fluorescent image of a final ex-flow microchip coated with FITC labelled PLI.. Note that because of the
design of the transient microfluidic flow chamber not matching the one of the final cell culture layers,
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some PLL is deposited in unwanted areas. A important part of the design work consist in minimizing
these areas.

The figures (Figure 96) show the design pattern of this extra device, that we wall
from now name the “ex-flowing chamber”, positioned on top of the substrate with
groove structures. It will be attached to its substrate only reversibly, thanks to the
plasma activation of only its surface and not that of the substrate, and filled with PLL.
As aresult, the 5Sum deep traps will be coated with PLL-FITC. This ex-flowing chamber
was designed to cover the connections between traps arranged along each parallel
neuronal circuit (red arrow). It 1s important to note that the traps belonging to different
circuits remain unconnected. It 1s clearly seen that the ex-flowing chamber can create
precise patterning areas. A few areas that do not constitute a connection are be coated
(whate arrows), creating the desired adhesive contrast.

5.3.2.2 Cell behaviour in two nodes system during two weeks in vitro

During the two weeks of growth of hippocampal cells in the chip, I recorded the
distribution and survivals of cells at 15 minutes, 7 days and 14 days after seeding
(Figure 97). It can be seen in the figure that although in the mitial state just after seeding
there are some cells distributed all over the surface of the substrate as the time passes
most of the cell survival and growth occur on the poly-lysine coated areas (red arrows).
Moreover, it 1s obvious that when the positioning of the ex-flowing chamber matches
perfectly with the cell traps pattern, the wall of the traps has a well-assisted gmde to

axon growth (blue arrows).
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Figure 97. 14 DIV Hippocampal neurons survival in a two nodes network chips produced trough by
ex-flow patterning. (Left, up) : FITCC PLL deposition in square and round node. Note that unwanted
PLL patterning link the 2 nodes. Phase confrast images of hippocampal neurons seeded after 15 min 7
DIV or 14DIV. Note that neurons grow only in PLL patterned areas and that both nodes are linked by

ETOWINg Neurons.

5.3.2.3 Patterning in multi-nodes system

I have used this new techmique in the multi-node network configuration. The
Figure 98 contains two designs of ex-flowing devices. The first design passes through
almost all the traps, and even most of the microchannels (blue pattern). The second
design aimed to reduce the hydrodynamic resistance of the ex-flowmg device and does
not pass through most of the microchannels (purple pattern). Coating of the mucro-
channels will occur instead through the diffusion of the PLL solution mn-between the
arms of the ex-flowing device. The purpose of these experiments 1s to venify how
microchannels and traps can be selectively coated with poly-lysine in each condition.
This will pmde the optimization of the next generation of designs.
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Figure 98. Design of a mmlfi-nodal ex-flow chamber. Schemes: (Up, blue): Methods 1 Design of a
transient microfluidic flow chamber that allow PLL flowing on both the nodes and grooves of the PDMS
layer. (Bottom, Pink) Methods 2 Design of a transient microfluidic flow chamber that allow PLL flowing
only on the nodes of the PDMS layer. In this latter design the PLL solution flows from the traps inside
the microchannels. Fach methods produce specific drawbacks, due their specific design unwanted PLL
overflow are depicted in white or red rectangle. Methods 1 respects the trap while methods 2 respects the
groove. (Right) phase confrast image (upper lane) and fluorescent images (Center and bottom lane) of
fluorescent PLL deposition using Method 1 (center row) or Method 2 (bottom row). White arrow and
white and red box depict “off target” PLL deposition due to the flow chamber design limitations. Red

arrow depicts perfect coating of microgrooves trough Methods 2.

The first 1ssue to solve with the ex-flowing chamber 1s to avoid to coat with PLL
the areas which should not be populated by neurons. Examples of such unwanted
coatings are indicated by the arrows and rectangle in the Figure 98: in whute for type A
ex-flowing devices (top scheme with the ex-flowing in blue), and red for type B (bottom
scheme with the ex-flowing in purple). The white square in the picture shows where
poly-lysme remains when the ex-flowing chamber is opened. It 1s due to the fact that
the whole alignment and bonding process has to be done m 10 seconds, so there 1s
sometimes a chance of misalignment. White arrows show infiltration of PLL solution
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below the PDMS from type A ex-flowmg channels. The red arrows also pomt the
success of the type B ex-flowing device in terms of micro-channel coating, even though
these micro grooves are Sum high_ (Thus, suggesting that narrower flow channel could
have been encoded to join the trap areas and reduce unwanted PLL between traps in
Methods2).

