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Abstract

Electricalactiity playsa pivotal role in the developmentof neurondnto functionalneuralnet-
works. Besideschangedn synapticstrength,mary other processesre actiity-dependent. They
influenceneuronalfunction and connectvity, on multiple time scalesaswell ason multiple levels
of specificity bothduringdevelopmentandin adulthood.A numberof theseprocessearereviewed
here,togethemwith somesimulationmodels. Their relevancefor the currentthinking aboutneural
networksis discussed.

1 Introduction

In the courseof developmentneuronsbecomeassemblednto functional neuralnetworks. Electrical
actwvity playsa centralrole in this processandits effectsarenot restrictedto merechangesn synaptic
strength.Many processethatdetermineconnectrity andneuronafunctionare,on varioustime scales,
modulatedby electricalactvity: e.g.,naturallyoccurringcell death,trophic factorproductionandre-
sponsvenessnumberandeffectivenesf transmitterreceptorsneuriteoutgravth andgrowth conebe-
haviour, neuronaimorphology geneexpressioranddifferentiationof neuronsnpeuron-gliainteractions,
synaptogenesisecondangliminationof synapsesandchangesn synapticstrength.

As aresultof theseactvity-dependenprocessesa reciprocalinfluenceor feedbackioop (a char
acteristicof self-oganizing systems)exists betweenthe developmentof neuronalform, function and
connectiity ontheonehand,andneuronalandnetwork activity on the otherhand(alsoseeVanPeltet
al., 1994).A givennetwork maygenerateactvity patternsvhich modify theorganizationof the network,
leadingto alteredactivity patternavhich couldfurthermodify structuralor functionalcharacteristicand
soon (e.g.,Von derMalskurg andSinger 1988). Furthermorejn theinitial stagesof developmentac-
tivity patternghatarenot evoked by externalinput (endogenousr "spontaneousactiity: seeCorner
1990) play animportantrole, ashasbeendemonstrateéh a numberof cell andtissueculture experi-
ments(e.g.,CornerandRamalers,1992). A developingnetwork is thusa dynamicsystemin which the
structure humberof elementsandfunctionalcharacteristicef the elementsarevariable,in partbeing
undercontrol of the systems own actvity. The presencef suchfeedbackioopshasimplicationsnot
only for the emegenceof network organizationandfunction, but alsofor the functioningof the mature
system:processethatareinvolvedin developmeniftenappeato remainoperatve in adulthood.

In this review | will describeg(i) the dependencof variousdevelopmentaprocessesiponelectrical
actwity, (ii) theindicationsthattheseprocessearestill operatve in the maturestate,and(iii) anumber
of illustrative simulationmodels(without the pretentionof beingcomplete).

2 Cell death and trophic factors

During developmentup to abouttwice asmary neuronsareproducedn mary structuresaswill survive
into adulthood(e.g., Oppenheim1991). This processof overproductionfollowed by deathoccursin
regionsof the peripheralaswell ascentralnenoussystem.The survival of neuronsdependgo a great
extenton whetheror not they have obtainedadequat@amountsof specificneurotrophidactors(Punes,
1988; Oppenheim1991),which seemto actby suppressingnintrinsic cell suicideprogram(Johnson
and Deckwerth,1993). The survival requirement®f developing neuronsinclude factorsthat are pro-
ducedby their tamget cells. They aretaken up throughthe synapse®f the presynapticcell andreach
the somaby retrogradeaxoplasmictransport. In additionto affecting survival, trophic influencecan
affect axonaland dendriticarborization the productionand choiceof neurotransmitterthe expression
of receptorsanda variety of electricalmembrangropertiespothin developmentandin adulthood(for
referenceseeClarke, 1991).



The synthesisof neurotrophicfactorsis regulatedby electricalactiity. For example,the synthe-
sis of the neurotrophindNGF (nene growth factor)and BDNF (brain derived neurotrophicfactor) by
neurongn the centralnenoussystemis up-regulatedvia the excitatory neurotransmitteglutamateand
down-regulatedvia theinhibitory neurotransmitteGABA (Zafraetal., 1990;Lu etal., 1991;Thoenen,
1991). Theresponsienesgo trophic stimulationmay alsobe regulatedby electricalactiity, sincede-
polarizationincreaseshe expressiorof the receptordor neurotrophidactors(Black, 1993). Moreover,
differentexcitatory receptorsubtypesnediatetrophic or regressive influence:stimulationof ionotropic
receptorgseesection3) decreasesurvival, whereasnetabotropiacgeceptoractvity is necessaryor sur
vival (Black, 1993;for areview onthetrophiceffectsof excitatoryneurotransmitteranddepolarization,
seeBalazset al., 1992). Electrical activity andtrophic factorsmay interactvia levels of intracellular
calcium ([Ca%*]; ). DepolarizationcausesCa’t entry and neuronsthat have low [Ca?t]; are more
dependenbn trophic factorsthanthosewith high [Ca?*]; (Koike and Tanaka,1991). The expression
of endogenou8DNF, which enhancesgell survival, is increaseddy the activation of voltage-sensiie
Cat channel§Ghoshetal., 1994). At very high[C&t]; , however, neuronabeathis increasedin con-
nectionwith theseobsenations,the "calcium set-pointhypothesis’of neuronakurvival anddependence
on neurotrophidactorshasbeenproposedFranklinandJohnson1992),which stateghat (i) at[Ca?*];
substantiallybelav restinglevels, neuronsdo not survive, evenin the presencef neurotrophidactors;
(ii) atnormal[Ca?*]; neuronssurvive only if adequatemountsof trophic factorsare available; (iii) at
modestlyelevated[Ca®*]; neuronswill survive evenin the absencef trophic factors;and (iv) at very
high [C&?*]; neuronaldeathis increased Finally, boththe uptale of trophic substanceandthe trans-
port throughaxonsmight themseles be actvity-dependentthe former alsovia the actvity-dependent
regulationof neuriteoutgravth andbranchingpatterngseesection4), which influenceshe numberof
synapseandtherebythe attainmenbf trophicsubstances.

