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ABSTRACT

Development of controlled in-vitro neural networkoaels has long been a major challenge for
neuroscience research. In-vitro models may progata experimental access and better understanéling o
brain diseases and their treatment options, eegnibtor pathways affected in Parkinson’s diseabg.(P

Although some motor symptoms of Parkinson’s diseasebeing treated with Deep Brain Stimulation
(DBS) for more than a decade, progress in undetstgrthe mode of action of DBS is slom-vivo
access to the relevant neuronal networks is sgvegstricted, and organotypic brain slices are len&b
capture enough of the three-dimensional pathwagisatte the substrate of PD’s motor symptoms.

On the other hand, in-vitro neural network modals promising tools for gaining insight into many
chronic brain diseases and their treatment. Inteemgt to build an in-vitro neural network moddiet
DBS group at Philips Research led by Prof. Michalci# has demonstrated a dual compartment
neurofluidic system with inter-connected micro-ch@ls to connect neurons from their respective
compartments on a planar Micro-Electrodes Array AYIEL). Cell culture protocols of dissociated rat
cortical neurons in such devices, axonal growtlough micro-channels, and analyses of functional
connectivity between compartments through elecysioiogical studies were demonstrated in their
earlier work (2).

In this present work, electrical and chemical newdulation of cells in the dual-compartment devge
demonstrated. With the objective to further dem@uistfunctional connectivity across the micro-credan
a detailed study on the influence of electricdiémical neuromodulation is presented.

In the case of electrical stimulation, spreadinglefctrical artifacts in the cell culture mediuntveeen

the compartments is clearly evident in our eadtedies. Various configurations of stimulating éledes

and their influence on artifact spreading in thenpartments are demonstrated. With the final goal of
studying different populations of neurons i.e. iwaltand thalamic, a more specific stimulation fsiog

on a smaller area which affects only one compartmes investigated. A bipolar configuration used
together with 4 external grounded sites conneatethé neural basal medium was chosen as the most
optimal configuration and has been studied in ribigort.

The effects of this new configuration on corticotom devices were also explored by the evoked
response elicited in the cells. It is shown th# tiew configuration is focused on a smaller ahea the
unipolar stimulation at the same frequency and @uog# reported in literature (3).

In further confirm the earlier work on fluidic isdlon between the compartments, an extensive sindy
the influence of medium diffusion from one compaetmnto the other compartment with time was
analyzed with spectrophotometric technique anddbalts presented in this work.

Additionally, the influence of synaptic blocker ame compartment and the influence on the network
propagation when Tetrodotoxin (TTX) was added irmpartment with electrical stimulation are
presented.
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SOMMARIO

Lo sviluppo di modelli di reti neurali in ambierdontrollati in-vitro e’ stata a lungo una delle rgaugi
sfide nel campo delle ricerche neuroscientificheod®lli in-vitro forniscono un buon accesso
sperimentale per una migliore comprensione dellattie neurodegenerative e del loro trattamentaliqu
ad esempio le vie motorie affette dal morbo di Pesdn.

Nonostante alcuni disagi motori nel morbo di Pas&imsiano stati trattati per piu di una decadenaso

la Deep Brain Stimulation (DBS), i progressi neltanprensione delle modalita di azione della DBSson
lenti. L’accesso in-vivo alle reti neurali coinweltlallo stesso morbo € duramente compromesso, anentr
le slices cerebrali organotipiche sono incapaccatturare a sufficienza la tridimensionalita delle
neurali coinvolte nel substrato dei sintomi moteei Parkinson.

D’altro canto, i modelli di reti neurali in-vitraosio strumenti molto promettenti per I'indagine diaise
malattie cerebrali croniche e del loro trattamefon l'intento di costruire un modello di rete nalerin-
vitro, il DBS group in Philips Research guidato gabf. Michel Decré ha dimostrato che un sistema
neurofluidico a doppio compartimento con micro-danaterconnettenti € in grado di porre in
comunicazione neuroni dalle loro rispettive canmrauna matrice planare di microelettrodi (MEA) (1).
Protocolli di coltura di cellule corticali di rattacrescita assonale nei micro-canali e analisiadell
connettivitd funzionale tra compartimenti attravestudi elettrofisiologici sono stati dimostrati imo

studio precedente all'interno dello stesso gru@)o (

Una volta raggiunta una certa confidenza negliistetle cellule corticali di ratto, si rivela inessante
I'applicazione degli stessi studi su diverse popioiai di neuroni. Nello specifico, prendendo ispitame
dalle vie neuronali coinvolte nei meccanismi di g&zione del morbo di Parkinson, ci si prefigge lo
scopo di analizzare le dinamiche delle comunicazoraptiche tra popolazioni diverse di cellule lfjua
corticali, talamicheil corpo striato e i segmenti interni del globuliplus (4)

Percio all'interno di questo progetto si iniziadtezione di cellule provenienti dal talamo. Indivate
all'interno degli atlanti del cervello di ratto entmale al 18° giorno di gestazione, si e cercato d
eseguire la raccolta di tali neuroni dalle parteressate. Questo, permettera uno studio dellenitha
oltre che delle sole cellule talamiche, anche wteiico collegamento con cellule corticali nellessto
piatto.

Andando ad investigare il tipo di stimolazione eh@uo eseguire su cellule talamiche, & inoltresinie
vederne gli effetti su cellule corticali per un @pprofondito studio delle tecniche DBS. MentreJtmo
studi di stimolazione elettrica neuronale corticed®o stati effettuati in-vivo e in-vitro e lo siattuale
della ricerca su questo tipo di colture corticairaggiunto una comprensione tale per cui i panarmet
stimolazione elettrica sono gia stati definiti ([BYeressanti sviluppi sono possibili.

Nel presente lavoro, la neuro modulazione eleteichimica di cellule neurali & spiegata. Con kttivo
finale di dimostrare ulteriormente la connettivitdnzionale attraverso i micro-canali, uno studio
dettagliato sull'influenza della neuro modulaziaettrica / chimica & presentato. In particolareusle
cercare di determinare I'effetto di una eccitazialhaina delle popolazioni sull'altro compartimento,
determinare cosi non solo la connessione in terdiindrrelazione tra i due compartimenti, ma anehe
soprattutto il tipo di influenza che una popolagat neuroni ha su un’altra, come ad esempio pbé&eb
essere tra talamiche e corticali. Prima di arrivedteuno studio di questo tipo, € necessario ossegla
effetti di una stimolazione elettrica e/o chimica BIEA ed eventualmente sui dispositivi applicatisi
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Nel caso di stimolazione elettrica, la diffusioneadefatti elettrici e di un certo tipo di rispasteuronale
evocata nei due compartimenti € evidente nei nesiidi precedenti. Con lo scopo finale di studiare
diverse popolazioni di neuroni, quali corticaliadamiche, una piu specifica stimolazione focaliazsu
una superficie minore in grado di influenzare solw dei compartimenti & stata studiata in questo
progetto. Cio viene utile quando, come e statorgase il tipo di stimolazione fornito alle colture
corticali non si adatta alle colture subcorticatafamiche che sono state estratte e che oltremedo
danneggia la specifica attivita spontanea.

In conseguenza di cio, varie configurazioni diteteli stimolati o posti a massa e della loro infize

sulla diffusione degli artefatti tra i compartimergono state sperimentate. Un nuovo tipo di
configurazione bipolare diversa dalla vecchia alape utilizzata congiuntamente a 4 punti di massa
distanti dalla stimolazione collegati al mediumdlasmeurale € stata scelta come configurazioneaitti

ed i suoi effetti sono stati documentati in questport. L'effetto di questa nuova configurazione su
dispositivi con cellule corticali nei due comparéinti € stato esplorato attraverso la risposta @¢soca
neuronale. In particolare, &€ mostrato che questaanaonfigurazione risulta essere molto piu focalia
rispetto alla stimolazione monopolare data allsssiefrequenza e ampiezza che e stata ampiamente
utilizzata in letteratura.

| risultati presentati in questo report documentahe una stimolazione con configurazione bipolare
risulta focalizzata nell’area appena intorno gétebdi stimolati. Tuttavia, si potrebbe obiettalee nel
corso della stessa stimolazione bipolare, glimditche non mostrano nessuna risposta potreblseere
non attivi oppure poco responsitivi. Per questoosstati effettuati alcuni esperimenti in cui uniente

ad una stimolazione bipolare si é effettuare lesigiorno dell’esperimento oppure qualche giomyod
una stimolazione unipolare che ha dimostrato anaoeavolta una propagazione della corrente elattric
Su tutto il piatto.

Per quanto riguarda le stimolazioni di tipo chimiéonecessario documentare un isolamento chimico
inter-compartmentale, per far si che leffetto di weterminato componente influisca solo sul
comportamento di una delle due camere.

In questo progetto si € accertata una ulteriorédecora del precedente studio sull'isolamento fluidia
compartimenti attraverso uno studio estensivo isfllilenza della diffusione di medium da un
compartimento all’altro rispetto al tempo analizzarie soluzioni dei due compartimenti con tecniche
spettrofotometriche. | risultati sono presentatjuesto lavoro.

Un secondo approccio e stato anche utilizzato basadtinfluenza sullattivita spontanea dei neuirdn
alcuni composti conosciuti come la Tetrodotossifi@X) oppure un composto in grado di bloccare
reversibilmente le connessioni sinaptiche tra neiuita particolare si € dimostrato in questo progetin
studi precedenti (1) che l'influenza dei due contipokimici applicati ad una delle due camere, non
influenza lattivita sinaptica dell’altro comparténto. Oltre a cio, dato il particolare effetto decondo
composto (il Bloccatore di Sinapsi) interessantidstsull’attivita genuina delle cellule pud essere
studiato. Infatti, mentre normalmente le coltureticali sono pesantemente influenzate da fenomeni d
bursts, interrompendo la comunicazione tra cellalsincronia sparisce portando i neuroni a pertkere
precedente attivita di burst in favore di piu iselattivitd di spiking. Nei nostri studi si sonorifieati
anche episodi di inibizione tra neuroni, per cdimemento di esposizione a TTX o Bloccatore Sirgpti
di una popolazione, alcuni elettrodi del compartitoeadiacente hanno registrato un aumento di tattivi

In piu, date le caratteristiche di reversibilitdlaeossina TTX, é stata possibile eseguire unaguella
focalizzazione della stimolazione elettrica fornerad contempo una inibizione di tipo chimico asatwi
ad una stimolazione di tipo elettrico. Nel casccin si registri una risposta evocata alla stimaaei
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elettrica nel compartimento non chimicamente alterda propagazione elettrica si verifica; d'alparte

nel caso in cui precedentemente si registra um®sia evocata e successivamente attraverso l'uso di
TTX si dimostra la non presenza della stessa riapus due compartimenti, significa che la stimuae
rimane focalizzata in uno dei compartimenti e cha possibile propagazione sinaptica avviene.

Altri esperimenti con composti chimici sono stdfietuati. In particolare si € cercato un composto
effetto stimolante su popolazioni talamiche. Il qgasto che é stato testato in questo progetto e
I'acetilcolina. Mentre da una parte la letteratwiadimostra sorpassata e poco applicabile a colture
dissociate di cellule neuronali di ratto, i nhostgperimenti hon hanno evidenziato nessuna pantola
caratteristica comune, per cui non é stato possibélrne utili conclusioni. Si raccomanda perci@ un
studio pit approfondito sia dell’effetto dell'adetlina sia alla ricerca di un composto in gradectitare

le cellule neuronali.

In conclusione, gli studi sulle cellule neuronadshti sui MEA risultano essere interessanti e ptiamid
Ulteriori progetti che stanno interessando l'argotoeriguardano lo sviluppo di MEA 3D capaci di
catturare la tridimensionalita di colture di celluleuronali sparse, ma anche di slices e di isezni di
cervello. Caratteristiche di tridimensionalita lisvebbero essere di particolare aiuto non solfase di
registrazione, ma anche di stimolazione fornend apa piu appropriata localizzazione. Su questali
alcuni gruppi di ricerca si stanno inoltre inteaesdo alla Brain Machine Interface in senso largaoguii
cercano di collegare cellule neuronali su MEA gdsitivi robotici in grado di interagire con la hga
fornendo cosi un “corpo” al cervello simulato dalt#ture neuronali.
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1 INTRODUCTION

Many efforts have been made to unveil the intrictitecture of the brain, which is still an objetimany
studies. The increasing number of neuroscientigistlae raising interest in the field make neurascéea
promising field that will surely affect our lives the near future.

Studies about the interactions between neural valldd empower basic research on brain mechanisms
and may contribute further to diagnosis and themeveral neuropathologies related to dysfunstiain
neural physiological activity like epilepsy, dem®s or Parkinson’s disease.

Electrical stimulation has been often applied tovoes system. Remarkable therapeutic benefits have
been provided however its underlying principles anechanisms are still not clear. DBS technique
applies these concepts to stimulate a part of than by a medical device implanted able to revéysib
change neuronal activity in a controlled manner.

Computational models as well as in-vivo and inevistudies of biological neurons are being doing to
discover the underlying principles of this techmiqu

While computational studies seem to be promisingy thave to rely on biological experiments. In-vivo
electrical stimulation experiments are objectiveifficult because of the number neurons that haveet
controlled with a limited number of recording sitédoreover, ethical barriers regarding acute brain
studies and the difficultness in controlling ak thariables make them inapplicable.

In-vitro studies on MEAs eliminate many of thoseiables reducing the number of analyzed cells and
provide also an ideal experimental environment. ibaiaally, a sufficient grade of complexity is stil
maintained so that functional activity and struatroperties typical of in-vivo neural networks the
scale of thousands of neurons are still observaiites complexity is high enough to study learning,
memory and distributed information processing ioldmical neuronal networks that can finally refer t
more general brain mechanisms. The complexity tfrahneural networks is such that without control
the neuron positions and connectivity, doubts tlat be raised in their understanding. This hasnady

to investigate methods for guiding neural cell aitve and growth. While MEAs normally record from a
large group of neurons and from their synaptic eations adhered to the surface of the glass, ardiit
approach consists of imprisoning neurons in vigioit a electrode, as in (5Jhis approach constrains
single neurons in a cage in which only one ele@rcah record the signal from. This is an optimal
solution to have a one-to-one correspondence batweeron and electrode. However, the random
nature of the biological networks, the relativadltotal number of neurons trapped in cages and the
technology that is available make this latter applostill not feasible.

MEAs also provide the structure to electricallyrailate the neurons. Stimulation and recording aadem
possible by the same array of electrodes providiogan excellent background for neuronal studies.
Groups have been also applied MEAs to create amnfawe between living neural tissue and artificial
constructs, making for instance a bi-directionahreection between cultured neurons and external
devices, like robots (6).

Several studies have already been done regardengesponse of cortical neuronal cells to electrical
stimulation (3), and how the response can be meetllér). Good knowledge has been achieved with
these studies, although there is still a lack i studies of other populations of neurons i.e.ahes
involved in the pathway of the Parkinson’s diseeseacted fronthalamus, striatum and the internal
segment of the globus pallidus(4). A study on thesks would provide useful data dow the cells
behave when cultured in communities, and abovieoall they interact between different populations.
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In Minimally HealthCare Department within Philipseegearch, Eindhoven, The Netherlands, a helpful
dual-compartmentaheurofluidic PDMSdevice has been created for this latter purpose. Each DM
device stays on a MEA, dividing the array of 60ceiedes between the two chambers, 30 electrodes
per chamber. This allows culturing a neuronal papoih inside each compartment. Spontaneous
activity of the neuronal cells inside the comparntisecan be recorded from DIV 4 up to DIV 21(1).
Moreover, PDMS is able to put into communicatiore ttwo neuronal populations in the two
compartments trough the small micro-channels thatdathe passage of the neuronal bodies (8).
Moreover, the correlation between the signals eir from the two neural populations
demonstrated that the two compartments influench ether (2).

Unipolar electrical stimulation has been obsenedpread in the whole device. However, to better
make use of the PDMS features, it's advisable tomusate only the cells in one of the two
compartments and observe the effect on the cellghef other synaptically communicating
compartment. We have been studying ways to imptbeefocus of the electrical stimuli by doing
propagation experiments and we discovered bipotarfiguration used in association with 4
grounded sites at the edges of the device to bbdbkesituation. It was then applied to the nedrona
cultures.