As shown 1n Figure 99(same image as Figure 98 but with enhanced phase contrast),
the cell seeding microflmdic layer encodes walls that actually separates the node and
therefore compensate the default of the second as most of inter-node unwanted PLL 1s

covered by the cell seeding chamber walls.

Original merged irmaging The modified imaging of chamber enhanced The irmaging of ex-flow pattern enhanced

chambser chamber

= chamber

FITC-PLL

chamber chamber

Figure 99. Optimized Methods 2 ex flow patterning of node and grooves of a multi-nodal microchip.
The columns represent the same pictures with different confrasting methods to help visualization of the
patterning process. (Left column): Onginal images showing perfect node and groove patterning an area
of “off target™ PLL deposition linking 2 nodes is present. (Middle colimns): same images with different
contrast allowing to visualize the PDMS walls of the final microfluidic interface. Note that, thanks to
carefiil design and alignment, the PDMS walls intersects both the microgrooves areas and the “off target”™
PLL deposition (red rectangle). (Right columns) Same image with enhanced green contrast allowing to
visualize details of PLL patterning.
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5.3.2.4 The Cell adhesion and survival behaviors in 3 weeks

Imp chips ex-flow chips

15min

24h

14day

21day

Figure 100. Comparison between IMP and Ex-flow Methods for neuronal growth Hippocampal
neurons seeded in both IMP and exflow systems and monitored for 15min, 24h_ 7. 14 and 21 DIV. Note
that hippocampal neurons seeded in the exflow chamber exhibit less clumping behaviour.

In order to estimate whether new methods increase the poly-lysine and improve
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the cell survival behavior, I compared it with IMP chips. The adhesion and survival
status of cells were recorded at 15 mun, 24hours, 7 days, two weeks and three weeks
after seeded lippocampus neurons i three different chips. Companng the extra-
flowing coating chips with in-mold pattern chips, I found, that after one week, the cells
m IMP chips tend to aggregate and clump. On the confrary, in ex-flowing chips, mitial
adhesion of cell seems better and neurons do no clump m aggregates, a process that 1s
stable until 3 weeks of culture. To sum up, Ex-flow chamber methods allows the

depostition of a better controlled cell adhesive substratum.

5.3.2.5 Newronal survival in IMP and ex-flowing chips

After 21 days of i vitro culture, the dendrites, axons and nucle1 of the neurons in
the IMP and ex-flowing chip were stamed with Map2, B-III-Tubulin, and DAPI,

respectively.

fi-ik-tubube

Figure 101. Immunofluorescence staiming of hippocampal neurons seeded in mmlfi-nodes IMP chips
after 21DIV. Each row corresponds to one node images from a different chip. Neurons were stamed for
nuclei (DAPI, left columns), Axons (B-IIT-tubulin, second column), dendrites (MAP?2, third column) and
merge (4% column, right). Note that row 2 and 3 shows poor survival.

The multi-node IMP chip shows few surviving cells with only a small number of

hippocampal cells surviving for 21 days in the mwulti-nodal chups (Figure 101).
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Surviving neurons shows signs of degeneration, as evidenced by axonal and dendntic

blebbing and fragmentation.

In the ex-flowing chips (Figure 102), axons and dendrtes are clearer and

unbroken. There were more samples that were able to survive for 21 days and chips

were divided of large degenerating areas as sometime seen in some IMP chips

Figure 102. Immunofluorescence staiming of hippocampal neurons seeded in mmlfi-nodes IMP chips
after 21DIV. Each row comesponds to one node images from a different chip. Neurons were stained for
nuclei (Dapi, left columns), Axons ((B-I0-tubulin, second columm), dendrites (MAP2, third column) and
merge (4% column, right). Note excellent differentiation and survival in all nodes.

