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Abstract

Understandingpow theinformationis codedn largeneuronahetworksis oneof themajorchallenge$or neuroscienced possibleapproach
to investigatethe informationprocessingapabilitiesof the neuronakensembless given by the useof dissociatedeuronalculturescoupled
to microelectrodarrays(MEAS).

Here,we describea new stratgy, basedon MEAS, for studyingin vitro neuronahetwork dynamicsin interconnectedub-populationsf
corticalneuronsTherationaleis to sub-dvide theneuronahetwork into communicatinglusterswhile preservingahigh degreeof functional
connectiity within eachconfinedsub-populationi.e. to achieze acompromiseoetweera completelyrandomlarge neuronapopulationand
apatternechetwork, suchascurrentlyusedwith corventionalMEAs.

To this end,we have realizedandfunctionally characterize@ Pt microelectroderraywith anintegratedEPONSU-8clusteringstructure,
allowingto confinefiverelatively largeyetinterconnectedpontaneouslglevelopingneuronahetworks(i.e. thousandsf cells). Theclustering
structureconsistof five chamber®f 3mm in diameteiinterconnectedtia 800.m long and300.m wide microchannelsindis integratedon
theMEA of 60thin-film Ptelectrode®f 30 wm diameterTestsof thePtmicroelectrodesstability understimulationshaveda stablebehaior
up to 35,000voltagestimuli andthe biocompatibilitywas assessewdith the culturesof dissociatedat’s corticalneuronsachieving cultures’
viability upto 60 daysin vitro.

Comparedo corventional MEAs, the monitoring of spontaneouand evoked activity and the computationof the Post-StimulusTime
Histogram(PSTH)within theclustersclearlydemonstrategi) thecapabilityto selectvely activate(throughpoly-synaptigathways)specific
network regionsand(ii) the confinementf the network dynamicsmainly in the highly connectedub-netvarks.

Keywords: Microelectrodearray;Clusters;SU-8adhesionjn vitro neuronahetworks; Long-termstimulation;Plasticity;NeurodynamicsBio-MEMs

1. Introduction

The understandingof the underlying principles of the
functional plasticity of the brainis a currentresearctchal-
lengein neurophysiologyand constitutesa necessarystep
toward implementing these same principles in physical
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devices.Performinghisresearclatthebrainlevel introduces
avery high degreeof compl«ity dueto the granddegreeof
connectvity. Corversely the level of a singleor afew neu-
ronsdoesnot provide a sufficient functionalconnectity. In
this sensesmall neuronalensemble®ecomeaninteresting
intermediatdevel for thisresearctandcouldallow acquiring
alow-level, basicunderstandingf thenetwork functionality.
Nowadays,nenoustissuescan be culturedin vitro and
kept alive for several months,while preservingtheir adap-



tive properties[1-6]. Furthermore,microelectrodearrays
(MEASs), initiated by Pine [7] and Grosset al. [8], have
becomerow areliableinterfacingtechniquecapableof estab-
lishing a bidirectionalcommunicatiorbetweera population
of connecteaheuronaindtheexternalworld[9]. Currentstate
of theart MEASs grantlow impedancelectrodeglowerthan
1MQ at 1kHz), agoodcellular sealing[10—13]anda high
chageinjectioncapacityfor anefficientstimulation[14-16]
Thefunctionalcharacteristicef theMEASs permitmid- to
long-termrecordingsof both spontaneouand evoked neu-
ronal network activity patternsandof their spatio-temporal
evolution. This allows investigatinglearningprocesseand
memory[17,18] and morerecentlyalsothe network devel-
opment[19]. However, dueto the network compleity and
to the factthat spontaneouactiity aswell asstimulations
tendto exhibit comple patternsynchronizeaver thewhole
network, the identificationof plasticity changeqreinforce-
mentor inhibition) is ratherdifficult. In this case,it could
be of fundamentalmportanceto designneuralnetworks at
will. This complity canbe alleviatedby network pattern-
ing, usingadhesiorpromoters/inhibitor$20-27] structured
PDMSlayerg28,29] agarbasednicrochamberf30,31]and
neurocagef32]. In this case however, therandomnatureof

the network andits functional plasticity becomerelatively
limited.