Chemical agents can also alter the behavior ohthegonal cells in one of the two compartments.
TTX is known to be an effective inhibitor of thesspaneous activity, while recently a substance able
to impede synaptic communication has been usedutty she difference between early and late
response (9). However, a more interesting studyitabeuronal activity excitatory solutions would
enhance the study on the relation between the tifgreht populations. This has brought our group
to study the effect of Acetylcholine on corticabdesubcortical/thalamic cells.

To make use of all the features the dual-compartahesystem can provide, a preliminary study
about chemical isolation between the two chambasstdeen done (1). We enhanced that research,
using two different approaches: a study on thecétfe leakage of the PDMS by a spectrophotometer
and by the study of the changes in the spontaractiusty when a synaptic blocker is inserted in the
other compartment.

Demonstrated the chemical isolation between commmts, TTX could be safely put in one
compartment without affecting the other. The effe€t TTX in association with an electrical
stimulation both in the same compartment was fyn#itle best proof to show the focus of the
stimulation on only one compartment.
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2 BACKGROUND

2.1 MEA TECHNOLOGY

Traditionally the electrical properties of neurdmsve been investigated using conventional elecsode
such as glass micropipettes, in a way that neusiplogists could create a detailed picture aboat th
single cell properties. Nevertheless, investigatimgneurons and the CNS in-vivo can be difficuié do
the huge amount of cells to analyze, to the timguired for the electrode placement and to the
mechanical damage of the cells over long periodsv& caused by the insertion of electrodes.

The mammalian neurons have also been studiedriminithe form of dissociated monolayer cultures fo
several decades. Such cultures retain many morgicalp pharmacological, and electrical propertiés o
natural neural networks in vivo (10) and allow muuobre detailed observation and manipulation than
intact brains, at the molecular, cellular, and reetwevels(11)(12)(13)(14)(15)(16).

Micro Electrode Arrays (MEAS) are a valuable toof lectrophysiological measurements as they are
non-invasive and allow monitoring of the neuron&ct&rophysiological activity over a long period.
Extracellular MEAs were chosen over intracelluldeceodes for multiple reasons. Intracellular
electrodes change a cell’s physiology by perforatind by the introduction of the patch pipette soly
ultimately leading to cell death within at most ewf hours. Now, it is widely recognized that MEA
technique is a valuable method for the investigagbfunctional activity and structural properties"in
vitro" neuronal preparations (acute brain slicessatiated cultures, organotypic cultures). MEA
technology and the related culture methods alloweanier combination of electrophysiology with
imaging (Ca\Na imaging) too and bring together gehuariety of possible applications. Additionally,
recording the same neuron at multiple sites isiadiff intracellularly but simple, robust, and
nondestructive with MEAs.

The first work using the MEA technology started 1872 (17) and a milestone was reached when
recordings obtained from cultures of dissociatearoes were first reported by Pine et al., in 1988) (

MEAs are composed of an array of microelectrodeghviare able to detect local variations of the
electrical potential that are created by the moveréions through the protein channels of cellshiair
immediate vicinity, targeting of several sites irglel for extracellular recording and stimulatigi®).
These devices, mostly fabricated by standard pitlodgiraphic techniques from the semiconductor
industry, consist of a glass substrate where aixnafr typically 60 thin film micro-electrodes is
embedded. All the electrodes are then linked t®@nding system that can provide both electrical
recording and stimulation functions.

In this way they enable long-term monitoring of tlectrophysiological activity of neuronal cell tuks,
both dispersed cultures and slices, and provideigua window to observe spatio-temporal patterns of
activity in intact two-dimensional layers of neusqg20).

MEA technology has been used to investigate theeh of different types of cells, like cardiac leel
retinal cells and neural cells. Various groups haweeked with different types of neuronal cell cués
but most of them have focused their attention aticad (21)(22).

As different applications require different solutsgy the market leader (Multi Channel System,
Reutlingen, Germany) provides several geometriesgia?, 3D, Thin, Flexible MEAs, etc.,(19).

The characteristic dimension of a microelectrodeyes from 10 to 50m. As a result, a single electrode
may record signals from several neurons. The stdnginar configuration we used for this work
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consisted of 30 m diameter electrodes with 200n of distance among them (See Figure 1). A spike
sorting algorithm has been developed to detectdiffierentiate spikes generated by the neuronsen th
MEAs.

Lty MEA Border
0.2 15.4
2.2t 0 i Contact pads
e eeen Electrode grid
DXDNONDIDED)
(ORORORORORCRONC)
OEPEGEEE®®
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Figure 1: A_ Model of the MEA array with electrodeamber in the 8x8 grid; B_ A real photo of one thev

The numbering of MEA electrodes in the 8x8 griddals the standard numbering scheme for square
grids: the first digit is the column number, and gecond digit is the row number. For example telde

23 is positioned in the third row of the seconduomh. These numbers are the same numbers thateate us
as channel numbers in the MCRack program (19). lyselectrode 15 (the one that is missing in Figure
1B) is used as internal ground, due to its bigd@ps and to the further position in the array. glaess
substrates are coated with dielectric Silicon-aéri(Si3N4) to provide electrical isolation for the
connection traces while leaving the recording Sifgsn.

Since SiN4insulating surface is highly hydrophobic, an oxygéesma treatment is necessary in order to
obtain a hydrophilic surface. The insulator layeunsinbe treated with molecules that promote cell
adhesion to obtain healthy long-term neuronal ceftuThe most widely used molecules are poly-lysine
laminin and polyethyleneimine (PEI) (20). Due te dtrong adhesive properties, PEI is often used in
dissociated culture studies (23) and in the expamisiconducted by our group since 2006 (24).

The functional characteristics of the MEAs allowmdeterm recordings of spontaneous and stimulated
neuronal network activity. However the complexity ratural neural networks is such that without
control of the neuron positions and connectivitgny doubts can be raised about their understanding.
This has led many groups to investigate methodsyénding neural cell adhesion and growth. When
biological coatings are patternethe controlled cell growth at least temporarily Igg& patterned
cultures which could ultimately be useful for stimdy structure/function relationships in neuronal
networks.

Different techniques using different adhesion prtersiinhibitors substrates can be found in liteatu
(25) (26). Usually, ordered growth recedes aftetessd days in vitro, preventing long-term studids o
designed neural networks.

A different approach consists of imprisoning newran the immediate vicinity of the electrode by
physical means. This concept has led to the creaticthe so-called “Neurochip” (5). In this device,
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neurons are physically imprisoned inside micro-cage top of electrodes obtained by micro-machining
of silicon wafers. The major drawback of the pragtliclevices was that neurons tended to escape from
the wells that are supposed to keep them in closéact with the electrodes (20). The displacemént o
neurons cultured on planar surfaces is due to gtpaitling forces that the neurites exercise onsth@a.

The problem was overcome when Pine et al. introdut® “neurocage” approach, using surface
micromachined parylene cages (27). This approaostains single neurons in a cage in which signals
are recorded by only one electrode. This is anmgtsolution to avoid neuronal migration that ipital
during the first week of culture and to have a tmene correspondence between neurons and elestrode
On the other hand, compromising the intrinsic randwature of the neural networks and the relatively
low total number of neurons trapped in cages rersevere limitations.

Because of these, some investigators have leftireuttontrol behind, and opted for random, dispersed
cultures with spontaneous activity networks, coratliwith globally distributed electrodes that “saeipl
population activity by recording neurons’ actiwtjthin the population (28).

The functional characteristics of the MEAs permitinto long- term recordings of both spontaneous an
evoked neuronal network activity patterns and efrtepatio-temporal evolution. Under this perspexti
large neuronal ensembles coupled to MEAs repregeninteresting intermediate level (from in-vitro
single cells to in-vivo studies) for investigatimjormation processing and dynamics in neuronalesys
under controlled condition and by means of appbest of external stimuli and/or physical
constraint(29)(30).

Our configuration goes one step further into ddferation along those lines: we investigated neairon
cultures placed inside micro-fluidic structuresgined from the literature (31), directing the arigation
of the neural network in a physical barrier througtich only the neurites can pass. Explication alosi
particular configuration we used is discussed engaragraph 2.3.

2.2 CORTICAL CELLS STUDIES ON MEAS

MEA technology allowed investigating the behavidr different types of cells. Several groups have
worked with different types of neuronal cells cuodtsi from spinal cord (32) and hippocampus (33) and
above all cortex (21)(22).

In vitro cortical networks are spontaneously ac(i®4). The firing rate changes during developmeat a
strictly related to the age of the network. The trm®minent feature of the electrical activity agln
density dissociated cortical cultures is their mgity for synchronized bursting (35)(36)(37)(38he
cells in these cultures begin firing after ~4 daysvitro (DIV) and soon thereafter synchronize thei
activity globally across the culture(21). This siranization takes the form of intense bursts oivégt

that typically contain a large number of spikesrany channels, densely packed together in time. The
time between individual spikes in a burst, is gahgiof the order of several milliseconds. The bitself

has a duration ranging from hundreds of millisesomol seconds and they recur several times per
minute(39). Bursting persists for the lifetime dktculture, although the fully synchronized bursts
young cultures are gradually replaced by more ajpatilocalized bursts in maturity. Globally
synchronized bursting is an extremely robust phesmmm. Suppressing it using pharmacological agents
like glutamate receptor blockers also abolishest mioall other spontaneous electrical activity.

Bursting phase lasts only for days or, at most,kse€he persistence into maturity of bursting itture
may then be interpreted as a sign that culturesuaested in their development (40). A hypothesis h
been raised about the persistence of global biurstssociated cortical cultures that could be sulteof
deafferentation (21). Deafferentation has two ¢ffeAs first, the lack of (thalamo-cortical) inpmight
lead to increased strength of connections withénrtbtwork. Infact, Turrigiano (41) showed that lBiog
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the inputs to cortical neurons using TTX during elepment significantly increased the strength of
excitatory connections. As second, the lack ofcstmed input from sensory receptors and the presehc
strong excitatory connections put the network imighly unstable state in which positive feedback
between excitatory cells can easily lead to synalaeal bursts of activity (42).

Substituting sensory input with multi-electrodemstlation (43) could have the same effect as aragbelv
tonic firing rate while putting thalamic cells comamicating with cortical cells could provide the
necessary thalamocortical inputs that thereforellsheeduce the predominance of global bursts, fagor
more locally differentiated neuronal activity.

In order to put in communication different poputats of neurons i.e. cortical and thalamic cells, we
needed a special device able to offer a physicattsire that can keep the two populations divided.
description of this special PDMS device is providethe next paragraph.

2.3 MULTI-COMPARTMENTAL PDMS ON MEA

2.3.1 PDMS PROPERTIES

Following Campenot’s pioneering work (44), micragys technologies have been used to initiate irpvitr
studies of separated neuronal populations, eitberciemical studies in both closed (31) and open
(45)(46) compartments, or for extracellular recogdi of electrical activity in open compartments)(47

A closed-compartment neurofluidic device with micttannels connecting two compartments has been
presented previously (1). The PDMS device designlieen inspired by the work of Taylor and Rhee
(48).

The polydimethylsiloxane (PDMS) is a silicone-tyglastomer that is poured onto a hard master pattern
to create castings that can then be peeled ofindster and placed on a rigid substrate (typicddggyor
MEA for recording). PDMS was chosen because it @amswhe criterion of biocompatibility, is
transparent, highly permeable te &d CQ, cheap and easy to mould. All these attributesenital<ery
attractive for cell culture Microsystems. The 3-rtimiek PDMS devices used in this project, have 2
microfluidic compartments (‘B and ‘C’ in Figure 2)f 100 m height and 8mm length interconnected
with micro-channels of 1Gn height, 3m width and 150m length that are spaced at regular intervals of
60 m(31). The micro-channels prevent the movemeneb$ between compartments. The devices were
fabricated by conventional soft lithographic molglitechniques that have been already described (1).
Four 6-mm-diameter reservoir holes (‘H’ in Figurevizere drilled in the fabricated devices using tase
technique.

:10 mm

24 mm

!
150 mm

~—
150mm

-

1.5mn
Figure 2: Schematic layout of dual compartment dewlesign used for neuronal cell culture; A- Resérydiameter=6mm),
B and C — Dual compartments (width=1.5mm, height=0m, length=8mm), D — Micro-channels (width=10pnejght=3 pm)
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In Figure 3 a photo of the same device with a idwel coloring substance inside to highlight thepghaf
the micro-channels.

Figure 3: Photo of a PDMS filled with a blue foodlering substance to highlight the shape of thenmic
channels

The cleaning protocol for the PDMS devices consi$tdeaving the devices overnight in an ultrasonic
bath to clean the surface, removing micro partigddh a scotch tape and storing them in 70% ethanol
until the day of cell culture. Each PDMS device wlasn rinsed in sterile De-ionized (DI) water for 3
times and sterilized in a dry oven at 120° C fomii and placed on cover-slips with the micro-ctesn
facing downwards for oxygen-plasma treatment. POMBydrophobic. However the chambers have to
be hydrophilic to be able to fill them with medidor culturing. This is done by oxidizing with oxyge
plasma treatment for 60 seconds, at 0.5 mBar a2 ePla Semi Auto 300 Plasma Processor). This
treatment renders the microfluidic compartment #mel micro-channels hydrophilic, while preserving
hydrophaobicity of the contact surface, thereby preing leakage.

The PDMS devices were then aligned and reversibhdbd onto planar Microelectrode Arrays (MEAS).
Prior to the placement of the PDMS devices, MEAsensterilized in a vacuum oven, coated overnight
with a solution of Polyethylenimine (PEI) (Sigmaelich, stock solution at 50% w/v in water, Ca.
No0.P3143) at a concentration of 46/ml to provide cell adhesion and rinsed thoroughlgterile water
(tissue culture grade, GIBCO, Invitrogen, Cat. 16230).

Thanks to properties of the PDMS, the devices reh@wvn interesting characteristic that make them
suitable for these applications. Microfluidic-baseal studies present many advantages when compared
to conventional in vitro techniques or mini cultwgstems: they have the ability of precisely cdfitrg

the environment around the cells, the requirementsblvents, reagents and cells are small, liquid
transport is faster, design versatile (49). Fllaavfin micro-channels exhibits several charactessthe
most important of which is laminar flow. This isrye@mportant for our application since thanks tisth
property we can uniformly deposit the cells inte thicrochambers assuring a uniform density of cells
along the microchambers (1). With turbulent flow weuld have non uniform plating. Indeed the cells
are plated from one of the reservoirs on one sideeochambers and then the fluid is drawn by taqity

into the chambers.
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2.3.2 APPLICATION OF TTX

To ensure the biological origin of the recordedivatyt within the compartments, experiments were
performed using Tetrodotoxin (TTX), to silence tipontaneous activity and results were reported
elsewhere(1). TTX has shown suppression of netveotivity within a compartment and subsequent
recovery of network activity through successive lweagcles.

As demonstrated, after the addition of TTX to onepartment the spontaneous activity in the cells of
the same compartment completely disappears whid¢hier compartment the activity persists as shawn i

Figure 4.
Compartment A
300 q

250 1
200 1
150 1

100 {

Spikes '\ sec
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JL

0 X ; T =1

Electrodes

Figure 4: Network activity in the dual-compartmetdgvice (Compartment A in red and Compartment B loeB;

Top: Spike rate analysis in compartment A (not cheatly altered): 1) before addition of TTX; 2) dug the
application of TTX in compartment B; 3) after 3 mites and 1 rinsing, 4) after 6 minutes.

Bottom: Spike rate analysis in compartment B (adteby TTX injection): 1) before addition of TTX; Buppression of
network activity with the addition of TTX ; 3) aft8 minutes and 1 rinsing, 4) Recovery of spikeeathree
washout cycles.

This demonstrates that there is a genuine spontaneetwork activity in the cells contained in the
compartments.