In additionto the mechanismslescribedabore, by which the electricalactvity in afferentnene
fibres modulatesthe effects of retrogradelytransportecheurotrophicfactors,the afferentsthemseles
may also producespecificneurotrophicfactorsthat are anterogradelytransported¢hroughtheir axons
andsynapticallyreleasedpossiblyin anactivity-dependenmanner(Linden,1994).

The neurotrophidfactorsthat areretrogradelytransportedhroughan axonmay affect not only the
parentneuronbut alsothe synapsesmpinging onit. Cutting axonscancausewithdraval of synapses
fromthedamageaells(for referenceseeClarke, 1991). Neuronsdeprivedof retrograddrophicsupport
will thenin turn fail to provide trophic supportto the neuronsone stagefurther upstream. Similarly,
anterogradérophic effectsmight be transmittedfurther downstream.Thus, therecould exist a network
of trophicinteractionscomparabldn complity to neuralnetworks basedon electricalactity, with
bothsystemgeciprocallyinfluencingeachotherat multiple levels (Clarke, 1991).

Therolesof trophicinteractionsand neuronaldeathare mostpronouncedluring development:es-
tablishmentof neuronalcircuits, formation of morphogenetigatterns,control of neuronalnumbers,
matchingthe numberof presynapticand postsynapticcells, and eliminating wrongly connectectells
(Oppenheinetal., 1992; Raff, 1992). Therapidregulationof neurotrophicsubstanceby neuronalac-
tivity, however, allowing the conversionof short-termsignallinginto long-termchangessuggestshat
their function is much more than merely regulating neuronalsurvival during development(Thoenen,
1991;alsoseelLindsayetal., 1994). Trophicinteractiongmay alsobe involved in memoryandlearning
in adulthood(Thoenen1991;Black 1993;Tancredietal., 1993).

21 Modds

Understandinghe implicationsof trophic interactionsat the network level requiresmathematicabnd
simulationmodels(Clarke, 1991).
In Galli-RestaandResta(1992)a modelfor the regulationof cell deathhasbeendeveloped. Cells



aregenerate@ccordingto a specificschemeanddie arounda certainageunlessrophicinfluencesaves
them. By assuminghattrophicinteractionsbetweenconnectedtructuresaremutual,i.e., trophicfac-
tors are suppliedfrom the target to the input cells andvice versa,apparentlyconflicting experimental
findingswith respecto the regulation of target andinput size canbe reconciled. The model predicts
both outcomeghat supportthe size-matchindiypothesiqi.e., a linear relationshipbetweentarget and
input size)andoutcomeghatstronglydeviate from this linearrelation.

Trophicinteractionsaareusedin amodelof the establishmendf connectiondetweenmotorneurons
andmusclefibres (Rasmusserand Willshaw, 1993: a revised model of that of Bennettand Robinson,
1989). During developmentof the nenoussystemthe axonsof motorneuronsoranchinto a numberof
terminals sothateachmusclefibreis connectedby terminalsfrom severaldifferentneurons Withdrawal
of terminalstakesthenplaceuntil eachfibre is innenatedby a singleaxon. In the model,competition
for apostsynapti€trophic)substanceroducecby eachfibre togethemwith competitionfor apresynaptic
substancdeadto sucha singleinnenation pattern,aswell asto a maximalnumberof terminalsthata
neuroncanmaintain(thereis no neuronadeathnor effectsof actvity). Intrinsicwithdrawval, asobsered
in someexperimentsappearsas a side effect of the competitve mechanism.For relatedmodels,see
referencen RasmusseandWillshaw (1993).

Trophicinteractionsarealsousedin a modelof the mappingof neurondrom spinalsegmentsonto
tamgetsin the periphery(Liestgl et al., 1993). In the model,eachpostsynapticell producesa limited
amountof trophicfactorsothatmoreconnection®ontoacell leadsto areducedsurvival chanceof each
connection. An increasein the numberof connectionsf a given presynapticcell also decreaseshe
survival chanceof eachconnection. Togetherwith chemodinity (no actvity-dependenprocessesire
assumedjheseinteractiongyenerateaninnenation patternresemblinghatof the biological system.In
the model,thefinal patternis sensitie to theinitial distribution of presynaptidibresontotheir tagets.
This sensitvity is markedly reducedf neuronsareallowedto die dependingon the sumof the survival
chance®f their connections.

In a modelfor the self-oganizationof neuralassembliesnto clustersof cells with characteristic,
input-relatedresponsessynapsesiegenerataunlessthey receve sufiicient trophic factor which is dis-
tributedfrom postsynapticells underanactvity-dependenHebb-like rule (Kerszbeg et al., 1992). A
patternof connectionemegeswith short-rangesxcitation andlongerrangeinhibition. Synapticstabi-
lization basedon post-andpresynaptidrophicfactorsis alsousedin a modelof the self-oganizationof
corticalmaps(Tanaka,1990).