Reparding the relationship between the number of cells and viability, in the multi-
nodes IMP chips, the neurites present a degenerative state in the traps with lower cell
numbers. The regions with a higher number of cells did not show a survival benefit. It
15 difficult to quantify the exact survival in IMP chip because of the limited samples at
21 days of culture and neurons fornung spheroids which are difficult to image at the
single cell level. However, in general, it 1s obvious that cells in ex-flowing survived to

a better extend in the challenging condition of 3 weeks of cell culture.

5.3.2.6 Axon guidance and escaping in ex-flowine chips

Although the ex-flowing chips shows cell survival benefits, attention should be
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paid to the axon gwmdance and confinement properties. In our first design and
experiment, I expenienced some defect with alignment, so the flowing chamber showed
shight mislocation between the trapping pockets and areas of PLL deposition (Figure
103, red arrow). As seen n the Figure 103, walls of cell traps restricted axonal escape
from the traps, even though there may be poly-lysine outside the trap (Figure 103, white
arrow), thus evidencing the interest of joiming mechanical constrains with chemical

Slum

e | - ll-tubulin

Figure 103. Gmidance of axons by pockets walls in an exflow microchips. Hippocampal nenrons after
10DIV stained for p-Ill-tubulin. Note that the axons follow the border of the ex-flow patterned node
although some PLI has been patterned outside.

For traps with more cells, most of the axons grow along the wall of the trap (8%
1B 5| HiE. , white arrow), but there are still a small number of axons and
dendrites that can escape across the 5Sum height of the trap wall and travels along the
area covered with “unwanted” poly-lysine (Figure 104, black arrow). As seen in the
IMP chip, when poly-lysine 1s usually distributed on the surface of the traps, the wall
can serve as a good trapping and gmding role, besides the risk of possible collapse. If
the poly-lysine in the ex-flowing chip flows according to the established position, no
mislocation of alignment occurs and it will 1t may provide the same constraiming effect

as IMP chips.

219



Figure 104. Gmdance of axons and dendrites by pockets walls in an exflow microchips. Hippocampal
neurons after 10DIV stained for B-IIT-tubulin and MAP?_ Note that the axons escape the border of the
ex-flow patterned node although some PLL has been patterned outside.

5.4 Discussion

In that part of my work, I tried to develop 2 alternative methods that compensate
the default I have observed with IMP patterning techmque (cell clumping of high-
density networks and loss of axonal gmidance i the microgrooves due to high density).
I explored to distinct methods. The First one, co-patterming of PEG PLL cell repellent
moieties, aimed primanly at avoiding axons to grow outside the grooved areas and
respect the gmding principle we have designed. The second methods, PLL flowing,
aimed at better controlling the surface concentration of PLL in the area of interest and
therefore enforce neuronal adhesively in the pockets and grooves. Overall, while co-
patterning methods proved meffective (and even counter effective), the ex-flow
approaches proved very pronuising in term of maintaining neurons at the right place and
preventing cell clumping.

5.4.1 The issues and inspiration from co-patterning

In the new methods of co-patterming, I have assessed to compensate the default of
IMP chips (clumpimg of neurons for high density networks), PEG-g-PLL showed no
positive results as cells adhered in PEG PLL areas. Thus may arise from the possibility
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that PEG may have adsorbed PLL, there suggesting an inker problem  According to the
product chemical formula (Figure 105), PEG-g-PLL has a positively charged PLL head
that should lies at the bottom and being covered by the PEG moieties. During the
transfer from the surface of the inker to the trapping layer of the inker, the head and tail
of the molecule may have shifted leading to the mversion of the pattern topology. It
leads to the fact that in route B, the PEG head of PEG-g-PLL on the inker surface 1s on
top and then upon contact with PLL-FITC, the other end of the PLL head of PEG-g-
PLL1s exposed to become a surface adhesive protein that can attach to the cells. Another,
non-exclusive, hypothesis, may be related to a suboptimal concentration of PEG-g-PLL
not being sufficient to counteract the adsorption capacity of PLL-FITC. Therefore, there
are still many details to be explored in the techmque of co-patterming, such as the self-
assembly of molecules in the process of patterning, the behaviour of cellular repulsion,
and the relationships between concentration of various proteins and cell adhesion.