Given the small size of the channels (width = 10 pnd height = 3 pm) connecting both the

compartments, it is estimated that it would takeessl hours for the diffusion of molecule from one

compartment to the other (31). It is possible tielgaadd TTX to one compartment and be sure that it
wouldn’t spread to the adjacent compartment dutivg course of the experiment. This highlights the
physical and fluidic separation between the two gartments.
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2.4 COMMUNICATION BETWEEN THE TWO COMPARTMENTS

2.4.1 GROWING NEURITES THROUGH THE MICRO-CHANNELS

Long term neuronal cell culture viability in thevite and neurites’ growth through the micro-chasnel
connecting the compartments has been demonstrgpedmentally (1) (31).

Visual observation of the culture over the develeptal period indicates neurite growth across the
compartment from ~DIV 3. Neurites were observearass-over to the adjacent compartment through
the micro-channels along the whole length of thmmgartment. Phase contrast imaging of cell bodies
isolated within a compartment and neurites crossimer to the adjacent compartment confirmed the
physical containment effected by the micro-chan(feigure 5A). It shows extensive dendritic and adon
arborization within the compartment of origin, aslMas individual neurites crossing over to theeoth
compartment through the micro-channels. To furtherbstantiate structural trans-compartment
connectivity by axonal crossover to the adjacemhgartment, transfection of individual neurons with
eGFP (green fluorescent protein) and DsRed wasmeed (Figure 5B) and reported earlier(1).

Figure 5: Neurite growth through micro-channels.ase contrast image of neurites grown acrossrtiteo-channels; B:
Transfection imaging of a neurite grown across mhiero-channels connecting the compartments (So@83p

2.4.2 INTER-COMPARTMENTAL SYNAPTIC CONNECTION

Along with physical connections through the neuwtiteénformation exchange within the two
compartments was shown.

Synaptic connection in form of correlation betwédled spikes and the bursts occurred in corticakdall
the 2 compartments was shown in the previous wuiikisin the same group in Philips Research by
Davide Ciliberti (2).

Cross-Correlation, by definition, the average philitst of observing a spike in a target channeldoefor
after a spike in a reference channel, is calculttkithg as reference the time-stamp of a detegida $n
an electrode and correlating it with the time-stashphe immediate next spike in the second eleetrod
This is done for all the spikes that occur in tingt felectrode. The different time-stamps are themmed
and normalized to one, in order to have a prolgilfi 100% if the second spike occurs always whig t
same delay referred to the first spike. An exangbl€ross-correlation graph is shown in Figure 6 rehe
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the peak is centered in Oms and has a value of duRdf 1, the probability of correlation betwedre t
spikes of the two electrodes.

Cross correlogram12-22
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Figure 6: example of correlation between electroti2s22; [values: x-axis -5:+5 ms; y-axis probabildf correlation]

To estimate the Cross-correlation, a valyg,@as calculated as the integral of the area arouaghéak,
taking as window a definite number of bins depenéi®m a that in most of the cases is 1 bin.

A Mean Cross-Correlation Graph has been used, etfas the correlation graph of one reference
electrode with a target electrode, putting togetier graphs of the whole device. Two Mean Cross-
Correlation Graphs have been extracted: Intra-commamtal (between one electrode with all the
electrodes in the same compartment) and Inter-cdmpatal (between one electrode with electrodes in
the other compartment). Moreover, in order to heveference, another graph has been extractediveith
correlation between one electrode and a shuffl&-prain as the other compartment (Shuffle-correlati

The objective was to show that there is a cor@tabietween the two compartments with a comparison
with the shuffle-correlation and to prove that thearest column is more correlated to the other
compartment than the furthest.

Collecting the data of the electrodes in one colysymmetrically from the center of the PDMS) witiet
electrodes of the selected area, a cross-cormelat#s calculated in two passages:

1. Selection of one of the statistical parameters Bkerage, Median, Max, 95th percentile and
application to the group of (G of the selected area, in order to obtain a vdiaé ¢correspond to
the original electrode

2. In order to collect all the column data symmetticgso as 4 and 5, 3 and 6, 2 and 7, 1 and 8)
another statistical parameter like median, avenage, has been used

A Wilcoxon signed rank test has been used. It ;anded as an alternative to the paired Studete's t-

when the population cannot be assumed to be ngrislributed. Null hypothesis: no differences le t
inter-compartmental correlation between real andfidd data.
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It proves with a p-value of 2.9305x1Y that the level of the inter-compartmental correlatiis
significant: the compartments have a functionalhemtion, besides the structural one.

A Friedman Test has also been used. It is usefdetect differences in treatments across multigde t
attempts. Null hypothesis: no variations of theirtompartmental correlation in the 4 regions.

The significance of the statistic that is the phuliy of having the same treatment is represetuga p-
value of 2x10. It has been demonstrated that the closest nedecotf® micro-channels communicate
with the opposite compartment more than all theofmore distant) ones.
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3 MATERIALS AND METHODS

3.1 HARVESTING NEURAL CELLS

Harvesting neural cells is a critical phase of pineject; in our experiments, we have used cellerak
from 2 different parts on the brain: cortical amtb-<ortical / thalamic regions.

The extraction of cortical cells is a procedurelwebwn is the MEA research community, i.e. Potter’
group at Georgia University (50). The whole progeduas inspired by the work described in (34).un o
experiments primary cultures of embryonic cortinaurons of rats are used due to their potential of
proliferation compared to post-natal cells.

The procedure to isolate the cells has been rendweag the project.

A schema of the phases followed with the differsnicetween the two configurations is shown in Table
1

Table 1: Phases during harvesting of rat neuralscel

Phase Previous protocol New protocol Comment

1 An 18 days pregnant Wistar rat is euthanized (95%.0is slowly As per the approved
replaced by 100% of CQor reducing the stress of the animal, UN Protocols for the care and
. . use of lab animals in the
euthanasia unit). Netherlands
2 The abdominal skin is cut paying attention notdeomage internal
organs and the uterus containing the embryos i®ved) placed on
ice and put under laminar flow hood.

3 The fetuses are decapitated, the cerebra is eadraantd placed ir
DMEM (Dulbecco’s Modified Eagle Medium, GIBCO Inxiigen).

4 The cortices, isolated from theThe cortices, isolated from theThe isolation took longer
basal ganglia ~and thebasal ganglia and  thethan exgeaed’ > they
hippocampus, are cut in smallhippocampus, are left as they aw%lijs?lf:;’;grateeg.er when ot
pieces (~0.2 mm), inserted in 15inserted in 15 ml  of
ml of Trypsine/EDTA solution at Trypsine/EDTA solution at
0.125% (GIBCO, Invitrogen) 0.125% (GIBCO, Invitrogen) in

HBSS with Ca/Mg

5 The cells are incubated (CO-17 The cells are incubated (CO-17! In the previous protocol we
Innova incubator, New Innova incubator, ey EEED M CElEss (@ g
Brunswick Scientific) for 45 Brunswick Scientific) for 25 Trypsin.
minutes to allow the enzymati minutes to allow the enzymati
digestion. digestion.
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6 The Trypsine/EDTA solution is The Trypsine/EDTA solution is The Trypsin could cleave
aspirated and a 12.5% solution ofspirated and DNase is added int@Nase-
Soy Bean Trypsine inhibitor the tube.
(GIBCO, Invitrogen, Ca. No|
17075-029) in DMEM is added
into the tube.

7 Add Dnase after Trypsin inhibito Stop Trypsin with 10% FCS ir In the previous protocol we
neuro basal avoided using FCS for the
cortical culture.

8 The pieces are triturated with a sterile Paspéuette until no
aggregates are visible anymore.

9 The tube is filled with 10 ml of DMEM and spun in c@ntrifuge
(Heraeus Multifuge 3 S-R) for 5 minutes, at 100@at 20° C.

10 The supernatant is removed, the tube is flidkedrder to loosen the B27 supplement is a
pellet and the cells are gently resuspended in dbmsal Medium SPecific trophic

. complement for CNS
(GIBCO, Invitrogen, Ca. No. 21103), supplemented Yy fresh stable . ons that contains the

L-Glutamine (GlutaMAX™ 100x, GIBCO, Invitrogen, Chio. 35050- hormones, growth factors
038), 1% Penicillin-Streptomycin Solution (GIBCQyvitrogen, Ca.| and antioxidants necessary
No. 15140-122) and 2% B27 Supplement™ (GIBCO, togén, (© guarantee long-term

" . viability of CNS neurons
17504-044) ) and 10nM Triiodo thyronine. in serum-free cultures (51).

Glia growth was not
suppressed.

11 Count cells in dilution Count cells in cell concentration An average of 70 millions
of primary cortical cells

per culture was produced.

The second population of cells we were trying tthecd thalamic cells. Dividing the central body tbie
little brains from the cortex, the midbrain partescluded removing also the bottom part that is the
hypothalamus. The thalamic part can be easily r@zed as in the atlases in Figure 7 and Figure 8.
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Figure 7: Atlas of the sagittal view of a 18 dayleyonic rat
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Then, the procedure made for the cortical cellsbiees done also for the thalamic ones.

The only difference in maintaining the thalamicleé the presence of some serum in the culturéumed
(3%FBS+1%HS) for at least DIV5 in culture. Thenimidution of the dosage during the following days
(2% FBS+0.5%HS) is done finally eliminating it affeiV8-9 to avoid the glia overgrowth during the
long-term culture (more than DIV15). This detailsniaspired by (52)

An average of 3 millions of cells per culture wasobtained. Due to the small size of the embryoaic
brain and to the fact that there are no evidenarsgipns between regions in the brain, it is difico
confirm that we could obtain thalamic cells suctdgsand hence, we will refer to the cells we have
harvested in this case as sub-cortical/thalamis.cel

The harvested cells are then ready to be platatiérdevices: the Ring MEAs, the dual compartment
MEAs and the coverslips that we used as controls.

In the dual compartment devices the cell platt;mgédrformed with a high resolution pipette (Eppefido
Reference, 0.5-101, accuracy 0.1 I). The micro-tip is visually inserted into the eegoir at the
compartment entry. The plating occurred by injegtine cell suspension from one reservoir into thet i

of each compartment. The cultured cells were platedPElI coated MEAs substrates at a surface
concentration of ~ 2 x f@ells/cnf and ~ 1 x 1Dcells/cni.

Having collected two different populations of celigveral devices were prepared:

Ring-MEA devices with only cortical cells (we refed to those devices with ‘Ring Cx devices’)
Ring-MEA devices with only sub-cortical/thalamidlsgwe referred to those devices with ‘Ring
Th devices’)

Close dual-compartment devices with cortical celldoth compartments (we referred to those
devices with ‘Cx-Cx devices’)

Close dual-compartment devices with cortical cegllgompartment A and sub-cortical cells in

compartment B (we referred to those devices with T@ devices’)
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The devices were then incubated in a humidifiedifiator (CO-170, Innova incubator, New Brunswick
Scientific) at 37° C supplied with 5% CO2.

Every 2-3 days the medium in the close compartnienvices was changed. We used a serum-free
Neurobasal medium, supplemented with B27 and glaxartynder the aforementioned conditions we
were able to record stable electrophysiologicaialig over 4-6 weeks period.

3.2 RECORDING SET-UP

To provide an indication of the health and functibconnectivity of cells in culture visual obseieat at

the microscope and recordings of the spontanedistpof the neural network were done. Moreovee th
recordings at the first stage were used to selextntost active electrodes that subsequently will be
stimulated.

The materials we used for our recording systemnaamly based on the MEA60-Inv-System-Standard
(Multi channel System, Reutlingen, DE).

3.2.1 MULTI-CHANNEL-SYSTEM

Extracellular signals were recorded at 10 kHz usmgMEA60 system (MultiChannel Systems,
Reutlingen, Germany). This acquisition system (MQhannel System) is composed of MEAs electrodes
(matrix of 60 electrodes), the MEA1060-Inv-Standanaplifier (gain 1200x), the MC Card that acquires
and digitalizes the signal up to 50 kHz, a tempgeatontrol (TC-01) set to 37°C, a stimulus gerarat
(STG 2000) and a data acquisition computer witkaitesd software MCRack (software for visualization,
recording and on-line analysis). According to hteire (21) and to experimental analysis, we dectded
acquire the signal at a sampling rate of 10 kH2%rkHz. This is a good compromise between the
computational effort to store and record the daththe ability to detect all the spikes the celisduices.
Moreover, the Shannon sampling theorem is fulfilled

Regarding the bandwidth, we recorded the sign#teaimaximum bandwidth provided by MCRack (i.e.
10 Hz up to 3000 Hz). Then, according to literat{z®) we applied a High-Pass software filter aut c
off frequency of 200 Hz. The system (MEA and anigfjfis under a bio-safety laminar flow hood under
sterile conditions to reduce the probability ofeictions.

A spike sorter algorithm already implemented (Ipvéed us to visually see the spikes in each ebeletr
while recording.

Devices were checked several times during theiviactThe cells were observed to be electricaltyivse

by DIV 10. Depending on the frequency we used tmme the cultures for 300 or 600 seconds, waiting
some minutes in order for the culture to adapth®e mew environment and to absorb the eventual
mechanical perturbation.

Spikes detection has been done off-line usingestiold-based algorithm.

For spike detection and other off-line analysisuged a software tool SpikeManager (53) developed by
Prof. S. Martinoia, which includes several toolseleped in MatLab (The Mathworks, Natick, MA) for
the analysis of electrophysiological data.
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3.2.2 NEUROLIDS

Given the particular configuration we used (duahpartmented PDMS with a total medium volume of
the reservoirs being 60 pl) and long-time takenrémordings and stimulations of the same devicetgup

~2.5 hours), particular care was taken to prevgoegsive evaporation during the recording sessiéns.

sterile recording box was with 90% relative hunyidind 5% CQ@supply was used (1).

“Neurolids” were made to prevent evaporation of thedium contained in the reservoir and to provide
the device with grounding electrodes necessarglfmtrical stimulation/recording of network actjuitA
neurolid is a rectangular base of glass glued hegewith another glass frame that takes the shépe o
cover of a box. Normally 2 little holes of 0.5 mneme made by laser at a distance of 5 mm from the
upper edge where 2 reference electrodes wereéalsert

Figure 9: Neurolid2: neurolid with 2 electrodes

As the PDMS prevents the medium to physically retieh big ground reference electrode provided
internally in the MEA, we had to find a way to cewh the culture with a ground. The neurolid was so
created to prevent evaporation of the entire mediomtained in the device, but also to connect the
medium of the device with a ground area.

Therefore, the neurolid was put on the PDMS duniagordings and stimulations where the two
electrodes in the neurolid were put physicallyandh with the medium.

Figure 10: Neurolid2 put on the PDMS — 1 groundéetode per each compartment
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Doing some experiments described in chapter 0.ed o& a different configuration was envisioned. We
needed a symmetric configuration that would havdifferent grounded electrodes in the all the 4

reservoirs of the device.

So, 2 more holes have been added to the neuratichsyrically built opposite to the first two holes ae
show in Figure 11 and . They have been done rasgetie shape of the 4 reservoirs in the device.

Figure 12: Neurolid4 put on the PDMS — 2 groundéecode per each compartment (1 per reservoir)
The next figure shows the three layers of the guméition used, starting from the top:

Neurolid4
PDMS
MEA
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Neurolid4

MEA

PDMS

Figure 13: The complete scheme highlighting theethlayers

3.3 ELECTRICAL STIMULATION

Electrical stimulation has become a know procedaor¢he area of study of neural cells cultured on
MEAs. It has been observed that given the rightugttion, the cells respond giving a signal back.
Experiments have been done to find the right statnorhs the cells need, as shown for example in (3).

Extracellular voltage stimulation used for testitige network evoked response was delivered from
specific electrodes of the MEA.

The recording protocol we used was always compbgedlfirst phase of spontaneous activity recording,
a second phase of electrical stimulation followedding finally with a 2 recording of spontaneous
activity useful to compare the effect of the stiatidn of the spontaneous spiking of the cells.

The stimulation we used for our experiments was:

Test stimulus The stimulus consisted of 50 biphasic pulses, 26(@er phase, positive first,
delivered at the frequency of 0.2Hz; the peak-takpgmplitude was set at 1.52 V.

The train we used for the Test Stimulus was insping the work described in (3). It has been studied
provide significant evoked response in corticalscel

Regarding the stimulation of sub-cortical / thalarcells, we have been looking for the right stintoli
provide. Unfortunately, no publication was foundagding electrical stimulation of rat thalamic seilh
dissociated cultures.