We have chosena differentapproachto directthe orga-
nization of the neuronalnetwork in orderto facilitate the
identificationof interconnectegbathways. This approachis
basedon physical barriersfor clusteringthe network into
a numberof randomsub-netvorks while preservinga high
degreeof functionalconnectiity within andamongthe sub-
populations.The sub-netverks areinterconnectedia inte-
gratedmicrochannelsAn additional anticipatedfunction-
ality of the clusteringstructureis that it might also allow
localizing the stimulationin a given cluster i.e. neuronal
sub-netvork. In this way, a spatialsegregation of network
responsienesganbe promotedandfunctionalareasanbe
elicitedandmonitored.

Among differentmaterialsthat could be usedfor realiz-
ing the clusteringstructuresye have optedfor EPONSU-8.
This materialhasbeenusedfor a wide rangeof Bio-MEMs
devices,astheinsulatorfor a microelectrodearray[33], for
fabricating3D structuresn contactwith neuronalkells[34]
andaspackagingnaterial35]. It shavsareducediofouling
comparedo other MEMs materialsandappeargo be bio-
compatible[36]. Moreover, from the technologicapoint of

Fig. 1. Design of the microelectrodes array with the integrated clustering structures. (a) Chip layout; 60 microelectrodes are distributed in the five clusters anc
1 microelectrode in each channel. Two temperature sensors (Pt-RTD$Xfaté integrated outside the clustering structure. The overall chip dimensions are
14 mmx 14 mm. (b) Microelectrodes location in the lateral and (c) in the central clusters.



view, EPONSU-8is a corvenientmaterialfor thepatterning
of structureswith a high aspectatio in a single photolitho-
graphicprocess.

This article describeghe realizationandfunctionaleval-
uationof a Pt-basedMEA with integratedSU-8 clustering
structuresso called clusteredMEASs, aimedat the investi-
gationof thefunctionalplasticity of neuronahetworks. The
MEA consistsof 60 thin-film Pt microelectrode®f 30um
in diameterrealizedon a Pyrex substrateThe five cluster
ing chambersnterconnectediia microchannelstealizedin
EPONSU-8, are350um in heightand, respectiely, 3mm
in diametermand300um wide. A schematiagepresentatioof
thedevice is shawvn in Fig. 1a.

In the following sections,the microfabrication of the
clusteredVIEA is describedo begin with. This is followed
by theevaluationof thefunctionallifetime of boththemicro-
electrodesandof theclusteringstructure{namelythe SU-8
adhesioron a Pyrex substrate)Given thatthe investigation
of the network functionalplasticity requiresalong-term(up
to severalmonths)stimulation/recordingf theelectrophysi-
ologicalactiity, thereforeanadequatéunctionallifetime of
theMEAs is aprerequisitePreviousstudieshave shavn that
large amplitudebiphasicpotentialsthat are typically used
in the in vitro stimulation[9,37—39]canleadto undesired
electrochemicafeactions which may causemechanicalbr
chemicaldegradatiorof themicroelectrodesurfaceaffecting
the stimulation/recordingcapabilities and therefore the
functionallifetime of the MEAs [40,41] Theresultsof the
evaluationof the Pt microelectrodesluring 35,000stimula-
tion cyclesillustratingtheir goodfunctionalstability arepre-
sented Concerninghe secondaspecibf the functionallife-
time assessmentlusteringstructureadhesioronto a Pyrex
substratewe shav that the SU-8 adhesioncan be greatly
improved by usinganEPON825-base@dhesionayer.

Thebiologicalfunctionalevaluationwas performedwith
culturesof rat’sembryocorticalneuronsn orderto ascertain
the device biocompatibility the stimulation/recordingapa-
bilities of the microelectrodesnd the functionality of the
clustersfor plasticity researchon neuronalnetworks. The
resultsdemonstratelearly sucha functionality.

2. Methods
2.1. Chip design

The MEA with clusteringstructure(Fig. 1) wasdesigned
by usinga MEMs CAD designsoftware (Expert, Silvaco).
TheMEA providesatotalof 60 microelectrodewith adiam-
eterof 30 um distributedasfollows: 11 microelectrodegper
lateral cluster 1 microelectrodeper open-channeand 12
microelectrodesn the centralcluster The microelectrodes
arenumberedndthe clustersareidentifiedby aletter (from
Ato BE).