PLL backbone
= MW: 20k Da
* Positively charged
at pH<10 (R=- .
NHs") « Hydrophilic
» Uncharged
PEG side chain « Flexible chains

« MW: 2k to 5k Da
+  Protein resistant

« High water content
« Protein resistant

PEG side chains

PLL-g-PEG assembly ¢ * Blocompatiie
= 0.1-1mg/ml E;Ic_k - Positive charge
aqueous solution " bone - High coverage
g’fﬂir?'HEFEs §$6886886888 o | - neticinerness
3 & d 3 &4 @ & & xi
. Sameorr R < ¥ copocnc
Figure 105. Principle of PEG-g-PLL as cell repellent -//susos com/beschi technologien/pll-
£-peg-polymere/)

In the sequel of repeated experiments, I found that this phenomenon 1s not a
comcidental situation. The survival and adhesion of neurons in two-nodes and multi-
nodes are shown mn Figure 94. The two regions in which co-patterming produces a clear
difference i cell distribution. In particular, surprisingly, there 1s no cell adhesion in the
traps. Checking the poly-lysine coating there were no poly-lysine inside groove,
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possibly because adsorption of liquid PLL in the tiny 5pm grooves may have been
impaired by small hydrophobic tracts of PDMS Although such results are contrary to
expectations, but they have important mspiration for the development of future chips,
for the new 1dea please see the perspective section (Figure 106).

5.4.2 Poly-lysine, Patterning techniques and cells adhesion behaviors

Any subtle structural engineering changes in the system can cause effects on cell
survival morphology. In IMP system, however, the transfer of poly-lysine occurs by
contact mking process, and this transfer 1s influenced by a vanety of factors that result
m low amounts of poly-lysine on its surface. When the adhesion capacity 1s insufficient,
the cells tend to clump and to form aggregates. Although the cells still survive, in the
earlier stage (2 weeks) i1t proved unfavorable for long term cultures (>3 weeks) and
most mmportantly, due to axonal fasciculation and tension, escape from the gmding

groves and therefore loss of constrains on network topology.

However, i thus chapter, the second methodologies, ex-flow patterning, that
allows to flow controlled quantities of cell adhesive cues in the grooves and pockets
allowed very good neuronal adhesion and prevented neuronal clumping at higher
densities. Compared to the physical patterns transfer of PLL by mking, the attachment
ability 1s much stronger. This step 1s difficult to implement in the fabrication process of
IMP chips. In fact, the concentration of poly-lysine in IMP chips has been increased up
to 100ug/ml for preparmg the inkers without noticeable improvement while the poly-
lysine consumption used for this process 1s very high. In the ex-flowing chip, the flmd
concentration 1s only 10ug/ml, and the total volume is only one third of that of IMP.
That consumption difference 1s almost 30 times, it shown the ex-flowing chips have a
great advantage i cost. The advantages of ex-flow methods arise at the cost of a
drawback: patterning of PLL outside the pockets due to the necessity of creating linking
channels between nodes to allow PLL flowing during the ex-flow process. Yet, the

efficiency of PLL flowing in the tiny microgrooves to reach distant cells pockets and
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achieve good cell adhesivity allows us to foresee refinement in the design of the
transient flow chamber that the next version of the design will achieve a better

patterning_
5.4.3 The Biocompatibility of Materials and the survivals of different

cell type

When cells are delivered into a microflmdic culture channel, cells attach to the
substratum through electrostatic attraction (or bind to proteins on the channel surface
via receptor-protein binding). Once the cells attached, they differentiates and ultimately
secrete extracellular matrix (ECM) proteins, that in turns may trigger signals that
regulate cell differentiation, cell cycle, cell migration, and cell survival [326]. The flow
m the cell culture channel exerts a shear force on cells that competes with the adhesion

between cells and their extracellular matrix [327].