Electrical stimulations have been done with diffénmodalities, as described below:

Unipolar. one or more electrodes have been chosen to déigestimuli. The stimulation spreads

through the medium and stops in the grounding eddes that are in touch with the medium.
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Bipolar. the stimulation goes from a chosen electrodeitjgespole) to another (negative pole).
When the stimulation becomes negative the rolaeveried so that the first electrode is now the
negative pole and the second one is the positiee Bhe medium has been putted in touch with

grounding electrodes.

Looking for a better focus of the stimulation tha couldn’t reach with unipolar stimulation, we dse
bipolar stimulus, inspired by (54). As explainedfie article they made a study on the current siimga

of three different configurations that can be agghlto MEA devices. They in fact compared three
electrode configurations as shown in Figure 14paiair, concentric bipolar and ground surface.

f A - Monopolar ﬁ B - Concentric Bipolar C - Ground Surface

Figure 14: Three different configurations whilemtilating electrically

They demonstrated that a bipolar stimulation is enfarcused than a unipolar one, when applied to a
theoretical model of a straight fiber or corticlkate cell passing 50 um or 110um respectivelr dhie
stimulated electrode.

The system in use can be configured to have a lamipar a bipolar stimulation, based on the
configuration used, as shown in Figure 15 and Eidif.

Stimulus generator outputs MEA amplifier inputs

©

Figure 15: Standard setup for unipolar stimulation

Stimulus generator outputs MEA amplifier inputs

g ®

©©
)

Figure 16: Standard setup for bipolar stimulation
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Experiments with the two configurations will be sho in Paragraph 4.2.1, where we tested the
propagation of the current in the whole device.

3.4 CHEMICAL COMPOUNDS

Further than electrical stimulation, chemical cononpe were used for the manipulation of neuronalscell
in device.

We used for our experiments 3 chemical compoundstyicholine, TTX and a solution that we called
Synaptic Blocker. Those compounds will be describetie following paragraphs.

3.4.1 ACETYLCHOLINE

As documented in (55) and in (56), acetylcholine whserved to be an excitatory modulator of nedrona
activity in mammalian cortex in literature.

The same substance applied to mammalian thalarenssst® have as well an exciting effect. In (57% it
mentioned that Acetylcholine at a concentratiorbofM applied to thalamic nucleus reticularis (nRt)
neurons of guinea pigs slices in-vitro, inhibitsgle spike activity while mainly promoting bursks.(58)

it is shown the effect of the same compound oméethalamic cells in-vivo to be mainly excitatoB0¢o

of the cases) evident particularly in the ventreddahalamic part.

The suggested concentrations used are in the @nf@ to 30 uM. In our experiments we mostly used
concentration of 20 uM in the neural medium (irvaté communications, Prof. S. Martinoia).

We've done experiments with this compound, as retein paragraph 4.1.2.

342 TTX

Tetrodotoxin (TTX) is a potent neurotoxin. Tetroalinh blocks action potentials in nerves by bindiag
the pores of the voltage-gated, fast sodium channaherve cell membranes, essentially preventing a
affected nerve cells from firing by blocking theadimels used in the process(59). The effect is séver
so that after the application of the cell culturedium, the original network activity recovers bagain

).

A fresh solution of 100nMolar of TTX were made irUNobasal medium at 37 °C was prepared on the
same day of the experiment.

The compound has been used in the previous wottkeo§ame project (1) as a proof of concept to show
that the activity recorded is a genuine neuronélifg and it is neither background noise nor atif.
Indeed when applied to one of the compartmenthoived a considerable reduction in spontaneous
network activity.

3.4.3 SYNAPTIC BLOCKER

Recently other compounds, more than TTX, have lsed for the study of the behavior of the neurons.
In literature we could find groups that are invgating ways to block the synaptic transmission that
happen among neurons (3) (9).

They tried to block synaptically-evoked action putals with fast synaptic receptor antagonistsolm
case, we applied concentrations of 50 pM bicucellimethiodide (BMI), 100 pM 2-amino-5-

39



phosphonovaleric acid (APV), and 10 uM 6-cyano<{ragjuinoxaline-2, 3-dione (CNQX) (from Sigma)
dissolved in culture medium, as mentioned in (9)ede are antagonists of GABA-R, NMDA-R and
AMPA-R, respectively.

The particular composition mentioned, has an inbilgi effect on synaptic channels, so that the
communication between the neurons is prevented. ddmsequence is that only self firing neuron
activity, while network effects such as bursts ctatgly disappear(60).

3.4.4 PROTOCOL DURING CHEMICAL EXPERIMENTS

The protocol used while injecting the chemical sabses mentioned was defined as follows:

As a control condition, the spiking activity wasoeded for 5-10 minutes (depending on the sample
frequency used) before adding the substance.

Next, cell culture medium in one of the compartm&as completely removed by pipetting and replaced
with an equivalent volume of the chemical solutidrhe effect of the substance was recorded, so
recording spontaneous activity of the device foniButes. After the experiment, the chemical compgbun
was completely removed from the compartment andhe@s3x times with with freshly prepared
neurobasal medium. As it has been demonstratesiptioicedure helps the cells to recover the original
spiking activity (1). Five minutes recording wasfpemed in these conditions.

Chemical compounds have been also used to protarceharacteristics of the electrical stimulation.

3.5 SOFTWARE FOR DATA ANALYSIS

3.5.1 MCS SOFTWARE

The software used for the recordings, MC_Rack wversd.4.0 is supplied by MultiChannel Systems,

Reutlingen - Germany. The software provided us wittomplete environment ready to record the signal
coming from the MEA hardware. In the Figure 17,ca@ see a typical screenshot of the software Wlith a

the analysis instruments it provides.

40



MC_Rack - recordingROCCO_1

File Edit Measurement View ‘Window Help

= N

|;”E‘ vike Sorter 1 i el
@ £5.000 sec Sebsis Bj ms j an 20 7 PeskDetection I Reverse Display

recordingROCCO_1:Rack:

[ Recorder
Rack | Channels Recorder | window |
=5 Fiter 1 [ Savetn | 85t sweep ﬁY—Axis =100 (W p| 000 |——~] 1000
= [ Display 1 File: [T_DV14_Fmes12534_H3_lorza_Shmed
3 Spike Sorte - IU I‘ - ‘U ‘| el ‘U I‘ g IU Al el o ‘| al IU I‘ 1 IU ‘| 1 ‘U I\
= WR Analyzer 1 &l lﬁ [ E 71
" I iy 2 Paths [D2010%nc06' <l
d Woimno = W
Display 3 2 m |_ |_
- Fiee Disk Space| [~ File Size Linit- - — — - EZ — -
s O [ E e, iy \ W o W
Tiiggered Fiecorder- A
= Create Hew Fi n ,—;J E 23 E 42 53 62 73 s
Create Mew File On Trigge I A, i
£ | & e gt I E| 10
&3 74 £}
fusan, 2
1
[75 Ed

£5.000 sec Lawis | 'zﬁudd'ms _] 00 |——F— 10000 ¥ PeakDetection |~ Reverse Display

ESth swesp :jJ-‘Y-Am' tEI'J_»]juV _»J B0 | —— 4] 500 Showlmege

= = £ 2
o 500 o 500 0 500 o 500 o 500 0 500 ] 500 o 500 J
L I I I I ! ! ! I ! ! I & eT = T
Bl g g g 1 i
g
E
B 2z 52 2 B H 7z B2 & & B
1
I I
13 23 33 43 63 [e3 |7; 83
21 31 41 &1 &1 71
3626 3358 72 2009 3188 3356
51
@ 24 24 44 54 = 74 & 12 22 32 42 52 62 vz a2
3583 4040 3005 3363 3422 3456 3063 6092
& 13 23 33 43 53 63 73 a3
G = = = 3 = 3501 3958 3572 4031 3924 3463 7593 5908
o . 14 24 34 a4 54 54 74 84
5 3860 3470 3703 4163 3417 4108 9157 5831
B &, & 46 i e & e 15 25 ES 45 55 &5 7 o
i J" gz 3710 4540 1756 3179 4303 0543 23400
16 25 35 46 56 66 7 a6
2 i TJ Ea . 3326 3701 2290 2593 1675 2202 3313 3070
L i 17 27 37 a7 &7 E7 7 87
3597 3340 2136 3027 B809 2288 2763 44.10
48 & G 72
- 23 38 48
rw 18505 W36 247
For Help, press F1 @ Display: 28%lag

Figure 17: MCRack screenshot of an active cultwlectrodes 28 and 85 are considered to be noisy

In the upper-left part we see the management cevttere it is possible to set all the details altbet
recording. New analysis tool can be also creatdddititate the acquisition and analysis of thensig. In

the upper-right part we can see a real-time spikiesable to recognize the different spikes pattdrthe
neurons while a recording is executed. This windewased on the work previously done in the same
project(1).In the bottom-left part filtered (Higlags Butterworth 2nd order filter with a cuttingduency

of 200Hz) recording signals are shown in a matagdal on the position of the electrode in the rangrd
matrix. Finally in the bottom-right we find a magnvith a measure of the maximum peak to peak values
per second per electrode. It was useful to determinalytically the activity power in an electrode.

To provide electrical stimulations to the device® wsed another software provided by MCS
MC_Stimulus 2.1.4 for STG 2008. It allowed us td aestimulation pattern for the signal, choosing
among the multiple possibilities of signal shapel aluration. The stimulation protocol used in our
experiments has been explained in the paragrap\&8&reenshot of the stimulation software is shawn
Figure 15.
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Figure 18: MCStimulus screenshot

MEA_Select 1.2.1by MCSwas used to set the type of stimulation (unipolabipolar) and the position
of the stimulated electrodes. Moreover it is pdsstb choose which of the electrodes provided kg th
MEA is logically connected to ground, so plays agreund during the stimulation. Figure 19 shows a
screenshot of the software.
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Figure 19: A MEA_Select screenshot
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3.5.2 SPYCODE

In order to be able to analyze the data coming k@) Rack software, we used the software SpyCode,
an evolution of SpikeManager described in (53),clvhincludes several tools developed in MatLab (The
Mathworks, Natick, MA) for the analysis of electhysiological data.

The first step in our analysis has been the coiers the .mcd files (MC_Rack format) into .mdes.
A recording of the timestamp of the stimulationgevalso stored.

A filter was then applied to the raw signal and;cading to the literature (61), we apply a bandspas
Butterworth filter (200-3000Hz) in order to rejeadt the sources of low-frequency noise (i.e. 5060
noise and the local field potentials).

The third step regards the detection system ofetlents. We used an algorithm called Precise Timing
Spike Detection (62). The PTSD algorithm considengsecutive portions of the signal and looks fer th
Relative Maximum/Minimum (RMM) whose peak-to-peak@itude is above a defined differential
threshold. The threshold, set independently forheeatannel, is computed according to the standard
deviation of the noise of the signal. The algoritrequires three parameters: the threshold (defiryed
standard deviation coefficient), the peak life tiperiod (PLP), the refractory period (RP). The Ritfel

the RP are related to the duration of a spike Aedhinimum interval between two consecutive events.
The algorithm computes the RMM of the raw data aigWWhen the RMM is a Minimum, the algorithm
looks for the nearest Maximum within the PLP, antewersa. If the difference between the two found
RMM (differential value) overcomes the set threshahe spike is identified and its timestamp stored

The parameters we used for the PTSD were:

Standard deviation coefficient: 8
Peak life time period: 1.0 ms
Refractory period: 1.0 ms

Maximum stimulation frequency: 50 Hz

Once obtained the time stamps of the spikes, fuethalysis can be done.

A useful tool to analyze the spontaneous activita alevice is a Raster Plot. It shows a serieafr
where each of them represents the activity of deetre@de. A general view of a Raster Plot givesitiea
of what is the general trend of the activity in gvelectrode. In Figure 20, a Raster Plot of aipaldrly

active device is shown.
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Figure 20: Raster Plot of an active device; y-andpresents the number of the electrode (Device #:
41 _12549_24: Spontaneous activity)

Another analysis of spontaneous activity is the rage Firing Rate (AFR) parameter that counts the
number of spikes per electrode in the whole recgrdind divides this number for the number of sesond
the recording lasts. It is measured in spikes peoisd.

We developed a script that is able to provide tR&RAer compartment for every experiment and toiplot
together into a graph, showing the change of dgtief the two different compartments. Moreover it
counts the number of active electrodes in the oellta parameter useful to determine the gradeatfad)l
activity of the device. We characterized every dewvith the Number of Active Electrodes (NAE), dise
on the number of electrodes exhibiting an Averaig@drRate of at least 0.2 spikes per second, adcgr
to literature (7).

To study the response of the neurons to stimulatierused, the Post-Stimulus Time Histogram (PSTH)
(63) in the SpyCode toolset that allows investiggtihe mean response of a network to stimulatidve. T
PSTH expresses the probability of firing as a fiomctof time after a stimulus. To construct a PSTH
response plot, the culture is repeatedly stimulatée delay of spikes occurring within a given wind
after stimulation is gathered and combined forstifhulations. The histogram of observed delay$és t
PSTH and expresses the mean response over aka@gimulations. We use a window size of 50 up to
400ms, and a resolution of 1ms in the construatiotine histogram. We use the mean area of the PSTH,
averaged over all active channels, as a single uneds quantify the response to stimulation. InuiFég

46 the PSTH obtained from signals recorded fronthadl array electrodes, is shown. Samples from the
responding microelectrodes and occurring in theip® 400 ms-window after the stimulus were used to
compute the PSTHSs. The histograms are arrangedaov@x8 grid (the MEA layout).
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4 EXPERIMENTS

Manipulation of dissociated cell culture by botlkattical and chemical means is reported in thiS@ec
We have combined electrical stimulation with cheahiceuro-modulators to influence the response of
network activity. In the following section, manypasts of manipulation of network activity by extarn
agents are reported.

4.1 CHEMICAL EXPERIMENTS

Chemical experiments relates to the experiments syecial chemical compounds known for their effect
on neural cells in culture. For details about thegecific chemical compounds and about the protocol
we’ve used, please refer to paragraph 3.4.

Acetylcholine experiments were initially done taghthe effect of such a chemical compound on sub-
cortical / thalamic and cortical cells.

Other well-known compounds were used to alter tttevity of the cells. As the effect of TTX on rat
neural cells is well known to be inhibitor of span€ous activity (see paragraph 2.3.2), we've done
experiments on our devices taking advantage opdantcular dual-compartmented structure.

As third, we studied the effect of a chemical solutof multiple chemical synaptic communication
blockers, able to prevent communication betweenmareubut still keeping the genuine own activity, as
documented in (9).

4.1.1 INTERCOMPARTMENTAL CHEMICAL ISOLATION

In order to use chemical substances selectivebniy one compartment of the dual compartment PDMS
device, chemical isolation between compartments toade proved. Application of TTX in one
compartment and the selective manipulation of cglthin the compartments has been reported earlier
(). In the article, due to the small size of thienmchannels and the passage of the neuritis tjtrole
micro-channels, it is believed that it would talkeral hours before the compound can pass thrdwgh t
micro-channels.

However, during the course of this project moreailiel experiments have been done to demonstrate
inter-compartmental chemical isolation.

Using a spectrophotometer, the presence of theotedin TTX in neural medium or in water was
analyzed. In Figure 22 a spectrophotometer graphDefionized (DI) water is presented. A
spectrophotometer graph of a solution of TTX abacentration of 100 nM in distilled water is shoimn
Figure 23. The two graphs show negligible changbémspectral response.
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Figure 22: Spectrophotometer of DI water.
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Figure 23: Spectrophotometer of DI water with a cemntration of 100nM of TTX

The same measurement was done with neurobasal medid neurobasal medium added with TTX at a
concentration of 100nM. The two resulting graph&igure 24 and Figure 25 again show that is viguall
difficult to detect the presence of TTX, probabgchuse of the very little concentration of TTX.
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Figure 24: Spectrophotometer of neural medium

Figure 25: Spectrophotometer of neural medium vatboncentration of 100nM of TTX

Giving the negligible difference between the grapdsletection of low concentrations of TTX in the
neurobasal medium wouldn’t be visually possible.