The clusteringstructuregdefinefive clusteringchambers
of 3mm in diameterconnectedy open-channelsf 500m

or 800pm in lengthand300wm in width. Additionally, for
afutureintegrationwithin a micro-incubatiorchambertwo
platinum resistve temperaturedevices (Pt-RTDs) are inte-
gratedon chip outsidetheclusteringstructure Thesesensors
aredesignedt 1 k2 with a serpentinestructureof 10pum in
width andatotal lengthof 10mm.

The overall chip dimensionsare 14mm x 14mm andfit
into a glassreserwir of 2cm of internaldiameter

2.2. Chip fabrication

Thethin-film processequiregshreemaskayersto pattern:
(i) the metallic layer for the microelectrodesthe connect-
ing leads,the bonding padsand the temperaturesensors,
(ii) theinsulationlayerto definethe electrodesand contact
padsand (iii) the SU-8 clusteringstructures.The fabrica-
tion processis summarizedin Fig. 2. The 4in. diameter
substrategPyrex 7740 wafers,500pm thick from Sensor
PrepServices Elburn) wereinitially cleanedby successie
immersionsn fuming HNOg, in buffered hydrofluoricacid
(BHF) andrinsedin deionizedwater The metallayerswere
patternedby a lift-off processby using a two layer pho-
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Pyrex 7740 wafer, 500 um thick

Photoresist
Il 200 A Ti+ 1300 A Pt

[£ PECVD silicon nitride
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EPON SU-8, 350 um thick

Fig. 2. Cross-sectiorview of the microfabricationprocess(1) Cleaning
of the Pyrex 7740 wafer, (2) patterningof the metallayer by lift-off, (3)
depositionof thesilicon nitride insulationlayerby PECVD, (4 and5) pho-
tolithographyandopeningby SF/O, plasmaetchingof themicroelectrode
andcontactpadareas(6) silanizationand spin-coatingof the SU-8 adhe-
sionlayer, (7 and8) spin-coatingand patterningof the 350.m thick layer
of SU-8.



toresisttechnology It consistsn spin-coatingthe first pho-
toresistlayer (LOR3B from MicroChemCorp., USA) and
a thermaltreatmentat 170°C for 10min. Then, a second
positive photoresist(AZ1813 from Shipley) is spin-coated
and pre-baled at 110°C for 1min. The waferswere then
exposedn avacuum-contaanode(maskalignerMa-6,Karl-
Suiss)at 365nm (45mJ/cn?) and, without a post-bale, the
exposedayerdevelopedn al:4aqueousolutionof AZ400K
(Hoechst).This resultsin a photoresiststructurewith the
secondayeractingasanintegratedmaskfor themetalevap-
oration. Then, a layer of 200A of titanium was deposited
by evaporationas an adhesionayer for a 1300A layer of
platinum.Thelift-of f processvas performedn asolutionof
Remawer PG (MicroChem)at60°C for 1h.

The insulation layer (4000,& thick silicon nitride) was
depositedby plasmaenhancedchemicalvapor deposition
(PECVD) andthe microelectrodesand bonding padswere
openedby a secondphotolithographyfollowed by SFs/O2
plasmaetching. The photoresist(AZ1518, Shipley) was
strippedin acetoneandthe wafer rinsedwith isopropanol.
Finally, thewaferwas cleanedn apiranhasolution(5minin
concentrateth,SO4 and5 min afteraddingadropof H20y).

Thewaferswerethenprocessedvith a photostructurable
epoxy the EPON SU-8 100 (MicroChem)to define the
350um high clusteringstructuresPrior to the spin-coating
of SU-8,the waferswere:(i) silanizedin a 10% solutionof
3-glycidoxyprogyltrimethoxysilanen toluenewith 0.5% of
water rinsedwith isopropanolanddried with nitrogenand
(i) spin-coatedvith anadhesiorayerbasedn EPON825.
Following alarge seriesof testsfor optimizingthe adhesion
layer, the bestresultsso far were obtainedby mixing 1g
of EPONB825,100mg of photo-acid-generatdtriarylsulfo-
nium hexafluoroantimonatsalt, Aldrich), 10mg of silaniz-
ing agent(3-glycidoxypropyltrimethoxysilane Aldrich) and
1 ml of thesolventy-butyrolactongAldrich). Next, SU-8100
was spin-coatedpre-baledon ahot-plate(ramptemperature
from 35t0 95°C andtotaltime 105min) andexposedwave-
length365nm anddose1800mJ/cn?) usinga maskaligner
(AL-6, ElectronicVision) in proximity mode(separatiorof
50m). Following a post-bale (65°C for 10min and95°C
for 15min), the SU-8 was developedin PGMEA (15min)
andrinsedin isopropanobnddeionizedwvater Theadhesion
layerwas developedduringthe developmentof the SU-8.