In developingneuralnetworks, the numberof elementf the systemitself canchangeasnew cells
areaddedandothersmay die. This couldleadto novel dynamics.In Kanelo (1994)andKanelo and
Yomo (1994)systemswith a growing numberof elementsareconsideredCellscompeteor aresource
term which is suppliedfrom the ervironment. The ability to obtainthis dependon the internal state
of the cell, andcells divide anddie dependingon their state. During development,simultaneousieath
of mary cellsis seen(dueto interactionamongcells) resemblinghe "programmed’cell deathseenin
mary biologicalsystems.

Neuronaldeathandpruningof connectionsnight have conceptualinks with structuralplasticityin
artificial neuralnetworks in which, in contrastto corventionallearningalgorithms,the architectureof
the network itself (numberof elementspatternof connectionsyariesduringlearning,e.g. in Kohonen
networks (Fritzke, 1991) and feedforward networks (Refenesand Vithlani, 1991; Hiroseet al., 1991,
RomaniukandHall, 1993; Odri et al., 1993; Bartlett, 1994; Nabhanand Zomaya,1994; Fahnerand
Eckmiller, 1994).



3 Receptorsand ion channels

The rolesof ion channelsand neurotransmittereceptoran mediatingrapid electricalsignalling have
beenappreciatedor a long time. More recentlyit hasbeenrecognizedhatthey arealsoinvolved in
much slower processesandthat electricalactiity (via neurotransmittereleaseand receptoractions)
canmodulateitself, andcaneveninfluenceneuronaldifferentiationduring development.

Transmitterreceptorscan be divided into two familiesaccordingto how the receptorand effector
function (i.e., gatingion channelsjarecoupled(SchwartzandKandel,1991). In thefamily of gatedion
channelor ionotropicreceptorsthe recognitionsite andchannelaredifferentpartsof the sameprotein.
Thisfamily includesseveralglutamateeceptotypes(AMPA, kainate NMDA) andthe GABA receptors,
which mediateneuronalexcitation and inhibition, respecttely. The family of G-proteincoupledor
metabotropicgeceptorsontainghe serotonindopamineandneuropeptideeceptorsbut alsooneof the
glutamatereceptortypes(Schoeppetal., 1990). Here,recognitionis carriedout by a separatenolecule
thatis coupledvia a G-proteinto an effector molecule,which typically producesa diffusible second
messengefe.g.,cAMP). This secondnessengein turntriggerschangesn avariety of proteins.

Secondmessengersan inducethe openingor closureof ion channels(in someinstanceghe G-
proteincanactdirectly on anion channel) thusmodulatingthe signallingpropertiesof the cell. These
changeswhich dependn transientlyelevatedconcentrationsf secondnessengetastfrom secondso
minutes,usuallymuchlongerthanthe changesn membrangotentialproducedy ionotropicreceptors.
As secondnessengersandiffuseintracellularly they canaffectchannelsn distantpartsof thecell (also
seeKasaiandPetersen]994).

Anotherclassof proteinsuponwhich secondnessengeractareneurotransmittereceptorgof both
families,sothatinteractionsetweerionotropicandmetabotropigeceptors e.g.,differenttypesof glu-
tamatereceptors arepossible).In thisway, areceptorcanregulateits own effectivenessaswell asthat
of areceptorfor anothemeurotransmittef~or example,after prolongedexposureto its own transmittey
areceptorcanbecomedesensitized Also the numberof receptorscanbe regulated,usuallyon a time
scaleof hours(for referenceseeShav et al., 1989)with down-regulationfollowing agoniststimula-
tion or increasesn electricalactvity, andup-regulationfollowing antagonistreatmenior decreases
electricalactvity. This type of regulationis not restrictedto G-proteincoupledreceptors.In adultrat
neocort&, for example,anincreasein neuralactiity or agoniststimulationdecreasethe numberof
AMPA receptorgatypeof glutamatereceptorsyvhile increasinghe numberof GABA receptorgShav
andScarth,1991;Shav andLanius,1992;for the effectsof depolarizatioron AMPA receptorsn cere-
bellargranulecells,seeCondorellietal., 1993). Suchcontrolof receptomumberandsensitvity maybe
regardedasaform of homeostasisf neuronakctvity (alsoseeTurrigianoetal., 1994).

Throughsecondnessengesystemsglectricalactivity canacton proteinsthatregulatethe expres-
sionof genegArmstrongandMontminy, 1993)includingthoserelatedto channelsandreceptors.This
cancausemoreenduringeffectsin neuronalexcitability lastingdaysor weeks,or which canevenlead
to persistenthangesn cellularfunction(neuronadifferentiation).Stimulationof geneexpressioroften
occursvia C&t dependenmechanismsChangesn [Ca2t]; canoccureitherthroughsecondmessen-
gersmobilizing C&* ionsfrom intracellularstoresor directly via Ca+ flux throughNMDA channels
andvoltage-sensitie C&* channelsvhichopenuponmembranelepolarizatior(in thisway, theactwity
of ionotropicreceptorscanalsoleadto long-lastingchanges) Already the early differentiationof neu-
ronsis dependenuponneurotransmitteactionsandmembrangolarization(for referenceseeHarris,
1981). lon flux in immaturecellstriggerslater stepsof development,ncluding developmentakchanges
in ion channelsandreceptorgSpitzer 1991). For example,C&*t influx elicited by depolarizatiorhas
beenshawvn to influenceneurotransmittelevels, the choiceof neurotransmittephenotypeandproperties
of potassiunchannelgfor referenceseeSpitzer 1991). Electricalactvity may be crucial for the full
maturationof inhibitory transmissior(in culturedrat neocort&: CornerandRamalers,1992;in mouse