Hence, a different compound was used to checkefetrany mixing of compounds due to diffusion
between the two compartments can be detected. ddolmring material that has a strong blue colorati
was analyzed with a spectrophotometer; The graphagn in Figure 26.
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Figure26: Spectrophotometer of the blue food additive

Evident peaks are distinguishable in the graplinefsblution. Due to this, can be usewith DI water to
verify the level ofdiffusion through the mici-channels. The DI water was addedne compartment ar
a blue food coloring compourid the othe compartment in theame quantity. It is visually possible
see the shape of the compartment where the blueddditive,as shown in Figure 27.

Figure 27 PDMS full with blue food additive in one comparemt and water in the oth

After 15 minutes, DI water as remove from the device and analyzed ittime spectrophotometeThe
food coloringsubstance wasn’t detecte diffuse intothe other compartment, as showrFigure 28.
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Figure 28: Spectrophotometer of® after 15 minutes in compartment A in a PDMS where
compartment B contained a blue food additive, gadBtectable by the spectrophotometer

Moreover, an exposition of 24 hours with the samefiguration was done. The result is shown in Fégur
29.

Figure 29: Spectrophotometer ob® after 24 hours in compartment A in a PDMS whdre tompartment
B contained a blue food additive.

As a further proof the same experiment was donle witter and neurobasal medium. DI water was added
in one compartment while neurobasal medium wasdrpthe adjacent compartment. After 8 minutes of
exposure, the entire DI water was analyzed. Thdtieg graph is shown in Figure 30.
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Figure 30: Spectrophotometer of® after 8 minutes in compartment A in a PDMS whtre
compartment B contained a neural medium

Another experiment was done by adding neurobasaliume in compartment B while leaving the

compartment A empty for 15 minutes. In this mantiee, fluid is supposed to cross the micro-channels
due to the principle of communicating vessels dredliig difference in height of volumes between the
two compartments. To collect all the fluid that htidhave crossed the micro-channels, DI water was

added in the empty compartment A. Removing allwager after 15 minutes, it was analyzed. Result in
Figure 31.

Figure 31: Spectrophotometer of H20 after 15 misutecompartment A in a PDMS where the compartnm@rbntained a
neural medium. The neural medium was left beforenliButes in compartment B with an empty compartm&nt
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In one occasion an analysis with a leaking devies @one (the PDMS didn’'t adhere perfectly to the
MEA glass) and the presence of neurobasal mediuheinther compartment with DI water was detected
after 5 minutes of exposure. The graph is showfignre 32.

Figure 32: Spectrophotometer of® after 5 minutes in compartment A in a leaking P®Mhere the
compartment B contained a neural medium

Based on these experiments, it was estimated tlek tmight be no diffusion between the two
compartments for the typical time of exposure efshbstances during our normal recording procedure.

Other approaches are also possible to detect #mepce of TTX. The mouse bioassay has historically
been the most universally applied tool in monitoyggams. However, it is mostly used for other kafd
studies, like detection of the toxicity in marinaters.

Recently also another method has been presentetthebyise of HPCL (64), however having TTX
dissolved in other substances i.e. neurobasal medius difficult to know which peak is the ondated
to TTX.

A suggested approach useful to determine the caratim of substances in water after the exposure t
the experiment with PDMS, would be the study of Hpectrometer graphs of the same substance at
different concentrations in DI water. Detectingfeliént scales of concentrations from 1 to 1/10/@0Q

of the same substance in water would highlight vilhratsensibility of the instrument we have is. Tayat

to the diffusion of TTX, it would eventually be rdssl to be adapted with a coefficient of diffusidn o
TTX in water. We believe that a study in this direc may give good results.

4.1.2 ACETYLCHOLINE EXPERIMENTS

A mixture of acetylcholine and neural medium wasduto make a comparison on the effect on cortical
cells in respect to sub-cortical / thalamic celtge prepared a culture of neural cells and plathesint
together in two different configurations: corticadrtical devices (Cx-Cx) and cortical-
subcortical/thalamic devices (Cx-Th).
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Devices were monitored during different days-iravi{DIV) and when we observed mature network
behavior in a device with consistent number ofvacglectrodes, chemical neuromodulation experiments
were performed.

First we recorded spontaneous activity for 10 n@awdt a frequency of 10 kHz. Then, the cell culture
medium from compartment B was removed and replageticetylcholine. The spontaneous activity was
recorded again, in order to see the changes inonktactivity. In the next step, Acetylcholine (Ackas
removed from the compartment B and the compartmestrinsed 3x times with cell culture medium and
the original cell culture medium was added backhi® culture. The spontaneous network activity was
recorded again for 10 minutes. Between the diffepdrases of the experiment, we allowed at least 10
minutes of wait-time for the cells to adapt to tiev conditions.

We have conducted our experiments on 4 Cx-Th dedoe 3 Cx-Cx devices. Mean firing rate (MFR) of

the spiking activity of the 7 devices are listeddble 2.

Table 2: Results of Acetylcholine experiments onThxand Cx-Cx devices. DIV=Day In Vitro; MFR=Mearnrihg Rate;
comp A/B=compartment A/B; NAE=Number of Active Eteades (>0.2 spikes/second).

03 SA

0.18 (106%

0 (0%)

Device | DIV | Protocol phase | General MFR | MFR comp A | MFR comp B | NAE
01 SA 172 (100%) 1.94 (100%) 15 (100%) 58
(C?f‘%h) 23 | 02 30uM of Ach 0.55(329%) 0.35(18%) 0.75 (50%) 23
03 SA 091 (53%] 091 (47%)| 092 (61%) 31
01 SA 432 (100%] 5.64 (100%) 3.1 (100%)] 47
(éif’fﬁ) 24 | 02 20uM of Ach 176 (41%)  2.47 (44%)| 1.1 (35%) 34
03 SA 1.8 (42%)  3.02 (54%)| 0.89 (29%)| 35
01 SA 1.62 (100%) 1.16 (100%) 2.05 (100%) 30
((':1)(3}?]) 24 |0220uMof Ach|  1.83(113%) 1.23(106%) 2.39 (117%) 29
03 SA 3.43 (212%) 1.84 (159%) 4.9 (239%)| 31
01 SA 0.69 (100%| 0.48 (100%) 0.87 (100%) 22
((1:}(1?% 35 |02 20uM of Ach 0.8 (116%) 0.34 (71%)| 1.22 (140%) 16
03 SA 0.55(80%)]  0.46 (96%)|  0.64 (74%)| 7
- — —— —— |
01 SA 5.85(100%) 5.61 (100%) 6.07 (100%) 58
(éffg)‘(‘) 24 | 02 20uM of Ach 3.99 (68%) 5.22 (93%) 2.88 (47%)| 57
03 SA 231(39%] 3.31(59%)| 1.42(23%)| 57
01 SA 1.66 (100%) 1.23 (100%) 2.04 (100%) 57
(éffgf) 29 | 02 20uM Ach 222 (134%) 0.97 (79%)| 3.35 (164%) 51
03 SA 1.38(83%]  0.22 (18%) 2.42 (119%) 38
01 SA 0.17 (100%] 0.05 (100%) 0.28 (100%)| 19
(Ci?gx) 29 | 02 20uM of Ach 0.13 (76%)  0.02 (40%)  0.23 (82%)

0.35 (125%)

The analyses are made on MFR and on NAE (NumbActi¥e Electrodes).
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Since every device has a different spiking actigitythe beginning of the experiment, we took thain
averaged number of spikes per second (MFR) as 1088 MFR of the next recording are based on that
number.

Regarding the number of active electrodes (NAEctebdes with more than 0.2 spikes / second were
considered as active as explained in paragraph 3.5.

Considering the experiments on Cx-Cx and on Cx-Eniaks separately (as in Table 2), network
response due to Acetylcholine is not conclusive fumther study on the influence of Acetylcholine at
different concentration is necessary. As in FigtBethe effect due to Acetylcholine is not conalesi
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Figure 33: MFR of Cx-Th devices before-during-aftee application of Acetylcholine

And analyzing the behavior of the compartment BiaJas shown in Figure 34, the response of cells to
Ach is not repeatable under different conditiorsied.
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Figure 34: MFR of only compartment B of Cx-Th deescbefore-during-after the application of Acetyltihe

The devices show different behavior during thedtiga of Acetylcholine and after removing them out.
As observed in Figure 35 and Figure 36, 2 devibesvsan increase in the average network activityn wit
the presence of Acetylcholine, while the other desi2 show a loss in activity. Moreover the ones th
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show a decrease of the activity keep the MFR rgughlthe same level, while the ones that show an
increase in activity in the first stage have twifedent behaviors (one becomes more than the dautie
one reaches the half) in the second stage.

Comparing the results with Cx-Cx devices we also'tdeee a clear distinction. In Figure 35, it i®im
that the activity of the two compartments averagddle in Figure 36 we show again only the actiofy
compartment B, the one where injected with Acetglicte.
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Figure 35: MFR of Cx-Cx devices before-during-aftee application of Acetylcholine
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Figure 36: MFR of only compartment B of Cx-Th deescbefore-during-after the application of Acetyltihe

Also in this case it is not clear what the effefcthe chemical compound on the cells is.

4.1.3 SYNAPTIC BLOCKER EXPERIMENTS

The compound that we called Synaptic Blocker (saagraph 3.4.3) was used in one compartment at a
time to observe the behavior of single cells withoetwork communication. As documented in (9), the
effect of synaptic blocker on cortical cells waselved to be a block of the synaptic communication,
while keeping the pure activity of the individuahgemaker cells. The effect of synaptic blocker on
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thalamic cells was not available in the literatarel our experiments in this section were desigoed t
understand the influence of this compound on thecgutical / thalamic cells.

4.1.3.1 INFLUENCE OF SYNAPTIC BLOCKER ON SUBCORTICAL/THALANC CELLS

The compound that we called Synaptic Blocker (se@agraph 3.4.3) was tested first in sub-cortical /
thalamic cells to observe its efficacy. Since wevedd that bursts are originated in cortical network
during our TTX experiments, the goal of the experis was to observe the effect of the blockagéef t
synaptic communication between sub-cortical / timédacells in order to better observe the pure thada
spiking activity.

In an experiment with dual-compartment device doirig cortical cells in compartment A and sub-
cortical / thalamic cells in compartment B, synaitiockers were injected into compartment B and the
change in network activity before and during thieation of synaptic blocker was analyzed as in Fégu
38 and 39.

Figure 37: graph of the AFR of the device beform&gtic Blocker (Device #: 46_14596_15: SA beforenBlo)

Figure 38: graph of the AFR of the device duringh8ptic Blocker (Device #: 46_14596_15: SA duringh8yo)
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The average AFR for compartment B with sub-cortibalamic cells in the first case (before the itiat

of synaptic blocker in compartment B) was 1.59 eglkecond, while in the second case (with synaptic
blocker in compartment B) it was 2.58 spikes/secofitus, the effect of synaptic blocker on sub-
cortical/thalamic cells was not observed visually.

4.1.3.2 APPLICATION TO CORTICAL CELLS

The application of Synaptic Blocker to cortical Isehas been studied to be antagonists of GABA-R,
NMDA-R and AMPA-R channels on cell membrane. Apptyisynaptic blocker with cortical cells in
both compartment A and B, the average firing rateR) of the network activity in the compartment lwit
synaptic blocker has considerably changed, as shoWwigure 39 and Figure 40.

Figure 39: Average firing rate (AFR) of spontane@cgivity in both the compartments in absence of
synaptic blocker (device #46_11377_DIV24)

Figure 40: Average firing rate (AFR) of spontane@givity in both the compartments with synaptic
blocker in compartment B (device #46_11377_DIV24)

As in Figure 41, the network activity in compartrhéh considerably decreased, while the activity in
compartment A is retained. This further confirme thuidic isolation between the compartments.
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4.2 ELECTRICAL EXPERIMENTS

Electrical stimulation is a well known procedurdeatp manipulate neuronal activity. Many experingent
have been done to set up the parameters for effeetectrical stimulation (3). It has also beenvamo
that, depending on the strength of the signal amatber parameters, electrical stimulation is able
evoke responses in neurons (7).

With the objective to observe the spread / inflgen€ electrical stimulation in the array of eleckes
when providing an electrode with electrical biplasignal to use all the full potentiality of theadu
compartmental devices, several experiments with loipolar and bipolar electrical stimulations were
performed.

In Figure 41, electrode 85 (represented by ‘Xcompartment B was stimulated with a unipolar test
stimulus of amplitude 760mV. As shown, the evokedponses can be observed across both the
compartments mainly due to the current spreadingsacdhe ionic culture medium.

The problem was highlighted when a common PSTHamsg, as the one in Figure 41, was given from
the electrodes of both compartment was discovereel if a physical barrier existed between the two
compartments (as our PDMS).

Figure 41: PSTH analysis of Unipolar electricalnstilation on a device on DIV 25 (Device #: 46_14589: Unipolar
stimulation of electrode 85 (e85) (neurolid2))

Hence, considerable efforts were made in undersignthe propagation of current in the two
compartments in order to better develop a focusetukation of cells in a compartment. Also, the tbes
configuration to stimulate cells locally was studlibased on our analysis of the stimulation artifact
spreading within the compartments.

4.2.1 PROPAGATION EXPERIMENTS

A problem, which has troubled electro-physiologisimce early stimulation experiments, is the
introduction of stimulation artifacts that obscuamey neural activity near the stimulation site feng or
hundreds of milliseconds (65). The stored eledtratzarge, which ultimately generates the artifact,
introduces problems for long-term stimulation poatis, as it could cause ion migration or in general
saturation of recording system.
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Whenever an electrical stimulation is provided thagtifacts affect the recordings. Research grbaps
proposed different solutions for the eliminationtibé artifacts problem. In (66) an ad-hoc persaedli
circuit has been built to eliminate the residuargje of the electrodes using specific hardwarelewhi
(61) an algorithm has been developed to elimingttaets post recording during analysis phase. Mdst
the research groups that have worked with eletstoaulations of neural cells on MEAs use a blagki
time immediately after the stimulation is given.

Observing the amplitude of the artifacts recordedhie culture, a difference in the amplitude of the
artifacts was noticed while using different stimida methods. The same artifacts can be used as
indicators of the current spreading while stimuigfito reach a better electrical configuration.

Originally the idea was to remove all the artifastshout the use of a big blanking time that would
obscure the immediate response of the cells. Tihergs suggested that it is not important the ceatepl
elimination of the artifacts because not all thereot that travels in the medium is able to elwit
response. Nevertheless a stimulation focused imadler area would improve all the experiments.

A biphasic squared wave at 1.5 V peak to peak vgad to stimulate at different electrodes positians
device with only neural basal medium (no cells)e Btimulation lasted always 260 us per peak, so 520
ps in total. During the stimulation the recordingsre stopped in order to prevent saturation of the
electrodes attached to the recording system. The élapsed since the moment the recording stojis unt
the stimulation is called pre-blanking time, whilee time between the stimulation and the beginihg
the recording is called (post-stimulus blanking €)mlf not specifically specified, the post-stimsilu
blanking time used was 1@3 and the electrode 15 was used as internal grdueldetrode. When the
neural basal medium was present in the dual comeatal PDMS, 2 external grounded electrodes
(neurolid2) were connected, each one connectechéood the reservoirs of each compartment in the
device. In the last experiments a configuration wigsl with 4 external grounded electrodes (neddli
connected with the fluid through the 4 reservoirs.

The stimulation phase of the experiments was rexbfdr 300 seconds with stimulation provided during
250 seconds.

To calculate the amplitudes of the artifacts in different positions of the matrix, the averagettod
artifacts amplitudes in 3 different moments of teeording was taken: the first stimulation, the one
generated immediately after 150 second and thetesbf the recording (250 seconds after the dins).

Extracted a noise threshold in the experiment iéétrg it in the part of the recording without
stimulation), every amplitude below that threshelds considered as noise, so was considered of
amplitude “0". The letter “G” means that the pantar electrode was logically connected to ground,
while the letter “X” was the stimulated electrodd.the values shown are in pV.

4.2.1.1 STIMULATION WITHOUT FLUID

Due to the uncertainty regarding the origin of éiniifacts, a first check was done to assure theastistem

in use was free of any electrical issue (i.e. éleatcoupling). The goal was to show that thefacts are
generated because of current propagation into #dium, instead of any other hardware problem in the
recording system.