Therefore, as material surface also affect both the cell adhesion and survival, I also
tested some matenal-related experiments. The PDMS has good biocompatibility, and
other materials or mixed PDMS matenials will not be described in detail here because
of unsuccessful chips assembly process. For shghtly adjusting the amount of curing
agent in PDMS and culturing neuronal cells on flat PDMS membranes, we found that
the adhesion and survival of neurons was a little better when the concentration of curing
agent was at 15% compared to 5%. However, this modification raised 1ssues such as
stamp surface after silamization, spin coating with PDMS and unmolding efficiency.
Moreover, the results of several experiments were not consistent, so finally we kept the
concentration of curing agents at the mitial 10% concentration as for the top chamber.
In addition, I also found that the different populations of cells have different reliance
on surface properties and poly-lysine concentration. Especially, hippocampal cells were
more challenging to manage than cortical or striatal ones. The survival of hippocampal
cells in a multi-node chip was sometimes disappointing, and it turns out difficult to
obtain perfectly homogeneous seeding in chips with hippocampal cells mn all traps. This
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also may be due to the complex cell delivery circuitry that enhance cell density gradient
formation due to the ratio of cell suspension seeding volume and the volume of the
seeding chamber Further flmdic optimization in the cell delivery chamber may be
envisioned. The influence of the surface of the material used to make organ-on-a-chip
on the survival of neurons 1s still a worthy field for exploration. Importantly, the ex-
flow process 1s compatible with the use of non PDMS substratum. For example the use
of thermoplastic elastomers which shows excellent biocompatibility and that can very
easily be mechamcally embossed (hot embossing) and patterned with polycation could

be an interesting alternative for the fabrication of the bottom, textured, layer. .

To sum up, the experimental results indicates that although the co-patterming
technique allows excellent printing of the adhesive/repellent patterns, the cell behavior
15 unsatisfactory, suggesting further optimization of the technique. The flow patterning
approach allows excellent pattern deposition in the area of interest and promotes better
hippocampal neurons adhesion and survival than IMP chips. Optinuzation of PLL
quantity may allow further improvement to fune homogeneous cell seeding, survival

and constrained topology.

5.5 Perspective

In this chapter, both the experiments and the design of the new method are in their
mitial stages. Fortunately, they are all feasible in terms of method principles. So, the
next step will be to further optimize the pattern design and fabrication steps of the chip.

For co-patterming techniques, although the chips have unexpected results for cell
adhesion, 1t was not without gain. Instead, these failures inspired me to come up with
new 1deas for clups design. The figure below shows a preliminary idea of the structure
and principle of the new chip (Figure 106). That 1dea 1s to confine neurons at the surface
of poly-lysine coated 1slands instead at the bottom of traps. A macrochamber on top
will then block the connections between the islands and define connecting
microchannels. That structural assembly can also have the same functions to achieve
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1solation of the cells i small group mn big seeding chamber and making an individual
connection between two cell population chambers. The detailed description of the
production method will not be shown here and belongs to the perspective of my PhD.

Figure 106. The new chips' structure inspired from the co-patterning results. Neurons (in orange) attach
on PLL (green) inked islands. A macrochamber (in blue) is aligned on top define the microchannels
connecting the islands.
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Discussion and perspective
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6.1 Considerations on Brain on chips design

In previous chapters, I developed two methods for fabricating brain-on-chips
platforms and illustrated their potential interest trough two applications cases. These
studies illustrates that that building an appropnates platform requires a constant cycling
/ adaptation process through trials and error approaches to reach and acceptable and
operational device. The whole device creation contains several steps that each requires
mcremental optimmzation and that encompass clups theoretical design, chips fabrication
processes, cell seeding and culturing in the microfluidic devices, neurons growing to
form neural networks, and disease modelling (Figure 107), which could ultimately be
used for drug screening in the future (no attempt 1s carried out in this thesis). Therefore,
brain chips which can be used for disease modelling need to be iteratively developed,

challenged and refmed.
1. Chips design
fle-design | Design resolution
2
¢
5.Drug screening ki 4. disease or E 3
: ) gl physiology modeling i
&

Bonding/surface

Functionalization prosperity/adhesion

3. Cell survival
behaviors

Figure 107.Mind map of the creation process of a brain on chip platform.