cerebellarcultures: Seil and Drake-Baumann1994). In culturedcerebellargranulecells, glutamate
stimulateSGABA receptomRNA expressionwhereadreatmentwith NMDA receptorantagonistsloes
the opposite(Memoetal., 1991). In adult monkey visual cortex, GABA andits receptorareregulated,
possiblythroughchangedn geneexpression,in an actvity-dependen manney with down-regulation
following afferentdeprivation (Jones1993). Thus,bothduringdevelopmentandin adulthood)evels of

electricalactvity arelikely to controlthe balancebetweerexcitationandinhibition.

To summarizethe neurondoesnot have a static setof propertiesevenin adulthood,but changes
underinfluenceof its own actvity. Theseinteractionsarereciprocal:electricalactvity dependsnion
channelsandreceptorsthe propertiesof which, in turn, canbe modifiedby electricalactvity. Thisloop
operate®n varioustime scalesnotonly duringdevelopmentput alsoduringthefunctioningof theadult
brain.

3.1 Modds

To studywhatimpactsuchafeedbackoop couldhave, Abbottetal. (1993),LeMassoretal. (1993)and
Abbot andLeMasson(1993)have developedmodelneurongsingleaswell asmulti-compartmentalin
which the maximal conductance; of eachionic currentis not fixed, asin mostmodels,but dynamic
andregulatedby the neurons own actyity, with theintracellularC&* concentratiorasanindicatorof
actvity levels. Thebehaiour of g; obeys:
dg; _
U = fiCa@)—g ()
wheret; is muchlarger (minutesto hours)thanthe time constant®f the otherprocesses the neuron;
fj([Ca?")) is the steady-statealueof g;, which dependsigmoidallyon the calciumconcentration
Gj

) 241y
fl([Ca ]) - 1_|_es([Ca2+]—CT)/A (2)

whereG;j, Cr andA areparametersieterminingthe form of the sigmoid,andsis +1 for inwardand -1
for outward currents,so thata negative feedbacloop exists from actiity to currentstrength(stability
criterion). This regulationschemestabilizesthe actvity of the neuron(lobsterstomatogastriganglion
neuronshave indeedbeenfoundto regulatetheir conductance® maintainstableactvity patternsTurri-
gianoetal., 1994).If, for example theamountof extracellularpotassiums increasedothatanisolated,
periodicburstingneuron(singlecompartmentyoesinto a fast,tonic firing mode,theresultingincrease
in electricalactivity and[Ca?t]; will, via eqn(1,2), readjusthe maximalconductancesothattheinitial
behaiour is restored(althoughpossiblywith a completelydifferentsetof conductances)This type of
regulationalsocausegheintrinsic propertiedo shift in responseo externalstimulationor the presence
of otherneurons An exampleof thelatteris givenby anetwork of two neuronsyhich,whenuncoupled,
areidenticalbursters. Whenthey are symmetricallycoupled,however, their actvity in the network is
no longeridentical. The couplingshifts their intrinsic properties:the behaiour of oneof the neurons,
whenagainuncoupledhaschangedrom burstingto tonicfiring. Thus,the couplinghasspontaneously
differentiatedhe neurongo form acircuit in which oneactsasa pacema&r andthe otherasa follower.
In a multi-compartmentaVversionof the modelwith soma,axonanddendritictree,in which eqn(1,2)
actslocally, a realistic patternof membraneconductancesi.e., the strongestsodiumcurrentnearthe
soma,intermediatealong the axon, and smalleston the dendritictree) spontaneouslariseswhenthe
dendritictreeis randomlystimulatedwith excitatoryinputs. This patternemegespurely asa resultof
themorphologyof theneuron.

In Bell (1991),theion channelsn dendriticcompartmentarealsotreatednoredynamically:during
learning,the conductanceare changedso asto optimize an objective function of local currentflow. It
is shavn thattheserulesgive riseto motionsensitve receptve fields. Interestingly Zoharyetal. (1994)
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have found thatthe increasein perceptuakensitvity of monlkeys practisinga motion detectiontaskis
accompaniethy anincreasean sensitvity of directionallyselectve neurons.

Takentogetherthis type of dynamicregulationof intrinsic propertieamay play animportantrole in
network adaptatiorand development. Along with actvity-dependensynapticplasticity the existence
of actiity-dependenneuronalpropertiessuggestghat plasticity at "nodes” (i.e., neurons)may be an
importantelementn network learning(Abbottetal., 1993;andreferencesherein).

Usingglobally couplednetworksof chaoticelementsKanelo (1994)hasstudiedsuchacase:synap-
tic changes not assignedo theinteractionbetween and j, but to the couplingw; atnodei, sothatthe
couplingstrength for a giveni, takesthe samevaluefor every j. Givenanupdaterule for w;, common
inputs, appliedto a subsetof elementsjncreasethe degreeof synchronizatiorof oscillationsof these
elementsyhich persistevenif theinputsareremoved. Thus,clusteringaccordingo inputsis obtained.