Finally, thewafersweredicedandthe chipswerecleaned
in deionizedwaterandoxygenplasma(atroomtemperature
for 20min)in ordertoremoveall remainingracef solvents
andnon-reticulategolymers.

2.3. Chip packaging

Thechipsweremountedon printedcircuit boardgMicro
PCBAG, Thundorf,SwitzerlandYhathasa12 mmin diame-
teraperturdan the centreto provide backsiddight accesgor
cultureimaging with an invertedmicroscopewire-bonded
andthe wires insulatedwith an epoxyresin. The PCB has
dimensionf 49mm x 49mm andits designis compatible

with the commerciallyavailableMultichannelpre-amplifier
It is realizedon a standardepoxy substratg(FR-4) with a
singlemetallayer(copperl8m thick) insulatedwith Taiyo
PSR-4000.

After thechip mounting,a culturechambeiof 2 cm inter
nal diametemwas gluedontothe PCB. The areasf the PCB
insidetheglasschambemwereadditionallycoveredby athick
layerof PDMS(Sylgard185,Dow Corning)in orderto avoid
ary potentialtoxic effectsthat might arisefrom the insula-
tion layer of the PCB. The PDMS was preparediy mixing
1 partof catalystwith 10 partsof Sylgardandpolymerized
at 120°C for 1h. This thermaltreatmenthasthe additional
benefitof actingasa hard-bakingstepfor the SU-8layer.

2.4. Set-up for evaluating the microelectrode stability
under stimulation

A waveform generato(Hewlett-Packard HP33120A)to
apply a biphasic rectangularpulse with an amplitude of
1.5Vp_p, aperiodof 500psandadutycycleof 50%wasused.
To accelerat¢hetests thevoltagestimuli wereappliedeach
2s. Themicroelectrodewereconnectedo asensingesistor
(Rseng andto adigital oscilloscopdTektronixTDS360).The
sensingesistomwasusedo corvertthecurrentsignalpassing
throughthe microelectrode—electrolyfaterfacein avoltage
signal.ldeally, usinga sensingesistor(shuntamperometer),
Rsensshouldvalue 0 €2, but in this casean amplifier would
beneededIn orderto keepthe set-upsimple,ahighervalue
resistor which hasbeendefinedempirically aftermeasuring
the applied voltage (Uapplied With respectto the stimula-
tion voltage (Ustim) for different resistorsand minimizing
theerrorbetweerthemwas used.t hasbeenfoundthatwith
Rsens= 3.3k2 the appliedvoltagepracticallyfitted theideal
biphasicpulseof thewaveformgeneratar

The experimentsvereperformedn a physiologicalsolu-
tion (NeurobasaMedium without L-glutamineandwithout
phenolredfrom GIBCO)allowing to neglecttheOhmicdrop
in the solution.

Themeasuringystemvasautomatedby usingLabView 6
(from Nationallnstrumentspandthe GPIB instrumentsnter
face.In additionto themeasuremendf thetransienturrent,
i(¢), thelong-termstability of theinjectioncurrentversushe
numberof appliedstimuli was alsoevaluatedandexpressed
astheroot-mean-squar@ms) valueof theinjectioncurrent
(computedn Matlab environmentfrom the measuredran-
sientcurrentacquiredeach10 stimuli).

2.5. Cortical neuronal cultures

Dissociatedcheuronatulturesvereobtainedromcerebral
corticesof embryonicratsat gestationablay 18 (E18). The
cerebralcorticesof four to five rat embryoswere chopped
into small pieces,dissociatedby enzymaticdigestionin
trypsin 0.125%— 20min at 37°C — and finally triturated
with afire-polishedPasteupipette Dissociatedheuronsvere
plated onto poly-p-lysine and laminin coatedMEAs, in a



100(I dropcoveringtheelectrodeegion (~1200cells/mn?);
1h later, when cells adheredto the substrate,1ml of
mediumwas added The cellswereincubatedvith 1% peni-
cillin/streptomycin,1% glutamax,2% B-27 supplemented
NeurobasaWledium(Invitrogen),in ahumidifiedatmosphere
5% COy, 95%air at 37°C [42]. Fifty percenbf themedium
was changedwice aweek.