At first, stimulation was done in an empty MEA dawi(without PDMS and fluid). The results of this
stimulation are shown in Table 3.
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Table 3: Amplitudes of the artifacts in a dry ME#timulation in electrode 85 [values V]

1 2 3 4 5 6 7 8

1 4 4 4 4 4 4 1000 pv
2 4 4 4 4 4

3 4 4 4 4 4

4 4 4 4 4 4

5 4 4 4 4

6 4 4 4 4 4

7 4 4 4l 6 4 L lOpv

8 4 4 4 4 4

The same experiment was then repeated with a PDaiBalput on the MEA (results not shown, as they
were roughly the same).

In both cases the noise level was between -120jeM+&iR0uV.

In a dry MEA where the electrodes are posed inagsgmaterial supposedly no conductive, the visible
artifacts in the experiment with the dry MEA aretjuear the stimulated electrode.

It is observable that the stimulation affects tkanest electrodes. We then can conclude that:

1. There are no electrical issues in the recordindesysso that all the artifacts we see in the
recording comes from the electrical stimulation

2. The artifacts detected depend on the positionettimulation on the Matrix

4.2.1.2 STIMULATIONS WITH MEDIUM AND UNIPOLAR STIMULI

We experienced the artifacts to change amplitudieshiape, depending on the type and amplitude of the
stimulation. Based on this, we were able to ingasé what is the optimal configuration for stimidat
of the devices with the neural basal medium thatiges a strong electrical conductivity.

Injecting the fluid in a dual compartmental MEA é®vand connecting it to a ground such as thenater
reference electrode or external grounded electrothes noise level decreases evidently, reaching a
threshold of -8uV and + 8uV.

Experiments have been done attempting to recrdse“dround surface” theoretical configuration
mentioned in (54). In order to understand the rolethe grounds around the stimulation in dual
compartmental devices, we changed the positioseofirounds logically connected to the electrodes i
the device.

MEAs are normally thought to be used with a Ringttbontains the whole neural basal medium (Ring
MEA). They normally provide a big reference eled&gahe fluid is connected to. In the configuration
used in our experiments, the dual compartmental B2Mvice covers the big reference electrode, in a
way that the medium cannot be physically connettidtie ground. Due to thisgurolidswere used, that
are able to create a connection between the flhudlize ground of the system.
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In order to have a reference, an experiment wae dath the basic configuration where the stimulati®
provided by the electrode 85, while the groundsewsovided by the 2 external electrodes presetiian
neurolid2 and the big reference electrode (eleetrdds). The averaged results are shown in Table 4.

Table 4: Averaged amplitudes of the artifacts imbdoompartmental MEA with unipolar stimulation ib 8

and ground in el15 and neurolid2 [valuespiN]

1 2 3 4 5 6 7 8

~NOoO Ok, WN P

1000 pv

Opv

The results in Table 4 suggest that there is nterdifice in the current spreading between the 2
compartments. In Figure 42 the history of the actifamplitudes is shown: per each electrode, the
maximum amplitude is taken every 5 seconds, inyathat every artifact is taken only once per time.

Figure 42: Artifacts history during stimulation efectrode 85 and ground in electrode 15 and nedg9li

electrode 74 is noisy [Values: x-axis 0-300 secqndaxis 10001 V]

A sort of division is visible in the behaviors betn the upper and the bottom parts of the devibe. T
superior part is mostly increasing the amplitudemwthe stimulation is given for 5 minutes, whiletle

bottom part opposite to that is decreasing.
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Taking inspiration from (54) and with the idea etreating a grounded surface, one and subsequently
two lines of electrodes next to the stimulation €lam electrode 85 were logically connected to gtbun
The grounded electrodes in the first case are nuther4, 75, 76, 84 and 86 in presence of newtolid

the second case electrodes 63, 64, 65, 66, 67,7/83, 87 were added as grounds. The averageltisresu
are shown in Table 5.

Table 5: Averaged amplitude of the artifacts in Hoampartmental MEA with stimulation in e85 with melid2 and ground
in e15 [values iruV]; A_ grounds logically put in 74,75,76,84,86; B_ognds logically put in 63-67,73-77,83-84,86-87.

— 1000 pV

+ -

Opv

00N O Ul WN P
0o ~NOoO b~ WDN PP
T
(o]

+
T

++ +4

Further, a trial was made by putting the whole stated compartment to ground and even a column in
the other side of the channels in order to beielate the stimulation to one compartment. Resrks
shown in Table 6.

Table 6:Averaged amplitude of the artifacts in doampartmental MEA with stimulation in 85, neura2icnd ground in el5
[values inuV]; A_ grounds logically in the whole compartment B; grounds logically in the whole B and in column 4

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 +4 + 1 46 ...
2 +4 +l4 +4+ 6 2 ! © [ — 1000 pv
3 +4! 3 16 4
4 6 +4 - 4 4 16 |
5 ! 6! +! , 5 - 1 ,
6 I+ | - 6 14 1+4 44
7 I+ - ! 1 7 I ! -
8 4 1+ 4! 8 I+ 14 R InY;

A comparison between all these configurations iseasary. A direct comparison was made by the
differences between the averaged amplitudes ofattilacts taking all the experiments done with the
same stimulation and by changing only the numbgrodinded lines.

A difference between the values of two tables peetwas done. Starting from the first case, onf th
comparison with the best case is done.

The first comparison is made between Table 4 atdeTzA.
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Table 7: Difference in the artifacts amplitude beem Table 5A and Table 4 [values|itV]

~No ok 0N PP

8

1 2 3 4 5 6 7 8
- ‘1 4 '+6 '6 Bl 6+
‘64 ' ' 6 - 6 '6
‘6 14 '6 - IO
6+ ‘4 '+ '6 ,
'6- + '6 4
‘4 + '+ | | ‘4
. 6

Negative values mean that the experiment in TaBlés5ejorative than the one in Table 4. As it&se
to see, there is no improvement putting only one &f grounds to the electrodes near the stimulated

Then the difference between Table 5B and Table$shown in Table 8, while Table 9 represents the
differences between case Table 5A and Table 4.

Table 8: Difference in the artifacts amplitude beem Table 5B and Table 5A [values in pV]

00 ~NO Ol WDN P

1 2 3 4 5 6 7 8

I I 14- I

I+ ! 14 14 14 | +

14+ ! 14- 1

I 14 14
I- 66 ,

14 14

- ++ | 6

- ' + 4

Table 9: Difference in the artifacts amplitude bebm Table 5B and Table 4 [values in pV]

00 NO Ol WDN P

1 2 3 4 5 6 7 8
+6 + + +
' 6 6
I+ +- +
! + +
6 - ,
I+ 6! - '
6 +6
'6 ! ' 4 6

From these three analyses it is possible to uratetsthe order of improvement (from the worst to the
best): Table 5A, Table 4, Table 5B. That is avelsatreie even though the values in Table 9 are small
That means that it is better to have two linesrotigds, while only one is not enough. Strangely lome

of grounds is pejorative than a configuration withany electrode connected logically to ground.

Continuing, in Table 10 and Table 11 comparisomsmade between the values of Table 6A-Table 5B

and Table 6B -Table 6A, respectively.
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Table 10: Difference in the artifacts amplitude ween Table 6A-Table 5B [values in pV]

1 2 3 4
1 I 16 I+
2 ! 14 16 I+
3 N [
4 1 I 14- -
5 +
6 + 4 .
7 + 6! - -
8 6- 46
Table 11: Difference in the artifacts amplitude ween Table 6B-Table 6A [values in pV]
I + - 6
+ 6
! 46 4 6
+ |
+| 6 46 I
- +
-+ 6
6 -

Finally, an order in the improvements is possilfiten the worst to the best configuration): Table, 5A
Table 4, Table 5B, Table 6A, Table 6B. The besedasthe one shown in Table 6B, with the whole
compartment B and column 4 grounded.

Going further in the investigation of the role bétgrounds, a stimulation of the device was dorngnou

off all the internal and external grounds. The lesas that the artifacts were much bigger than the
previous experiments and even the noise level &ser reaching the amplitude of 150 pV (normallg it
around 16 pV).

To further show the importance of the internal axternal grounds, a test was done without the 2
external grounds in the dual compartmental devind, with the whole compartment B connected
logically to ground so that the big grounded areala provide the same function as the external mglou
Results are shown in Table 12.

Table 12: Averaged amplitude of the artifacts ilmtloaompartmental MEA with stimulation in 85, withbu
neurolid2 and ground in €15 and in the whole compant B [values in pV]

1 2 3 4 5 6 7 8

— 1000+ pV

Opv

00 NO Ol WDN P
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The case shown in Table 12 is pejorative than treeproposed in Table 6A. Some of the electrodes in
Table 12 show amplitudes even higher than 1000 Thé effect of this stimulation on electrode 33 is
shown in Figure 43. It is possible to see thatcterge in the electrode is strong that saturates.

Figure 43: Saturation effect on electrode 33 durstignulation in electrode 85 without external graiyn
[values: x-axis in ms, y-values in pV]

Therefore the external grounds improve the conéton.

With the goal of obtaining electrical isolation Wween the two compartments, grounds were connected
logically to the columns 4 and 5 of the MEA devitea way that the current passing through the anicr
channels can discharge its power into these grotihdsesults of this experiment are shown in TaBle

Table 13: Averaged amplitude of the artifacts imtlobompartmental MEA with stimulation in 85, putgin
column 4 and 5 to ground [values in pV]

1 2 3 4 5

1 — 1000 pV
2

3

4

5

6 +-! 2 +

7 +! +4-  ++ +! - 4+ L 10uv

8 4 +4 +6  +4

Unfortunately this experiment proves that theditslurface of the electrodes in column 4 and 5 ate n
enough to discharge completely the current spregaidirihe liquid. This means that it is not possitde
obtain electrical isolation with this configuration

Electrical isolation should be reached then in oways.
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4.2.1.3 BIPOLAR STIMULI

In the following experiments we tried a bipolamatiation in order to see if the stimulation is more
focused compared to a unipolar one as it is doctedeim literature (54). So, we applied the bipolar
configuration to our system and analyzed the result

The first recording was made using a bipolar statiah between two electrodes far from the micro-
channels (from electrode 84 to electrode 85), catimg the ground with electrode 15 (covered by the
PDMS) and putting two external grounds in contaith\the liquid in the 2 reservoirs in the bottonrtpa
of the PDMS. This is the default configuration @xperiments started from. The results of 5 minofes
stimulation without cells are shown in Table 14.

Table 14: Averaged amplitude of the artifacts imboompartmental MEA with bipolar stimulation fro&b to 84 and 2
external grounds at the bottom of the device [valuepV]; letters “a” and “b” are now the stimulatelectrodes.

1 2 3 4 5 6 7 8

1 - - 6! — 1000 pv
2 ! +! 46 I+

3 ! ! L+ +- 6!

4 I- + +! +4

5 : I- Il 16 16  +

6 16 16 6+ - 46 4

7 ! 16 16 - I- 16- + L 10pv

8 16 | | + +1 -+

The stimulation is more concentrated near the $sited area (i.e. electrode 74 compared to 14).

In Table 15A and in Table 15B the measurement métleunipolar configuration stimulating the same
electrodes and a comparison between the unipothbigolar are reported.

Table 15:

A_ Averaged amplitude of the artifacts in dual camgmental device with unipolar stimulation in 85dan
2 external grounds at the bottom of the device (iealin pV];

B_ Difference between unipolar and bipolar stimidat[values in pV];

1000 pVv 1 1 6 -+ -+ 1+ 4 |
) o|+44 1o - HoH o+
3 N S N . T
4 4 6 +6 +6 - I e
5 . 5. - - + 6
I- I ! '
Onv 3 : 6 1l 16 i4 na 4 ;6 __4
) + + + +-6 +-+ +6+ 8 4 +- I n4
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As easily observable, the bipolar stimulation dases for an average of 50% the amplitudes of the
artifacts, providing a better stimulation only n¢lae stimulated area. In fact, the negative valogbe
neighborhood of electrodes 84 and 85 show thdtasd electrodes the stimulation increases.

Found that the bipolar stimulation has a betteuspdhe new configuration was tested changing the
position of the grounded electrodes in the dewcesich a configuration without artifacts.

As done with the unipolar stimulation, the line héx the stimulation was connected to ground and
subsequently also the whole compartment B, to igleahch the configuration of a grounded surfades T
results of this experiment are shown in Table 16.

Table 16: Averaged amplitude of the artifacts imtloompartmental MEA with bipolar stimulation from
84 to 85 and 2 external grounds at the bottom efdkvice [values in uV]; A_ ground is connectedthe
line next to the stimulation; B_ ground is conneatte the whole compartment B

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 14 446 1 1 4 1 -4 - -6
21 I 4 1 Lo 4+ 2 4 - -4 -+ 1000 v
31 16l 14 1 4 1 3 |4 A -
4t v - 1 a8 4 |4 - L
5. I+- | 14 1+4 5 : 4 + |
6 6 ! 16 ! I+ 6 6 6 -6
7 1 1 - 7 - 4 - 14 . . .
8 ! I 16 Il = +- 8 = . . : L {Opv
A comparison was then done to evaluate which orgeth@best configuration.
Table 17: Difference in the artifacts amplitude Wweéen bipolar experiments with grounded electrodes.
A_ difference between Table 14 and Table 16A; Bffadence between Table 16A and Table 16B [valueg ¥
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

1 146 ! 1 "+4 4

2| 6 4 1 64 14 16 AR ' 4

3| 6+ 64 66 - 3|'l6 N

4| 66 6+ 6- "+- " 40"+ - 6 ‘14 "

5. ! 4! + - - 5. ! "1 16

6| 6 + 6 ! 14 4 . 6| '- 6 4

A - 14 - 64 7| ++ 46 - 4+

8 + | I ] +6 8 ! 16 6

Table 17A shows that a first line of grounded elea¢s decreases the amplitude of the artifacts.
Curiously, in Table 17B the values of the artifagtsplitudes in the upper part are negatives, whie
ones in the bottom part are positive. Considerimat the experiments with the unipolar stimulation
generally showed that putting many lines of growhééectrodes around the stimulation improve the
focusing, a contradiction was obtained betweentwie experiments. In fact, putting many grounded
electrodes around the stimulation does not alwansave the focus.
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Given the results observed, hypothesizes wereesdtaot be thought about the fact that there shoeld b
difference between the upper part and the bottaringbdahe device that makes the current flowingdret
in the bottom part.

Trials changing the position of the stimulated &leaes were done. In Table 18A results are reported
regarding an experiment where stimulation was dedig in the upper part of the device, while in €abl
18B the opposite part was provided with stimulation

Table 18: Averaged amplitude of the artifacts idwal compartmental MEA with bipolar stimulation.
A_ stimulation between electrodes 61 and 51; Bmastation between 68 and 58 [values in pV];

1 + ¥ 16 1 — 1000 pV
2 ! ! 6 I6- !l + 6 2

N o1 - 6 B4 N1 3

4! I I+ [ 4+ + 4

5 | ]! | I I+ 5 .

e+ I v . 6 1 [ 6

7 4 0nowmonn 4 7 Y

8 -+ 14 +: : 6: 8

It is evident that there is a strong differencentsetn the two cases where the stimulation was delive
from different positions, keeping exactly the sasignal features.

4.2.1.4 FROM 2 TO 4 EXTERNAL GROUNDED ELECTRODES

Given that the devices are perfectly symmetriczworially and vertically, the only change that psssin
any experiment with dual compartmental PDMS betwidenbottom part and the upper part of the MEA
are the external grounded electrodes.

The stimulation was moved to a center positiorhim device to better study what is the behaviohef t
artifacts around the stimulation.

In order to have a reference, a test was done megdhe artifacts with the original configuratioso
with external electrodes at the bottom of the devithe resulting averaged amplitudes of the attiface
shown in Table 19.

Table 19: amplitude of the artifacts with bipoktimulation in 65 and 55 with 2 external electrodeshe
bottom part [values in pV]; noisy electrode in 56da75

1 2 3 4 5 6 7 8

-+ I+ 46 ! ] 1000wV
4 -+ 16 6 16 I 16
6 6 1+ N ! S

! L+ ! e

. 1+6 | 4: L e
T ! - 64 . 6 I o

O NO Ol WN P
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Trials were then done changing the positions ofweeexternal grounded electrodes.