In the very first steps of my work, starting from the imtial proof of concept from
Yamada et al. [269] that IMP could prove useful to gude axons with a lugher “cell
confrast” level than conventional micropatterming, I optimized the whole “In Mold
Patterning™ fabrication process of the chip to be able to obtains several microchips per
fabrication session, while comparing the effects of different culture environments on

cell survival. Overall, after several round of nucrofabrication optimization process, I
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was able to produce IMP patterned networks platforms at a reasonable working
throughput by fabricating 30 to 40 devices per working session (devices being grouped
4 by 4 on a single microfludic tab), 60% of which proved operational for cell culture.
One of the main bottlenecks I encountered during the fabrication process was linked to
poly-lysme patterming, in one batch of chips, some of them could have a bad poly-lysine
transfer during the inking process. At a cell biological level, the mamn problem I
encountered was linked to the relationship between substratum adhesively (related to
PLL availability) and mitial cell seeding density. Indeed, the topology and stability of
the seeded neural network was highly controlled and reproducible for low density
networks (10 neurons per 10*um?). The main issue arose from network seeded at higher
density (=30 neurons per 10*um?) and that spontaneously formed neural spheroids after
a week of culture_ In those case, while the spheroids remained alive, the topology of the
mter spheroid connection turned out fo be less conftrolled than the one of now density
networks, neuritic bundles sometimes detaching from the grooves due to high tensile
force.

The environment in which brain cells survive i vivo 1s different in many ways
from that in vitro. The substrates used in vitro usually have a high mechamcal stiffness,
and these properties can affect cell differentiation and migration, and even phenotype
[328] [329]. In contrast with classical compartmentalized microfludic platforms, the
glass 1s routmely used as a substratum, in our study PDMS was used as a cell culture
substratum a process that could affect axon outgrowth parameters as the
micromechanical environment differs, with factors such as viscoelasticity, stress and
stiffness [330]. Brain bemng one of the softest organs m mammalian bodies, this 1s
especially true for brain denived cells which exhibit specific and complex behavior m
response of stiffness vanation. Several studies have shown that neurons mitially extend
longer axons on higher stiffness matenal [331] but tends to sense stiffness gradient and
are further gumided toward lower stiffness areas [332] a process that can be used to tune
neuronal functions and growth cone navigation[333] Similarly, substrates stiffness
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modify astrocytic proliferation, mugration and activation[334-336]. Therefore, while
the “gold standard™ for growing neuronal networks 1n vitro 1s high stiffness substratum
(glass, or PC petn1 dishes) design of brain chips platforms also need to take substrates
stiffness in account and requires investing 1 more fundamental research for optimal
tuning and control of network connectivity.

6.2 Survival and differentiation of Neural network on chips

Neuronal adhesion and interaction with cell cultures substratum controls both the
mifial network typology and it’s differentiation. In response to the problems
encountered in the two-node network (progressive cell clumping on high density
seeding), I show m Chapter 3 that a “screeming system™ allowing to study adhesive
surface/cell density ratio 1s useful to explore the effect of smtable geometric factors on
neuronal survival and network stability. I explored the effect of the growth area and
spacing of neurons of different sizes on neuronal survival and axonal escape, and the
control of cell seeding density with respect to topology. Problems of substrate
hydrophobicity of the chip was addressed by optimizing geometric design. This allowed
multi-nodal neural networks constructions where independent nodes are placed in the
same flmdic chamber and connected nodes are placed in separates chambers. This
permutted efficient inter node connection at low densities while allowing good neuronal
survival trough paracrine effects in the same flmdic chambers.

The source of the cells used to construct the bramn-on-a-chip was also an important
factor and determined the function that the model can achieve. Cell sources used m
brain-on-a-chip studies are neuronal cell lines, primary neuronal cells, embryonic stem
cells (ESCs), induced pluripotent stem cells (1PSCs) and mesenchymal stem cells[337,

338].