2.6. Electrophysiological experimental set-up

The experimentaket-upis baseconthe MEA 60 System
(Multichannel System,MCS, Reutlingen,Germary), con-
sisting of a mountingsupportwith integrated60 channels
pre-andfilter amplifier (gain 1200x), a personakcomputer
equippedwith a PCI dataacquisitionboard for real-time
signalmonitoringandrecording,an invertedoptical micro-
scopeananti-vibrationtableandaFaradaycage Theculture
chambefvas sealedusingsiliconeringsanda perfusionsys-
temaswell asatemperatureontrolwereinstalledallowing
long-timeexperimentsSignalswererecordecandmonitored
by usinganin-housedevelopedsoftwarefor real-timespike
detectionand a commercialsoftware, MCRack (MCS) for
on-line visualizationsand raw datastorage.Commercially
availableMEAs (MEA 200/30,MCS) wereusedfor valida-
tion andcomparison.

2.7. Data analysis

Thetypical obsenedelectrophysiologicahctiity in net-
worksof dissociatedheuronausuallyrangedrom stochastic
spikingto organizedpopulationbursting.A populationburst
consistsof episodef actvity (i.e. denselypacked spikes)
occurringat mary channelsandspreadover the entire net-
work. Thesepackagegenerallylast from hundredsof mil-
lisecondaupto secondsindaretime dividedby long “silent”
phasesTo investigatethe network behaior in spontaneous
(i.e.notstimulatedconditions we usedalgorithmsfor spike
andburst detection.The spike detectionalgorithm consists
in a hard-thresholatrossing,computedusingfive timesthe
standardieviation of theraw signal. The burstsweredefined
assequencesf threespikesoccurringin lessthan100ms.A
visualcontrolof theautomatiadetectiorresultscorroborates
thereliability of thesemethodgseeSection3).

To evaluatetheresponsienes®f thenetwork to electrical
stimulationwe computedhePost-StimulugimeHistogram
(PSTH),whichrepresenttheprobabilityto evokearesponse
upona stimulusdeliveredfrom specificsite [43].

3. Results and discussion

3.1. Pt-MEA with thick SU-8 clustering structure and
Pt-RTDs

TheclusteredVIEA andaready-to-uselevice areshovn
in Fig. 3. A fabricationyield of 85% was achieved andwas

(b)

Fig. 3. (a) Optical views of a singlechip (14mm x 14mm) and (b) of the
packagedlevice (50mm x 50mm).

mainly limited by defectsantroducedduringopeningthesil-
icon nitride passvationlayer. This technologicaproblemis
oftenassociateavith largechipareasOntheotherhand,the
useof the two photoresistayerslift-of f techniqueallowed
achiezing anexcellentreproducibilityandwell-definedmetal
structurecontours Residue®f SU-8,0bsenedoccasionally
ontheelectrodesfterthe SU-8 developmentcould be effi-
ciently removed by introducingthe oxygenplasmacleaning
step.Finally, the averagethicknes=of the SU-8 structureof
346+ 8 um, with a typical error in dimensiongeferredto
thedesignedane,lowerthan3% confirmsagoodfabrication
procesgontrol.

The first clusteringstructureswere realizedwithout an
adhesionayerfor theSU-8.1t wasfoundthatalbeitthe SU-8
adhesiorwas goodandpassedhe scotchtestafter process-
ing, the structuredifted-off after 2—3 daysin physiological
solution. As obsened also by Voslerician et al. [36], the
lossof adhesiorstartedrom the sidesof the structuresThis



x 105 x 105
5t i
4 . 2.5t 1
S stimulus #100 T
ol ‘/stimulus #35'000 ot i
= <
< 1t @ E
30 =150 |
o -1 @ 1 S
3
-2F _ © 1t j
-3} i
-4} | 0.5F i
_5- u
L . L . . . L L . . 0 L L ! L L L
24 22 2 18 -16 -14 -12 -1 -08 -06 0.5 1 15 2 2.5 3 3-f
(a) time [s] x 103 (b) applied number of stimuli x10

Fig. 4. (a) Measured injection current on one microelectrodg,80n diameter, upon 100 and 35,000 voltage stimulations of 3.5 &hd 50Qus in period.
(b) Calculated injected rms current during a stimuli versus the number of applied stimuli on one microelectrode.
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Fig. 6. Two culture health indicators on conventional and clustered MEAs. (a) Average cell culture life duration computed on the five best resudts from
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resultmotivatedthedevelopmenbf anadhesiodayerableto
establishachemicalbondingbetweerthesilicon nitride and
the SU-8. Devicesfabricatedwith the adhesionayerbased
on the EPON 825 allowed to achieze good SU-8 adhesion
ontoPyrex substraten physiologicalsolutionupto several
months.