The first experiment refers to a configuration vehthre two external grounds were put in the 2 resesv

of compartment A, while in B there was no grountdeTopposite experiment was made putting the two
grounds in contact with the fluid in compartmentiile in A there was no ground. The results okthe
experiments are shown in Table 20A and B, respelgtiv

Table 20: amplitude of the artifacts in dual contpaental MEA with bipolar stimulation from 65 to 5Boving the external
grounds in compartment A or B; A_ grounds only inB\_ grounds only in B [values in uV];

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 4. - 1. 1414 1 40 46 + 4 6
2 4 - 4 0+ - s 2+46+4 1 1 1116 4 0
3 6 6 - 14 14 +6 ! 3 +- ++ I+ 1 - 66 !
al64 1+ 1 - 14 1o o 4 =+ I+
5. - 146 " +4 5. + + 4 " 16
6 44 - 6 -6 6 4 -1 - 4 1- 6
7 + 6156 4 +6 4 M < +4 6 46 + + !
8 o - +  +46 8 4 + =1 ++ 16 Y

The differences can be easily observed in the amgas of the artifacts while moving the external
grounds. In case of only grounds in compartmenhdws in Table 20A, the artifacts are weaker in the
same compartment A (i.e. 87 compared to 17), whilase of only grounds in compartment B shown in
Table 20B, the artifacts are less in compartmeliteB 71 compared to 21). The artifacts are weaker
the compartment where we applied the external gteun

Sometimes very high amplitudes have been observbdth the compartments going against theory. Due
to the intrinsic random nature of these devices, particular behavior has to be studied separatdig
history of the artifacts of electrode 87 during Sheinutes stimulation of the cases shown abovabler
20A and B - is shown in Figure 44.

Figure 44: History of the amplitude of the artifadh electrode 87 for the two experiments showTable 20 [scale: x-axis
0-300s, y-axis 0-1000 pV]

The particular electrode 87 doesn’t have a linedwalvior during the stimulation; that makes it uiatgk.
It was discovered that sometimes some of the eldetr have a noisy behavior, that was also documihente
in the several articles published using this tetbmi.e. (3). Before our recordings the preserfceoisy
electrodes in the device was always checked, uainbreshold based on the majority of the other
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electrodes and on previous observations. Becausigagfthe level of normal noise without stimulatio
was measured. During this recording no noisy edeletwas detected. Results are shown in Table 21.

Table 21: amplitude of the noise without stimulatiwith neural medium connected to 2 external refiees [values in pV]

1 2 3 4 5 6 7 8

0O NO Ok WN -

For example in presence of fluid connected to esegrounds, the threshold that was empirically
established was in the range of amplitudes of 20gc¢ording to the measurements reported in Tehle 2

Given the experiments done changing the positicth@fexternal electrodes in the four reservoirgjas
found that the only way to concentrate the stinmioitatn a smaller area is to provide grounds. Thet be
way to reach the goal, so to provide the least &g of the artifacts in the not-stimulated contpemt
was to connect 4 external grounded electrodesetad¢hiral medium through the 4 reservoirs. Therefore
new configuration was needed.

An experiment was tried with the same test stinmatbut with 4 external electrodes physically
connected to the fluidic environment in the fousawoirs. Results are shown in Table 22.

Table 22: amplitude of the artifacts in dual contpaental MEA with bipolar stimulation from 65 to 55
with 4 external grounded electrodes [values in piWdjsy electrodes are 75,76,87,86;

1 2 3 4 5 6 7 8
1 64 -& = + 4 + 1000 pV
2 ! - -6 ++ = I+
3 - 4 - ] 6 I+1
4 1 ! 146 -6 - -
5 64 66 - 14-
6 +! - + 4+ 16 - 6
7 +4 + 6 ! - 4+ + - L 10uv
8 4 + ! 66

Given that spontaneous neuronal activity is inrdmgge of 100 pV, with this configuration the artifa
amplitudes were comparable with that spontanectigtgc

An immediate comparison between the values in T2Bl&able 20A, Table 22-Table 20B and Table 22-
Table 19 is shown in Table 23, Table 24 and Table 2
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Table 23: comparison between the values in TablaR2& Table 20A

1 2 3 4 5 6 7 8

1 6! 4 ' - ' '+6

2 4 ++ 4 ' ‘4 '+ ' 1+
3 ' ' ' ‘4 '6 ' - '
4 ' "+ 'l "4 ++ '+4 '
5 '- ' "+

6 I +4 - 16 ‘4 ! +
7 ' 4 - '+ "I ' I
8 - ' 6+ ' '

Table 24: comparison between the values in TablaR2& Table 20B

1 2 3 4 5 6 7 8

1 6! -4 16 + -
2 6+ 'l6 - ' '66 ! !
3 ' e+ N
4 P SN 6l 6+
5 'l T 6+ ‘4
6 '6 o +6 4 "+
7 4 - el 4 ' I
8 -4 - 16 T+ 'I-

Table 25: comparison between the values in TablaR& Table 19

1 2 3 4 5 6 7 8

1 6+ ‘6 - 5  '6
2 ' ‘64 ' '+ +
3 ! '+6 6l ' ' 6 '+
4 4 4+ Bl Y
5 5 ' - n
6 "6 16 ' 4 - +-
7 4 - - 6! 46 6
8 ' "+ | 6+ "I+

In all the experiments it is shown that the ond thes the best configuration and the least stirurlat
artifacts for the compartment A (not-stimulatedthe experiment with the 4 external electrodes [@ab
22). Therefore we decided to create theurolid4 (explained in paragraph 3.2.2), which provides 4
grounded electrodes through the 4 reservoirs.

To make a direct comparison some experiments hega done between the old configuration (unipolar
stimulation) and the new one (bipolar stimulatiofhose experiments are explained in detail in
paragraph 4.2.3.1 .
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4.2.1.5 POST STIMULATION BLANKING TIME

In order for the artifacts to completely disappesome more experiments have been tried testing the
effect of the post stimulation blanking time, tigthe time between the recording is stopped bectnes
stimulation is provided, and the moment in whiclk tecording starts. By default the post stimulation
blanking time is set to 100 ps. It is normally ieplented in stimulating systems as a safe measure to
keep the recording system in healthy state.

The system used can rise the post-stimulus blantkng up to 4000 ps or more. Table 26 shows the
result of the experiment done with a post-stimudlamking time of 1000 ps that evidently decreabes t
amplitude of the artifacts.

Table 26: amplitude of the artifacts with bipolainsulation in 65 and 55 with 4 external grounded
electrodes and a post-stimulus blanking time of @0$ [values in pV];

1 2 3 4 5 6 7 8
6 I ++: ! I !

1 — 1000 pV
2 -4 I- I+ 4 6 !

3 +6  +! 44 + 16 - 4 !

4 6 + B +- 4 : I-

5 - -

6 +-- ! + + + -

7 -6 I 6 4 I +4 L 10pv

8 1 - + + |

Increasing the post-stimulus blanking time up t®GQus, amplitudes of the artifacts under the noise
threshold of the device were recorded. Resultslaogn in Table 27.

Table 27: amplitude of the artifacts with bipoldainsulation in 65 and 55 with 4 external electrodasd a
post-stimulus blanking time of 4000us [values in]pV

1 2 3 4 5 6 7 8
I +: : -

— 1000 pV

- : : Opv

coONO Ol WDN B
1

Making a difference in the values of the amplitudesveen this latter configuration (Table 27) ahel t
normal level of noise (Table 21), the two tablesmow comparable.
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Table 28: comparison between Table 27 and Table 21

1 2 3 4 5 6 7 8

00 ~NO Ol WDN P
(3}

The only relevant difference between the two expents is only in the electrode 75. In the other
electrodes there is a maximum of 5 puV of differeircthe values of the amplitudes. By the valuehef t
two tables, the artifacts are under the level @f tioise, so they can be considered to be disagpeare
during the stimulation. In Figure 45 a snapshotth@ recording during the stimulation in the latter
configuration is shown.

Figure 45: snapshot of the recording during stintiola in 84 to 85 [scale: x-axis 100ms,y-axis 50uV]

The artifact effect is due to the electrical stiatidn given. The removal of this noisy effect pans
clear recordings.

After found the best configuration to stimulate tieural cells, it was applied to the cultures.
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4.2.2 EFFECTS OF THE TEST STIMULATION ON DIFFERENT CELLS

A study it is possible on the application of theealmented electrical test stimulation to both caitend
sub-cortical / thalamic cells. To analyze the dfeaf an electrical stimulation on both cells, #8TH
graph was used. The PSTH algorithm explained iagraph 3.5.2, is able to analyze the evoked regpons
of the neuronal cells to an electrical stimulatira low frequency.

4.2.2.1 RESPONSE FROM CORTICAL CELLS

The effect on cortical cells has been consistetigumented in several articles in literature i3. A

typical response of these cells is shown in figeigure 46, where a unipolar stimulation at the eeof
the device is given.

Figure 46: PSTH analysis of Unipolar electricalnstilation on a device on DIV 24 (Device #: 41_12528: Unipolar
stimulation of electrode 44 (e44) (neurolid2))

As shown in Figure 46, electrode 44 (representetXbin the figure) in compartment A was stimulated

with a unipolar test stimulus of amplitude 760mWidently, a response from the majority of the
electrodes is received. Most of the experimentsedwith electrical stimulations are based on this
response. The stimulation artifacts spread acragb the compartments mainly due to the current
spreading across the ionic culture medium.

4.2.2.2 SUB-CORTICAL / THALAMIC CELLS’ RESPONSE

A trial with the same electrical test stimulation sub-cortical / thalamic cells was done. In litara
there are no articles that apply a similar stimafaton dissociated cultures of this kind of cels&
experiments were therefore conducted with the aimhacking whether the test stimulus used for the
cortical cells was affecting the sub-cortical /léimic cells.

One of the active electrodes in compartment B doimg sub-cortical / thalamic cells was electrigall

stimulated. The PSTH graph in Figure 47 shows tivautation of the most active electrode in the
compartment B of the culture.
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Figure 47: PSTH analysis of Unipolar electricalnstilation on a Cx-Th device on DIV 23 (Device #:
42_315_23: Unipolar stimulation of electrode 87 {¥8neurolid2))

Any evoked response is elicited. Unfortunately rafteés stimulation the electrodes in compartment B
showed a decrease of the activity passing from @86.34 spikes per second, where the stimulated
electrode 87 reduced its activity from 11 spikesfieeless than 4 spikes/sec. The two charts reghamte
Figure 48 and Figure 49 show the average of theitydbefore and after the stimulation.

4

Figure 48: graph of the AFR of the device beforienstiation (Device #: 42_315_23: SA before stimudat)
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Figure 49: graph of the AFR of the device aftenuilation (Device #: 42_315_23: SA after stimulatipn
we notice a strong decrease in the AFR in the stated electrode 87

The same experiment was done to prove again tleetaff the same electrical stimulation, in thisecas
with a bipolar configuration. The PSTH graph iswhan Figure 50.

Figure 50: PSTH analysis of Bipolar electrical stilation on a Cx-Th device on DIV 24 (Device #:
45_12554_24: Bipolar stimulation from electrode t8584 (e87T084) (neurolid4))

Once again the stimulation doesn't elicit any remsgo More important than the PSTH is the graphef t
average activity before and after the stimulatiboven in Figure 51 and Figure 52. The activity of th
compartment B completely disappears. It meansttimeistion provided is not the appropriate one.

77



4

Figure 51: graph of the AFR of the device beforienstiation (Device #: 45_12554_24: SA before stintida)

4

Figure 52: graph of the AFR of the device aftemstlation (Device #: 45_12554_24: SA after stimudant)

By these two experiments it can be concluded thattést stimuli applied to cortical cells obtainiag
response, cannot be applied to sub-cortical / thialaells.

In cortico-thalamic devices an electrical stimuwatfocused only on cortical cells can be very usefu
excite only the cortical compartment and not to @genthe sub-cortical / thalamic cells in the other
compartment.

4.2.3 UNIPOLAR VS BIPOLAR STIMULATION

4.2.3.1 DIRECT COMPARISON

A typical unipolar test stimulation given at oneecattode within the MEA array is able to evoke a
response in cortical cells. However, a unipolanstation evokes responses in both the compartnwnts
a device, even if a physical barrier is interpotetween the two. As observed in Figure 53, the
stimulation artifacts spread across both the comparts mainly due to the current spreading aciuss t
ionic culture medium.
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Figure 53: PSTH analysis of Unipolar electricalnstilation on a device on DIV 25 (Device #:
46_14589_25: Unipolar stimulation of electrode &8%) (neurolid2))

In Figure 53 a direct stimulation of the cells béttwo compartments is observed. A direct stimoihati
happens when the electrical current is propagaggtidionic medium where the cells are maintained! a
evokes direct electrically-evoked action potent{@aPs) in the neurites and in the neural bodidwyT

are responses that do not depend on glutamatengapses. Opposite to dAPs, responses that do depend
on glutamatergic synapses are synaptically-evokatbra potentials (sAPs) can be evoked when a
stimulated neuron sends its action potential thinatgyneurites and make the following neuron fires.

As documented in (3) and (9), dAPs have been obddrvhave the following features:

They are up to the immediate 20 ms after the sttaul
Occurrence of more than 80% (very reliable)

They have a low jitter (between 160 ps and 250 pus)
Consistency in wave-form

While it's easy to watch dAPs, sAPs have been ebskto have:

Occurrences between 5 and 20 ms

Temporal precision that varies around 2 ms
Reliability up to 30 %, while common values are 10%
A jitter larger than 1 ms

Further than dAPs and sAPs, a so called delaygubmss at about 50-100ms after the stimulus has been
documented in (7).

Keeping the goal of having a much more focusedwttion in a way that only the cells in one of the
compartments are directly stimulated by the eleakrstimulation provided, a passage from the oahin
unipolar stimulation to a bipolar stimulation ofetlsame amplitude and frequency was done, that in
literature has been showed to have a more focuted €4).
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Thus, several experiments have been providing lanigimulation followed by a bipolar stimulation t
show the difference in the observation of netwa@gponse. In Figure 54A and Figure 54B the PSTH
response of unipolar and bipolar stimulation ofaatical-cortical culture in both the compartmends i
shown.

The next two PSTH graphs are related to a cortictieo device at DIV 25 with 23 active electrodés a
the 1st recording.

| |

Bip
stim

Unip P
stim

Figure 54: Observation of Unipolar and Bipolar dlécal stimulation on a device on DIV 25 (Device #:
46_14589_25), [X-axis:binlms, window 50ms: Y-axis:A: Unipolar stimulation of electrode (e85) with
neurolid2; B: Bipolar stimulation between electrad®4 (e84) and electrode 85 (e85) with neurolid4

The experiment shows that the bipolar stimulat®rédry focused around the stimulation site wheee th
electrical field spreads within a very close regawaund the stimulating electrodes.

Given the results of the bipolar stimulation, andewmt proof of its effect was needed. The TTX
compound, described in paragraph 3.4.2, was usddrtioer prove the localized effect of the bipolar
stimulation.

4.2.3.2 TTX & ELECTRICAL STIMULATION

Since TTX blocks all sodium (Na+) channels on nesrave wanted to utilize it to study the influerade
stimulation on the adjacent compartment. Given thkable chemical isolation between the two
compartments (see paragraph 2.3.2), TTX mixed withral medium was injected in one compartment
and the same compartment was provided with elettstanulation.

This experiment was made to check the effect onctimepartment that was not chemically altered. If
stimulation is provided in compartment B and thiksde compartment A respond, it means the elealric
stimulation spreads by the medium through the safehnels of the PDMS.

The two PSTH graphs [X-axis:binlms, window50ms: Xs&] in Figure 55 are related to a Cortico-
Cortico culture on device at DIV 22 with 55 actiectrodes at the 1st recording.
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Figure 55: PSTH analysis of bipolar electrical stiation on a device on DIV 22 (Device #: 46_14589).2Bipolar
stimulation was applied across the electrodes 75)and 76 (e76) with 4 External Grounded Electyde: PSTH analysis
of bipolar stimulation without TTX in any compartmi B: PSTH analysis of bipolar stimulation with XTin compartment B

As can be seen in Figure 55A, response to stinmmatias observed in compartment B which disappear
on addition of TTX in the same compartment.