Tawel (1992) hasstudieda neuronthat adaptvely participatesn the learningprocessof a feedfor
ward back propagatiometwork. During learning, both the synapticweightsandthe steepnessf the
sigmoidalactvation function of the individual neuronsare optimized,so thatin the end eachneuron
attainsits own characteristi@activation function (stimulus-responspropertiesof individual neuronsin
theadultcortex canindeedbe modified: seereferencesn Zoharyetal., 1994). The methodappeardo
reducethe learningtime significantly

Anotherintrinsic propertythatcanimprove learningis the phenomenorthata neuroncandecrease
its activity whenrepeatedlystimulated(i.e, habituationor adaptatione.g., throughdesensitizatiorof
receptors)lt wasimplementedn the Neocognitron(Van OayenandNienhuis,1993),which is a multi-
layeredfeedforvard network for visual patternrecognition(Fukushima,1980). A type of competitve
learningis usedto train the network. After learningis completedthe modelhasa hierarchicalktructure
in which simplefeaturesf theinput patternsarecombinedstepby stepinto morecomplicatedeatures,
with thecellsin the highestlayereachrespondingo only oneinput pattern(if learningwassuccessful).
Habituationimproves patterndiscriminationbecauseells will becomdessresponsie to the morefre-
guentfeaturesamonga setof input patternsso that circuits for detectingthemwill not be reinforced.
Circuitsfor relatively infrequentfeatureq(i.e., discriminatingfeatures)evelop preferentially Without
habituation featuresshareduy differentpatternsarepreferentiallylearned.

Neuromodulatorge.g.,neuropeptidesind hormonesseesection3) modify the intrinsic properties
of neurons(e.g., Kaczmarekand Levitan, 1987). In Coolenet al. (1993) a simplified form of neu-
romodulationis implementedn Ising-spinneuralnetworks: a modulatorspecificsubsetof neuronss
preventedfrom transmittingsignals.Neuromodulationwhichis presenbothduringlearningandrecall,
enablesassociatie memoriesto performselectve patternreconstructionWhich of the storedpatterns
will becandidategor reconstructiordepend®n the similarity of the modulationsettingat the moment
the patternawverelearnedwith thatpresenturingtherecallphase.

Themodulatorysystemneednot be separatérom the systemit modulateqi.e., intrinsic neuromod-
ulation). In molluscs,it hasbeenfound that neuronswithin a centralpatterngeneratorircuit can, by
their own actvity, dynamicallymodulatesynapticstrengthswithin that samecircuit during its normal
operation(Katz etal., 1994).

4 Neuriteoutgrowth

4.1 Neurite outgrowth, electrical activity, and neurotransmitters

During early developmentneuronsattain their characteristianorphologyof branchedaxonsand den-
drites(the corventionalview is thatdendritesalwaysconductinformationtowardsthe somaandaxons
away; in fact,neuronshave amorevariedrepertoire:seee.g.,Andersen1985),Shepherq1990;1991),
Regehretal. (1993), Stuartand Sakmann(1994)). Aroundthe cell body, protrusionsof the cell mem-



braneemege which later develop into neurites(neuriteis a generalterm for both axonanddendrite).
The onewith the highestoutgravth rate usuallybecomeghe axon,while the othersturn into dendrites
(Sagent,1989; CraigandBanker, 1994). At thetip of a growing neuriteis a highly specializedmotile
structure the growth cone,which typically consistsof a flat lamellipodiumandnumeroudilopodial ex-
tensions. It is capableof pathfinding, elongating,retracting,branchingandinitiating synaptogenesis.
Neuriteoutgravth andgrowth conebehaiour arethereforeessentiato thedevelopmenbf neuronamor
phologyandthe patternof synapticconnections Apart from providing spacefor othercellsto synapse
upon, dendriticand axonaltreesinfluencethe currentflow throughthe cell and, thereby its electrical
properties.

Neuronalmorphologyresultsfrom thegeneticpotentialitiesalongwith ervironmentalinputssuchas
growth factors substratedhesiormoleculesandlocal cell interactiongfor thelatterseee.g.,Gaoetal.,
1991;Baptistaetal., 1994). Numerousstudieshave demonstratethatelectricalactvity andneurotrans-
mitterscandirectly affect neuriteoutgrawth andneuronaimorphology They couldplay importantroles,
thereforenotonly in informationcodingbut alsoin definingthe structureof the networksin which they
operatgMattson,1988).

Electricalactivity of the neuronreversiblyarrestseuriteoutgravth or evenproducesetraction(Co-
hanandKater, 1986;Fieldsetal., 1990;Schilling etal., 1991;GrumbacheReinertandNicholls, 1992).
Similarly, depolarizingmediaand neurotransmitteraffect neuriteoutgravth of mary cell types(e.g.,
SussdorandCampenot]1986;McCobbetal., 1988;Lipton andKater, 1989;MattsonandKater, 1989;
Neely 1993)with, in general gxcitatory neurotransmitterghibiting outgravth andinhibitory onesan-
tagonizingthe effects of excitatory neurotransmittersin culturedhippocampapyramidalneurons for
example,glutamatecauses dose-dependemnéductionin dendriticlength(Mattsonetal., 1988)(axonal
outgrawth is alsoaffected,but at higherconcentrationsyvhich canbeantagonizedy GABA or the sup-
pressionof electricalactvity by anticovulsantdrugs(Mattson,1988). Dendritic outgravth continues
whenneuronsareexposedo GABA plusglutamateata concentratiorof glutamatehatnormallycauses
dendriticregression(Mattson,1988). Excessnhibition, however, suppressesutgravth. WhenGABA
andits potentiatordiazepamareaddedtheoutgravth of boththeaxonanddendriteds suppressedrhis
supportsthe notion that an optimal level of electricalactvity is requiredfor neuriteoutgravth. More-
over, it may be not merelythe frequeng of impulsesthatis important,but alsoits pattern. In mouse
sensoryneuronsphasicstimulationis moreeffective in inhibiting neuriteoutgravth thanis stimulation
with the samenumberof impulsesata constanfrequeng (Fieldsetal., 1990).