In our studies I only used primary rodent neurons extracted from several brain
areas. From these expenments it clear that different neuronal subtypes behaved
differently in the IMP chips. It 15 well documented that optimal cell survival density
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depends on neuronal subtypes, with cortical neurons requiring relative high densities
for survival and hippocampal ones bemng able to grow as single neurons. This has been
previously attributed to the infrinsic connectivity of neuronal subtypes, cortical neurons
requiring the establishment of minimal network to trigger collective “pro survival”
activity while Hamon’s Horn Hippocampal neurons being able to survive as single cells
due to their capacity to form high number of autapses and axo-axonal synapses[339,
340]. Another aspect impacting network survival and topology stability was that axonal
fasciculation depended on the neuronal subtypes with  cortical neurons exhibiting
fasciculated axonal bundles at a much igher extend than striatal or hippocampal ones
a process that also highly depends on seeding density. This impacted network “stability™
over time as fasciculated axonal bundles tended to detaches more easily from PLL areas
than non fasciculated ones and that mechamical tension in fumn control axonal
fasciculation [f§iRVEEEE S| M. 1 A last aspect was that neuronal subtypes
exhibit different total axonal length_In our expeniments this did not significantly impact
our cell culture parameters (survival and stability of topology), yet some preliminary
experiments I have conducted with human derived 1PSC cortical neurons the situation
suggested that this could be a problem as human neurons differentiate over a very long
time 1n vitro (several weeks) and extends much longer axons mn vitro than rodent one.
This suggest than platform for Neuronal network reconstruction may also need to take

m account neuronal subtypes and specie specificities to reach an optimal design.

In 1.5.5, I reviewed the studies that have been performed over the last decade on
the in vitro reconstruction of neural networks based on compartmentahzed microflmdic
technology. In summary, there are two features: the majonty of studies have used
primary cells from mouse cortical, hippocampal, and striatal regions. In a more long-
term perspective, there can be many more types of cells can be used for reconstructing
the neural networks. In particular, some cell recourse of genetic mutations, as well as
multiple subtypes of primary cells. In recent years, 1t has been found that nucroglia are
mvolved in the mechanism of neurodegeneration, therefore microgha in the system, are
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also worth to be considered. Second, most of the reconstructed neural networks do not
have umdirectional neural network connectivity. Although many studies have used
techniques such as calcium imaging and MEA to demonstrate the connectivity of neural
networks, such connectivity i1s extremely limited However, such connections are
extremely limited and do not have the physiological functionality to mimic real bramn
connections. For example, the glutamatergic, dopaminergic and GABAergic neural
pathways m the brain are umdirectionally connected by specific regions of nerve cells
m a certain way, and the neural signaling i1s ordered, as demonstrated n
neurophysiological studies. Therefore, in vitro reconstruction of neural network for the
study of neural function needs to take mn account the umidirectional nature of neural
networks. Both the two-node neural network and the multi-node system demonstrated
m my PhD thesis are characterized by umdirectional connectivity. Therefore, there are
certain advantages in simulating neural networks. In future research we plan to increase
the variety of cells in the expectation of being able to construct mmltiple neural

pathways for use m the study of disease models.

6.3 The development of NDD modelling on chips

6.3.1 The prionoids spreading mechanism of NDD

The mechamsms of transmussion of neurodegenerative diseases m the brain have
been studied mamly by prionoids hypothesis. Compartmentalized microflmdic chips
have the ability to 1solate soma and axons and are therefore 1deal for studymg protein
propagation problems. However, conventional chips have a large emitting chamber that
can accommodate approximately 8000 neuronal cells. The axons of these nerve cells
have a relatively free growth area(800um*1000um), and only about 5% to 10% of the
axons can cross the microchannel We have therefore divided this relatively large
chamber mto small traps, each trap capturing approximately 400 nerve cells and
allowing the axons of these cells to be gmded into the microchannel only after

encirching the trap, thus greatly increasing the efficiency of the interchamber
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connections. With the use of unidirectional microchannel structures, the neural network
we have built could allow control of both the 1itial start of the disease process and the
direction 1t flew. This 1s difficult to achieve with conventional chips. The connections
of these neural networks simulate the projections of some regions of the brain. During
my PhD work, I used a-syn aggregates as an exogenous seed to imtiate disease in
specific neuronal nodes to monitor their spreading in remotes connected nodes of the
neural network. The propagation efficiency and pathways of a-syn showed better results
compared to conventional chips. My preliminary results obtamned with the “2 nodes™
network, suggest that trans-neuronal flow of protein aggregates requires neurons to
neurons contact and synaptic connectivity rather than “humoral” like diffusion of
proteins between neurons. Moreover, the few expeniments I have been able to conduct
with the multimodal platforms shows that our experimental platform allows aggregates
transfer and seeding studies and may suggest that the number of inter-neuronal contacts
may account for trans neuronal spreading of protein aggregates. Yet these results remain
to be reproduced. Indeed, in terms of quantification, we found that the neurospherical
morphology that appeared upon high density seeding and time of cultures hindered the
tracking of a-syn spreading, thus requunng further experiments to substantiates our

observations.