The Pt-RTD temperaturesensorsalthoughnot usedin
thiswork, werecharacterizetly measuringheirresistvity at
22.4°CheforeandafterthePECVDsiliconnitridedeposition
andpatterning A homogenouslecreasef theresistvity of
15% was measuredor a total metal thicknessof 1495A.
Thisresultedn anaverageresistvity (five pointsperwafer;
10 wafersmeasured)pTi_pt, of 1.87x 10~/ @m andin an
averageresistanceof the Pt-RTDs of 1.0534k2 4+ 38 at
22.4°C. Themeasuredemperatureoeficient of resistance
(TCR), a, was2.8364+ 0.16x 10 3C1.

3.2. Microelectrode evaluation under long-term
stimulation

As alreadyemphasizedhemicroelectrodéunctionalsta-
bility underong-termvoltagestimulationis of crucialimpor
tancefor studyingplasticity in neuronalnetworks. Fig. 4a
shaws a typical exampleof the recordedinjection currents
after100and35,000biphasicvoltagestimuli with theampli-
tudeanddutycyclecorrespondingp theneuronaktimulation
protocolusedsubsequentlylhethreephase®f thestimulus
train correspondrespectiely, to theanodic(1) andcathodic
(2) pulsedollowedby adischage (3). Thepracticallysuper
posedesponseafter100and35,000stimuli demonstratan

adequatstimulationfunctionalityof the Pt microelectrodes.

The stability of thechageinjectionis moreevidentupon
computingheroot-mean-squaref theinjectioncurrentwith
respecto thenumberof deliveredstimuli (Fig. 4b). It canbe
seenthat Pt microelectrodeshov a stableinjection root-
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mean-squareurrentof 13.3+ 0.35uA per microelectrode
(rms current density 1.88A/cm?) over 35,000 stimuli of
1.5Vpp.

The averageinjectedchage densitiesover 35,000stim-
uli for eachphaseof the stimulustrain (1-3) are, respec-
tively, 01=4.62x 104 Clcn?, Q»=—4.53x 104 Clcn?
andQ3=—1.47x 10~* Clcn?. A dissymmetnbetweerthe
positve and negative phaseis obsered in terms of the
injectedchage (0.9 x 10~° C/cn?) andis not, asmight be
expectedfor a 50% duty cycle high-amplitudevoltagestim-
uli, compensateébr in the dischage phase44—-46] How-
ever, the stability of the injection currentdemonstratethat
thisdoesnotaffecttheelectrodesfunctionalreliability. This
has beenfurther confirmedby cyclic voltammetry where
practically unchanged/oltammogramsvere obtainedprior
to andafterthe functionalstability experimentgresultsnot
shavn). Moreover, the chage injection dissymmetrydoes
notseemto induceary problemsn theelectrophysiological
recordinggseebelow).

3.3. Functional experiments with rat’s cortical neuronal
cultures

Theeffectsof the clusteringstructureon the spontaneous
andevoked network actiities wereevaluatedby comparing
the recordingson clusteredand corventional MEAs. Neu-
ronal cultureson the clusteredMEAs were routinely kept
active andhealthyup to 45-60days(Figs.5 and6). Further
more,thedistributedorganizationwas fully compatiblewith
long-termcell culturesand comparabldo that obsened on
cornventionalMEAs.

Comparingthe spontaneouspiking and bursting activ-
ity ratesrecordedon, respectiely, corventionaland clus-
tered MEASs, as shawn in Fig. 7, no apparentdifference
of the meanlevel of actvity was obsened. However, a
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Fig. 9. Post-Stimulus Time Histogram (PSTH) on (a) a clustered MEA and (b) a conventional MEA. (a) The graph repott8 gritbwhere each cell
represents the PSTH computed for the recording microelectrodes, belonging to different clusters as indicated by the five labels. Electrodesétstheech
indicated by the letters of the connected clusters. Note how the clustered MEA is able to evoke responses of different shapes and featurestaecording to
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it is not possible to distinguish different features of the PSTH. X4ais scale is [0, 400] ms, while thHéaxis scale is [0, 1].



more detailedexaminationof the burstingactiity patterns

betweerandwithin theclustersevealedcertaindifferences.