Theinfluencesof electricalactiity andneurotransmitteracton the level of both singleneuriteand
whole cell. Specificcuessuchasneurotransmittersould actlocally on individual growth cones.e.g.,
local applicationof glutamateto individual dendritesresultsin local dendritic regression(Mattsonet
al., 1988),whereasactionpotentialsmay simultaneouslyegulatethe behaiour of all the growth cones
andneuritesof a given neuron(Kater and Guthrie, 1990; Cohanand Kater, 1986; also seeStuartand
Sakmann,1994). The conditionsunderwhich neuritesgrow out may be differentfor differentneurons
(Kater et al., 1990). Even differentneuritesof the sameneuron,e.g., axonsand dendrites,can have
differentgrowth propertieqKaterandGuthrie,1990).

In additionto the effects describedabore, neurotransmittersan regulate the direction of neurite
outgrawth (Zhenget al., 1994; Smith 1994). Neuritesgrowving from cultured Xenopusneuronsturn
towardsanacetylcholing ACh) source.They areableto detectagradientin neurotransmitteconcentra-
tion, a phenomenonvherebyCa+ in the growth coneseemso play a crucial role. Besidesdetecting
neurotransmittemoleculesgrowth conesarealsocapableof releasinghem(YoungandPo00,1983),a
characteristithey sharewith the presynapticerminal.

Neurite outgrawvth, growth cone motility, shapeand direction of outgrawth are also regulatedby
trophicfactorssuchasNGF (e.g.,Jacobson1991). Applied electricfields, too, influencenere growth,
with respecthothto branching(McCaig, 1990a)andto the rate of elongation(McCaig, 1990b). Nitric



oxide (NO), an endogenouslproducedfree-radicalgas,which hasbeenimplicatedasan intercellular
messengesubservingong-termpotentiation(LTP) (seesection5), alsoreversibly causegrownth cone
collapseandneuriteretraction(Hessetal., 1993). It mayplay arole in actiity-dependenprocessesas
its productiondependsiponCa&* (SchumarandMadison,1994b).

Taken together thesedatashov thatthe growth coneis a structurecapableof integrating multiple
cues,a processcomparabldo the classicalintegration of multiple synapticinputs (Kater and Guthrie,
1990).

4.2 Calcium

The morphologicalresponseso neurotransmitterand electricalactvity are mostlikely mediatedby

changesn [C&*]; (Cohanetal., 1987;Kateretal., 1988; Mattson,1988;Kateret al., 1990; Kater and
Guthrie,1990; KaterandMills, 1991). Depolarizatiorieadsto C&* entry anda numberof aspectf

gronth conemotility, suchasassemblyanddisassemblpf microtuhules,arethoughtto be regulatedby

C&*t . In connectionwith theseobsenations,the C&* theoryof neuriteoutgravth hasbeenproposed
(e.g.,Kateretal., 1988;Kateretal., 1990;KaterandGuthrie,1990),which stateshatlow [C&?*]; atthe

growth conestimulatesoutgravth, higherconcentrationsausea cessatiorof outgravth, andstill higher
concentrationgeadto regressiorof neurites.Sinceoutgrawth is alsoblockedif [Cat]; is too low, there
appeargo be anoptimallevel. Differencesn reactionamongcells andneuritesmay be attributableto

differing C&f* regulatingcharacteristics.

4.3 Morphology and polarity

Electricalactiity determinesiot only whetheror notaneurongrows out, but alsothe morphologyof its
growth cones.In additionto blockingoutgrawth, electricalstimulationdecreasethenumberof filopodia
andcauseshelamellipodiumto retract(CohanandKater, 1986).Sincetheform of thegrowth conecan
affect branching(also seeVan Veenand Van Pelt, 1992), electricalactiity and neurotransmittersan
regulate the branchingpatternof the dendritic and axonaltree (Brewer and Cotman,1989; Kater et
al., 1990). During normal development,neurotransmitterseleasedoy afferentaxonscould alter the
dendriticmorphologyof growing neurons For example,in asystemwherehippocampapyramidalcells
aregrovn on a mat of axonsfrom entorhinalcortex, glutamatereleasedrom entorhinalaxonsinhibits
dendriticoutgravth in pyramidalcells (Mattson,1988).