This further confirms that the bipolar stimulatiaffiects only one of the compartments.

4.2.3.3 RESPONSIVENESS OF THE NON-ALTERED COMPARTMENT

To further confirm that both the compartments deetecally active and the observations in Figus&5
and Figure 55B are not due to complete electrieattivity in compartment A, we performed experingent
to show the electrical responsiveness of compartimemd compartment B separately.

As shown in Figure 56 and Figure 57A, stimulatidncompartment A and compartment B were done
under similar circumstances and the PSTH resporeevss the electrical activity in both the
compartments. Figure 56 and Figure 57 show PSTldhgrgX-axis:binlms, window50ms: Y-axis:2]
related to a cortico-cortico device at DIV 24 w@ active electrodes at thé& decording.

Bip
stim

Figure 56: PSTH analysis of Bipolar electrical stilation in compartment B (Device #: 46_11377_24);
Stimulation was applied across electrode 84 (e8%) electrode 85 (e85) with 4 external electrodes.

Figure 56 shows that compartment B is responsiwetttrical stimulation. Similarly
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Figure 57: PSTH analysis of Bipolar electrical stilation in compartment A (Device #: 46_11377_28&}jmulation was
applied across electrode 14 (el4) and 15 (el5) widgxternal electrodes; A: Stimulation without TTiXany compartment;
B: stimulation with TTX in compartment A

As can be observed the cells were electricallyadti both the compartments and addition of TTXxhi®
compartment which is stimulated electrically comfr that the electrical stimulation is focused and
doesn’t spread to the adjacent compartment.

Further to reiterate that bipolar stimulation isdeed within the region of origin when comparedh®e
unipolar stimulation, the following four PSTH ansds are presented. The PSTH analysis as in Figure 5
and Figure 59 [X-axis:binlms, window50ms: Y-axisa?® related to a cortico-cortico culture in deate
DIV 24 with 40 and 41 active electrodes at thergsbrding. They show first a TTX experiment on the
same device, then a unipolar stimulation after sdayes (3 days in this case, in order to avoid sings
the cells due to continuous recording) that reprssthe responsiveness of the whole device. Osahe
day after the unipolar stimulation, we repeatedpalbr stimulation that once again confirms theufged
nature of stimulation

| |
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Figure 58: Influence of TTX on network activity. PB analysis of Bipolar electrical stimulation ofeeltrode 84 (e84) and 85
(e85) in compartment B on DIV 22 (Device #: 46_5R5DIV22) with 4 external reference electrodes afittr removing the
artifacts from the recordings; Figure 6A: WithouTX in any of the compartment; Figure 6B with TTX compartment B
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Figure 59: PSTH analysis to show confirm focusepdbar electrical stimulation (Device #: 46_12550VR5) with 4
external reference electrodes and after removindamts from the recordings; A: Bipolar stimulatiai electrode 84 (e84)
and electrode 85 (e85) in compartment B; B: Unipatimulation of electrode (e85) in compartment B

As shown from the analysis, after the TTX experitaamith no response in compartment A in Figure 58,
there is a complete response from the whole demi¢@gure 59B that shows the cells were responsive.

Indeed, bipolar stimulation evokes only local resg®within a small region around its origin in game
compartment.
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5 RESULTS AND DISCUSSION

5.1 APPLICATION OF CHEMICALS

5.1.1 INTER-COMPARTMENTAL CHEMICAL ISOLATION

An important study made in this project regardsahemical isolation between the two compartments in
the PDMS device. Thanks to the 50 small micro-cletsiof 10 m height, 3m width each, a small
movement of substances between the two chambsupposed.

A study in two directions has been done focusingtlem presence of clearly visible substances on
spectrophotometer graphs and on the change ofitgdtivthe cells when exposed to altering chemical
compounds.

To detect the presence of substances, spectropétEpranalyses have been done. A sample empty
PDMS device has been placed in a MEA and two diffeisubstances have been inserted in the two
chambers. Those two compounds such as De-ionizBdwdder having no peak in the spectrophotometer
graph, and other substances, such as neural badaimor a food colorant having different peakshie
same graph, have been used to investigate the céleisnlation. As reported in paragraph 4.1.1,rafte
leaving the two different substances one in evérynber for a certain time longer than the normal 5
minutes recording time, a spectrometer graph has bhown to demonstrate the non presence of neural
basal medium or of food colorant in DI water. Thes been showed in different experiments, changing
the substance, extending the time up to 24 howlswvath different devices. Moreover, an experiment
with a leaking device proved that in case of dan@gbe PDMS the effect on DI water is visible. lden

we could safely add a solution to one compartmeudt lze sure that it wouldn’t spread to the adjacent
compartment during the course of the experiment.

Further, inhibition substances such as TTX or Stinaplocker have been applied in only one
compartment in MEAs containing cells. No signifitaiifference in the spontaneous activity of thdscel
in the non-altered compartment between the puratapeous activity and during the application of the
chemical compounds has been observed. As a suppadhiese experiments an article was also published

(1).

These preliminary results allowed us the use ofréb@ compounds in the dual compartmental PDMS,
with a certain confidence to alter the activityosfly one compartment. The same chemical isolatiag w
also used to support the other concepts withirptbgect.

5.1.2 ACETYLCHOLINE

Due to the results showed in paragraph 4.1.2, smmsiderations have to be done regarding expernent
with acetylcholine.

First, literature regarding the application of gteoline on neuronal cells is quite old and notiated.
Moreover, none of the articles found refers to atigsted rats thalamic and cortical cells.

Based on our experiments, no clear conclusiondeairawn concerning the application of acetylclelin
to cortical and sub-cortical / thalamic rat disstedl cells in culture. The results are inconclusing it is
very difficult to detect a common effect.
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Therefore a deeper study on the area is recomme@ugatiusions can be consolidated by elaborating a
curve dose-response that was out of our goals.

5.1.3 SYNAPTIC BLOCKER EFFECT

Based on the results showed in paragraph 4.1.3 saeresting conclusions can be drawn.

In the experiments done, it is shown that the Sgoadplocker compound doesn’t have effect on sub-
cortical / thalamic cells. No differences in thekemy activity of the same cells before and durihe
exposure have been noticed.

During the application of the Synaptic Blocker torteal cells, a clear decrease of the spontaneous
activity of the cells in the exposed compartmerghiewn. This fact was also used for the analysih®f
inter-compartmental chemical isolation. Howevenneoof the cells directly exposed to the chemical
solution retained their typical spiking activity.

Analyzing the Average Firing Rate (AFR) in one loé tdevices exposed to Synaptic Blocker, interesting
different changes in the activity have been notidedomparison between the AFR before and durieg th
application of Synaptic Blocker is shown in Fig@@. It is possible to observe that in compartment B
electrode 83 keeps its spiking activity even if @gd to the synaptic blocker (probably genuineisgik
activity of single cells) and in compartment A agriease of activity for electrodes 12 and 13 ismded,
while at the opposite a strong decrease affectéreties 35 and 42.

14 - S
6

Increase of AFR m
+
| Strong decrease of AFR Electrode 83 retgin
’ its genuine activity

Figure 60: Comparison between the AFR before andnduthe application of Synaptic Blocker (devicelg [11377_DIV24)

While the loss of activity in the electrodes neathg micro-channels (column 4 and column 3) can be
explained due either to a good connection withahmpartment B or to a small leakage of the synaptic
blocker compound, the increase of activity of eledes 12 and 13 may probably be related to inhipito
synaptic connections with neurons in compartmeninBhis case, when the communication is altered
chemically, the cells are not anymore repressed.
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Interesting studies in this direction can be furtdene on the influence of few active neurons am th
network spiking and busting.

5.2 ELECTRICAL STIMULATION

5.2.1 PROPAGATION EXPERIMENTS

Electrical current propagation experiments havenheseful to reach a better stimulation of the nesiia
a MEA.

Several stages before reaching an optimal configurhave been reached.

Applying an electrical impulse to a empty dry MEf was proved that a stimulation provided by an
electrode is recorded in the neighbor electrodeblel3 in paragraph 4.2.1) probably because ofadl sm
distance between them (200 pm). The same experipr@ved that there is not any electrical issue
regarding the recording device, as the electrotigsipally far from the stimulation site are notegaffed

by the stimulation.

Inspired by the work of S. Joucla in 2009 (54) wied to recreate a grounded surface configuration
connecting logically electrodes to ground nearby stimulation site. A little peculiarity was obsedv
while experimenting the increase of the numberirdd of grounded electrodes nearby the stimulated
one: a configuration with grounds on the first liofenearest electrodes to the stimulation has edeat
situation worse than no grounded electrodes. Howeveecond line of grounded electrodes got better
results. The best case was observed to be the itin¢he whole compartment B and the first line b&yo
the channels (column 4 when stimulating compartrB3rdonnected to ground. Putting grounds only near
the channels (column 4 and 5) don’'t make a relestdfdrence in the amplitude of the artifacts bedwe
the two compartments.

We can conclude that the presence of groundedretls around the stimulation site averagely
contributes in avoiding the spreading of currergmdnstrated by the amplitude of the artifacts

immediately after the stimulation. However, giveattMEA arrays provide only 60 recording electrqodes

30 for every compartment, it's not advisable to pmy of those electrodes connected to ground.
Moreover, due to the strange results obtained whiesasing the number of grounded lines nearby the
stimulation site, we decided to use no grounded@ldes.

Once again inspired by the work of S. Joucla in2@B84), to improve the focus of the electrical
stimulation a study on bipolar design was done.

Using a bipolar configuration compared to an urapaine, a strong decrease of the amplitudes of the
artifacts was immediately observed.

Moreover, doubts on the appropriate location of #éxternal grounds have been raised, due to an
observation of the concentration of higher artifagtplitudes in the upper part of the array. Those t
external electrodes are useful in the dual-compamted MEA, as disconnecting them from the device,
the noise level and the artifacts are bigger, perted in Table 12 in paragraph 4.2.1. The positibthe
external grounded electrodes was demonstrated teléeant in the spread of the current. Stimulathngy
electrodes in the upper part of the device théaats were lower, while in every other experimeiveg

with bipolar stimulation, higher amplitudes of tlaetifacts were highlighted in the region that was
missing of external grounds.
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Then, the old configuration with neurolid2 (two esttal grounds) was enhanced creating a neurolith wi
4 external electrodes, that is able to reduce tisenlevel and that brought to a very low leveltioé
artifacts amplitude.

Regarding the blanking time after stimulation, galig speaking it has been observed that the attifa
disappear easily with a longer blanking time pdisiuslus. However, longer the post-time blanking,reno
data are lost. Considering that an early respoas@viestigated and that the blanking time doesn'’t
eliminate the spread of the current in the devitesas decided not to be used for further experisien
Theoretically even if artifacts are recorded evdrgre in the device, not all them are able to siteuthe
neurons. In fact only with the right amplitude acwrent the stimulation is effective as shown ih (3
Other implemented methods are available to eliminthie noisy effect, i.e. the SALPA algorithm
mentioned in (61).

All these experiments were made to reach an optimafiguration for electrical stimulation of thellse
Thus the new configuration was applied to the aalltures.

5.2.2 UNIPOLAR-BIPOLAR STIMULATION

Previous studies showed that an unipolar stimuiagipplied to a cells culture on a dual compartnienta
PDMS, evoked a neural response in the two chambkled.was showed by a PSTH graph of an electrical
stimulation in Cortical-Cortical device in a unipolconfiguration. The stimulation artifacts areiéetd

to spread across the compartments mainly due totie culture medium.

A bipolar stimulation was observed to have a mou$ed effect when analyzing the amplitudes of the
artifacts. Several experiments have been done d¢irayiunipolar stimulation followed by a bipolar
stimulation or viceversa to observe the differeimcthe network response. The experiments showthigat
bipolar stimulation is very focused within a velgse region around the stimulating electrodes. Trage
with bipolar stimulation, neurolids4 have been used

Given the preliminary results obtained by the bapaitimulation, a control of its localized effecasvdue.
Since TTX compound blocks all sodium (Na+) chanmglsneurons, we wanted to utilize it to study the
influence of stimulation on the adjacent compartim@iherefore TTX mixed with neural medium was
injected in one compartment and the same compattmas stimulated with electrical stimulation. That
was made to study the effect of a bipolar eledtrtamulation on the compartment not chemically
modified, to further prove that the stimulation yided didn’'t spread in a large area. Response to
stimulation was observed to be evoked only in #imes compartment which disappears on addition of
TTX in the same compartment. This further confiimat the bipolar stimulation affects only one of th
compartments, as explained in paragraph 4.2.3.2.

However, further to confirm that both the companttsewere electrically active and responsive in the
moment of the electrical stimulation so that theseskations done are not due to complete electrical
inactivity, experiments were performed to show theuronal response of compartment A and
compartment B in the same day. Compartment A amdpeostment B were stimulated under similar
circumstances and the PSTH graphs show that theaa active response in both the compartments, as
explained in paragraph 4.2.3.3.

Moreover, a unipolar stimulation was applied to $hene culture to show the responsiveness of théewho
device after some days (3 or days later to aveibksing of the cells due to continuous recordimghat
was shown to have a response in the whole device.

Thus we conclude that the effect of a bipolar stiation is very focused in a little area comparedh®
effect of unipolar stimulation.

88



6 CONCLUSIONS AND FUTURE WORK

My work was related to the study of the electraadl chemical stimulation of rat neuronal cells.

Since the chemical isolation between the compartsnéias been studied to be reliable, chemical
neuromodulation of cells within a compartment isyveromising. This kind of stimulation would affect
cells within only one compartment and thus candmslueliably.

The influence of TTX and “Synaptic Blocker” on difent populations of cells can be investigatedgisin
the technology demonstrated in this work. An inigggton on the behavior of a population of celloime
compartment while the activity of the other comnuating population is silenced would enhance those
studies. Although within this project we have sbattand tried a chemical stimulator that would &xci
populations of neuronal cells, further studies hstileto be carried out.

We therefore used electrical stimulation. After sedies conducted on the propagation of the sstian
current, the system was improved with a bipolarfigomation and creating the neurolid4. The new
bipolar configuration was observed to be much nfiocased than the traditional unipolar stimulation.

In fact it was observed to affect only the areatriexhe stimulation, preventing not-desirable #&leal
application to other cells. As showed, a patterrstohulation that has been well studied with caitic
neurons cannot be applied to sub-cortical / thatabmies without the risk of irreparably damaging the
cells. Indeed, different types of cells requirdetiént stimulations. Studying the effect on a papah of
neurons while stimulating another population wobkl very useful to discover the intricate relations
between families of neurons.

The final goal is in fact the harvesting and cuitgrof different families of neurons in compartmeat
recreate equivalent brain network pathways angpdyaelectrical stimulations to individual regions.

Furthermore, studies regarding the treatment andonedulation of thalamic neuronal cells are owgdat
and further investigations on this subject are sgagy/ to better understand the spontaneous betsior
the effects of chemical / electrical stimulationsthis cells type. Though we have been trying tvést
sub-cortical / thalamic cells, a deeper observatbthese cell types is advisable. Characterizatibn
spontaneous activity of thalamic cells would cresmtgood basis for the analysis. To proceed further,
study on the proper electrical stimulation of thaila cells such as tetanic stimulation would enhahee
studies related to DBS. Furthermore, creating dderibetween cortical cells and pure thalamic cells
would give interesting results to the whole researc

On this track, the idea of a multi-compartmentedatesimultaneously with the electrical stimulatiwe
have studied would be an interesting base forhallstudies related to DBS. would be possible to
reproduce the main part of the neuronal loop in@dhin Parkinson’s disease by connecting
populations of neurons from the cortical, thalansisatum and the internal segment of the globus
pallidus as described earlier.

Development of such multicompartment devices taaonodate several neuronal sub-populations
in culture for long-term studies is underway at BDBS research group and it is believed to be a
promising tool for developing a comprehensive itmevheuronal network model.
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