In comparisorwith corventionalMEA, whereculturestend
rapidly toward a synchronizedoursting actvity distributed
over the entiremicroelectrodarray on the clusteredVIEAs
therecordingsexhibitedadistribution of synchronou$ursts
in the clustersand asynchronousgursts betweenthe clus-
ters(Fig. 8b andc). Thisis even moreevidentwhenall the
burst occurrencegrom all the microelectrodesre consid-
ered(Fig. 8b andc, lower part). The asynchronousursting
betweertheclustergesultedn asequentiapatternof bursts
with consistentime lags(Fig. 8d) andwas routinely found
from one culture to another Thus, asynchronousursting
areasmight be linked to the distributed organizationof the
culture.
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The behaior of the network in interconnectedsub-
populationswas even more evident looking at the evoked
activity patterns.The network responsienessto localized
stimulationswas evaluatedby meansof the Post-Stimulus
Time Histogramasshawn in Fig. 9. It canbe seenthatthe
clusteredVIEA impartsa distinctvariability on the network
responseto a singlestimulation(i.e. a train of 50 pulsesat
0.2Hzand1.5Vp_pfromasingleelectrode)thePSTHshape
was differentfor separatedlusterswhile it maintainecthe
sameeatureswithin thesamecluster Thesub-populatiorin
the stimulatedcluster(clusterD in Fig. 9a) shaovs a higher
probabilityof evokedresponseyettheevokedactiity clearly
propagateso the connectectlusters.This variability of the
network responsienessis not obsened on a conventional
MEA (Fig. 9b), wherethe network freely grows in the avail-
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able space producinga denselayer of strongly connected
cells. Upon stimulationin this condition, eachsite of the
arrayshows a very similar response.

Fig. 10 presentsthe computed mean lateny of the
responseso the deliveredstimuli. Comparedo the stimu-
lated cluster the other clustersshav a longer lateng and
a larger variability in the responsdime, demonstratinghe
sub-populationgterconnectionandthedifferentpathways
involved in the network dynamics.It is worthwhile to note
thataverysimilarbehaior is obseredbetweerthe network
in thestimulatedclusterandthewholenetwork onacornven-
tional MEA.

4. Conclusions

In this paper the fabrication,the functional evaluation
andthe biological validationof a microelectrodearraywith
anintegratedSU-8 clusteringstructureweredescribedThe
purposeof the interconnectedlusterstructureis to reduce
theisotropicnetwork distribution, aswell asto discernlocal
relationsbetweercell growth, actvity andtheirinvolvement
accordingto their useasinput, outputor processin@reas.

The recordingof the spontaneousctiity demonstrated
a clear differencein the distribution of the bursting activ-
ity betweenthe corventional and clusteredMEAs. Thus,
this approactdoesnot preventlocal burstingactiity (in the
sub-populationput allows its distribution over the clusters.
The clusterfunctionality of confiningthe network dynam-
ics mainly in the sub-netverks was further confirmedby
recordinghenetwork evokedactivity. ThecomputedSTHs
clearlyshaow thelocalizationof the stimulationin thecluster
to which the stimulatingelectrodebelongs,yet the evoked
signalpropagatethroughtheconnectingchannelsinfluenc-
ing the activity of the other sub-populationsThe shapeof
thePSTHdoesnot changewithin theclusterfrom whichthe
stimulusis deliveredwhile cleardelaysanddifferencesn the
numberof evoked spikesarevisible in the others.The stim-
ulatedclusterresponsevas very similar to theonerecorded
onacorventionaMEA confirmingthenetwork organization
in interconnectegdub-populations.

An organizationof neuronalnetworksin interconnected
sub-populationgs animportantstepfurtheronin theinvesti-
gationof thefunctionalandanatomicahspect®f distributed
learning processesThe proof of conceptof the clustering
structurefunctionalityopensnew prospectdor investigating
in vitro interactionsamonglarge assemblie®f neuronsor
co-culturedpopulations(e.g., neocort& and hippocampus)
aswell asthe basiclearningmechanismandnetwork plas-
ticity.
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