Neurotransmittermayorientthesite of axonformation(Mattsonetal., 1990).Earlyin development,
hippocampaheuronsxtendseveralshortneuritegDotti etal, 1988)which, atthetime they first appear
cannotbe specifiedaseitheraxonalor dendritic. Thelengthof thesenitial neuritesappeardo determine
which onewill becomethe axon. In experimentsin which the axonis transectedat variousdistances
from the soma,the longestneuriteremainingafter transectiorusually becomeghe axon, regardlessof
its previously beinganaxonor dendrite(GoslinandBanlker, 1989). A similar procesanay be involved
duringnormaldevelopment:.whenoneof the neuritesexceedspy chancetheothersby acritical length,
it becomesspecifiedasthe axon (GoslinandBanlker, 1989). Neurotransmittersglectricalactivity and
otherfactorsthatregulateneuritelengthmight thereforeplay arole in the differentiationof neuritesnto
axonsanddendriteq(i.e., polarity).

The acquisitionof axonalcharacteristicss correlatedwith the selectve segregation of the protein
GAP-43to the growth coneof a single neurite(Goslin and Banker, 1990). It may be a candidatefor
theregulatoryproteinin the conceptuamodelof GoslinandBanker (1990),which stateghatthe rateof
neuriteelongationrdepend®ntheconcentratiorof someprotein,whosedistributionis in turndetermined
by length. The transportof GAP-43to the growth coneis anactive processaandthereforelargely inde-
pendenbf neuritelength,while thereturnto thesomamightbe a diffusionprocesssothat,accordingo



this hypothesisthegrowth coneof thelongestneuritewould receve moreprotein,andthe neuritewould
grow longerstill. Interestingly GAP-43is sensitve to changesn membrangoolarization(Dekker etal.,
1989)andin C&* levels (Aloyo etal., 1983); GAP-43could modulateCat signalsin growth cones
andsynapsesandregulatemembraneandcytoskeletalassembly(for referenceseeFieldsandNelson,
1992). Direct indicationsthat C&* playsa role in the formationof axon-dendritgpolarity have been
obtainedby Mattsonet al. (1990). A localized influx of C&t suppresseaxonformation,in neurons
that have not yet establishedheir polarity, aswell asin neuronsfrom which the axonis transectedat
shortdistancedrom the soma(which cause<C&" to enter). Whena C&* gradientis presentn the
neuron,the axonwill notform wherethe C&+ concentratioris highest.In this way, alocal encounter
with neurotransmittefor ary otherfactorcausinga local increasén Caf* ) couldinfluencethe site at
which anaxonwill beformed.It maybethataneuritebecomesinaxonjustbecausét hasalow [Ca?t];
andthereforegrows morerapidly thanthe otherneurites(alsoseeMattsonetal., 1990).Indeed [C&?*];
is lower in axonsthanin dendriteGuthrieetal., 1988).

4.4 Adhesion molecules

Adhesve andrepulsve interactionsamongcell surfacemoleculeqe.g.,on gronvth conesandneurites),
andamongcell surfacemoleculesand moleculesin the extracellularmatrix also participatein growth
conebehaiour (e.g.,Letourneaul1991),neuriteextension retractionandguidanceaswell asin neurite
fasciculationand neuronalmigration (Jessell,1991). The adhesiormoleculesof the immunogloluilin
superamily (e.g.,neuralcell adhesiormolecule:N-CAM), cadheringe.g.,N-cadherin),andintegrins
promoteneuriteoutgravth; N-CAM andcadherinsareinvolvedin cell-cell adhesionwhereasntegrins
mediateadhesionof cells to glycoproteins(e.g., fibronectinand laminin) in the extracellular matrix.
Not all the actionsof thesemoleculeshowever, involve adhesion(Schwab et al., 1993). For exam-
ple, myelin, tenascinand cytotactininducean avoidancereactionor neuriteretraction(e.g., Edelman
andCunningham1990). Most of theseinteractionsare probablyestablishedn anactvity-independent
fashion(Smith, 1994). However, in the neuromusculajunctionit hasbeenfound thatblockadeof ac-
tivity increaseshelevel of axonalpolysialicacid (PSA:the majorglycoproteinon N-CAM modulating
adhesteness)esultingin axonaldefasciculationandincreasedranching(Landmesseret al., 1990).
SincePSAis widely expressedn the developingnenoussystem this form of actvity-dependenaxon
behaiour maybe moregeneralHockfieldandKalb, 1993).

45 Themature system

Neurotransmitterare also likely to play importantrolesin plastic changesn neuronalmorphology
during adulthood(Mattson,1988). Therearegrowing indicationsthatthe adultbrainis not structurally
static,but ratherin astateof continualmorphologicathanggfor referenceseeMattson,1988;Pureset
al.,1986).Thisis to becontrastedo theview thatneuralchangesireencodedn functionalalterationof
synapticnetworks thatareanatomicallyfixed (seePunesandVoyvodic, 1987). For example,dendrites
of individual neuronsin the superiorcervical ganglionof young adult mice are, whenfollowed over
intenalsof upto threemonths subjectto continualchange somebranchesetract,otherselongatewhile
still othersappearto be nenly formed(Punesetal., 1986). This implies thatthe synapticconnections
madeontothesecellsmustalsoundego substantiatearrangement§.hedendritictreeof pyramidalcells
in the visual cortex of adultratschangesn responsdo changesn ervironmentalconditions(Uylings
etal., 1978). The dendritic extent per neuronin the humancortex may increasesteadilythroughold
age(Beull andColeman,1979; ColemanandFlood, 1986); it hasbeeninterpretedasa compensatory
responseo neuronakdeath(Curcioetal., 1982;ColemanandFlood, 1986).