In the disease modelling, beyond the existing successfully reconstructed network
of Parkinson's cortical-striatal network, the next step could be the reconstruction of a
cortical-hippocampal circut for the study of Alzheimer's disease. For the assessment of
the “prion like™ behaviour of proteins such as beta amyloid and Tau can be tested in
those mumimalistic “performant pathway” network as well as i the multi nodal
platforms. Thas 1s something that can be foreseen in the short term and realized soon.

6.3.2 Synapse to nucleus signal modelling for studying NDD

From a disease modelling perspective, previous studies (Chapter 1.56), have

focused mainly on the mechamsms of transmission of prionoids. Our team also believed
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that the “synapse to nucleus™ signaling pathway that mntegrates synaptic transmission
mto survival/death information 1s another entry point for studying NDD on chip. For
now only few studies have tried to tackle that process in mucrofluidic reconstructed
networks[236, 342, 343]. Therefore, we demonstrated our preliminary results in chapter
R KL B 5| P . . Overall, there is still a long way to go to study cellular
signaling pathways using nucrofhmdic chips, and this path 1s bright and challenging and
highly promising.

6.4 The perspective for future Brain on a chip

The current multi nodes chips are well suited to realistic needs. In fact, this
arrangement and chamber innovation can aclueve more switching connections and
multiple configurations, which 1s an ideal platform for studying neural networks.
Therefore, in addition to improving the stability of the chip, future devices will need to
focus more on interfacmg and mtegrating more advanced function and tools, such as
MEA to records specific nodes, molecular sensor to monitors signaling pathways mn a
dynanmuc manner. Going further, the brain chip would also benefit from implementation
of more physiological functional umits. In addition to the construction of neural
networks, the mtegration of physiological functions such as the BBB and cerebral
vasculature may allow the simulated brain chip platform to further approximate the

physiological functions of the brain.

In addition to this, the fabrication of chips often takes an important amount of time,
so the implementation of a standard fabrication process for chips and industrial mass
production shall facilitate spreading of such platforms in conventional biological
research. This needs more scientists and engineers to get involved to tickles such a
challenging goal aiming at reconstructing mimmalistic organs in vitro. It will help to
achieve the goal of human body-on-a chip, as we believe, it could eventually replace
ammal models.
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Materials

Microfabrication and cell culturing

Photoresist SU-8 2050 (MicroChem Corporation, Westborough, MA, USA),
Propylene glycol monomethyl ether acetate (PGMEA, Sigma, 484431),
Polydimethylsiloxane (PDMS, Sylgard 184, Ellsworth Adhesives),
Tndecafluoro-1,1,2 2-tetrahydrooctyl) trichlorosilane (AB111444, aber),
Gey's balanced salt solution (GBSS, Sigma G9779),

Papain (Sigma 76220),

Dulbecco’s Modified Eagle Medium (DMEM, Thermofisher 31966021),
Fetal Bovine Serum (FBS, GE Healthcare),

Eoxynbonuclease (DNAse, Sigma D5025),

Phosphate buffered saline (PBS, Thermo Fisher),

Bovine serum albumin (BSA, Sigma A7030),

PLL-FITC (Sigma, P3543),

PEG-g-PLL (SuSoS AG, Switzerland).
Immunofluorescent staining

MAP?2 anti-nucrotubule associated protemn 2 (IgG1, sigma, M4403),
Anti-B-Tubulin Isotype III (IgG2b, sigma, T5076),

Bassoon (IgG2a, Abcam, SAP7F407),

Homer1(IgG1, Synaptic System, 160011),

VGLUT1 (Rabbit, Sala El Mestikawi's 1ab),

Phospho-p44/42 MAPK (Erk1/2, Rabbit, Cell Signalling Technology, 4370).
Hoechst (Sigma, 33342)

Alexa Fluor 365, 488, 555 or 633 (Thermo Fisher).
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