Polarity in matureneuronsdisplaysa surprisingdegreeof plasticity Axotomy or deaferentation



leadsto profoundchangesn polarity, andmembranethatnormallyarepostsynapticanform presynap-
tic specializationgfor referenceseeCraigandBanker, 1994). Mechanismsnvolvedin thespecification
of polarity thuscontinueto operatein adulthood(CraigandBanker, 1994). Alterationsin thesemecha-
nismsmay contrikute to the pathologyof someneurologicaldiseasesThe reoiganizationof the micro-
tubule systemappeardso be animportantpathologicafeatureof Alzheimers diseasdfor referencesee
CraigandBanker, 1994).Neuronaldamageanddeathin Alzheimers diseasanayresultfrom excessie
risesin [Ca®t]; (Mattson,1992;Mattsonetal., 1993)

To summarizeglectricalactivity andneurotransmittersmfluenceneuriteoutgravth andgrowth cone
behaiourin avarietyof ways. Thesenfluencesarenotonly importantduringdevelopmenthut probably
alsoprovide mechanismsor neuralplasticityin adulthood KaterandGuthrie,1990).

46 Modds

Hentscheland Fine (1994a,b) have demonstratediising modelsof isolated,single cells, that gronth
underthe control of diffusible factorssuchasC&* canleadto the emegenceof dendriticforms from
initially sphericalcells. Local outgravth andretractionof the cell membraneretakento dependupon
thelocal concentratiorof C&*t closeto theinternalsurfaceof the membrane:

V(s) = aC(s)" —bC(s)P 3)

whereV (s) is the growth velocity normalto the surfaceat points, C(s) is the submembran€a* con-
centrationat that point, a andb arethe rate constantdor outgrawvth andretraction,respectiely, anda
andp reflectthe cooperatiety of thedependencen Ca+ (setat1 and2, respectiely); eqn(3) is aphe-
nomenologicatescriptionof thetheoryof Kateretal., in thatthe outgrovth rateincreasessthe Ca*
concentratiomisesto someoptimumvalue,above which it decreaseandevenbecomesegative at still
higherlevels. Thelocal C&+ concentratiomresultsfrom influx andactive extrusion. At spontaneously
occurringcorvexities in the membranethe local concentratiorwill becomelarger thanat concaities,
becaus®f thelargersurfaceto volumeratio. Theseprotrusionof themembranevill notdecaybecause
of the existenceof a positive feedbackoop: C&* influx increasesvith increasedsubmembran€a+
concentrationsasa consequencef the presencef voltage-sensitie C&2* channelsandtheinfluence
of C&* onthe membrangotential. This leads,if the growth rate hasa positve dependenceponthe
C&* concentrationto continuedoutgravth andbranching. The developmentin the modelresembles
thatof living neurons:outgravth startswith broadandirregularaswell aswith shortandfine extensions
of the membranglamellipodiaandfilopodia, respecirely) followed by the emegenceof distinct pro-
cessegneurites)which spontaneouslyorm enlagementsat the top (gronvth cones). The extensionof
theseprocessess often punctuatedy periodsof retraction. Growth underreducedelectricalexcitabil-
ity (which affectsthe C&* permeability)resultsin longer thinnerneurites. Similar changesareseen
in culturedcerebellaPurkinjecellswhenelectricalactvity is blocked by TTX (Schilling etal., 1991).
Increasingthe (voltage-independs) Ca+ permeabilityleadsto more compactdendriteswith broader
growth cones.

In themodelof HentscheblndFine,theeffectsof cytoskeletonelementsuchasmicrotuhules,which
form arigid, continuousinternal corewithin the neurite,are not explicitly takeninto account.In Van
Veenand Van Pelt (1994), neuriteelongationis describedas resultingfrom polymerizationof micro-
tubules,with a constanfproductionof tubulin atthe somaanda diffusion-basedransportto the growth
cone wherepolymerizatiortakesplacewith atubulin concentration-depéent assemblyateandafixed
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disassemblyate. This leadsto a constanelongatiorratein a cell with asingleneurite. Whenmoreneu-
rites are presentalsotransientor completeretractionof sggmentscanoccurif assembly/disassembly
rateconstantsliffer amongtheneurites.In largetrees the maximalnumberof sustainabléerminalsey-
mentsis positively relatedto the productionrateof tubulin. Althoughnotimplementedn themodel,the
(dis)assemblyateis dependentiponCa*t (for referenceseeVanVeenandVan Pelt, 1994),asis the
morphologyof the growth cone(seesectiond.3). Thelatteraffectsbranchingevents(seevVanVeenand
Van Pelt, 1992),the occurrenceof which is probablyrandomin time: a gronth modelwhich assumes
thata treegrows via a sequenc®f randombranchingevents(oneat a time) is sufficient to explain the
obseredvariancein dendritictrees(VanPeltetal., 1992).

A neurondoesnot grow in isolationbut, rather in interactionwith its environment(including, of
coursepthercells). Electricalactvity resultingfrom synapticinteractionscan,in bothmodels modulate
dendriticoutgravth via C&* influx elicited by depolarization We have madea startat unravelling the
possiblemplicationsfor neuronaimorphologyandnetwork developmenif electricallyinteractingcells
whoseoutgravth dependson their electricalactivity (Van Ooyen andVan Pelt, 1993; 1994a;1994b,
1995). The electricalactvity is governedby the shuntingmodel (e.g., Carpenter1989), which for a
purelyexcitatory network becomes:

%_—Xi—i-(l—xi) NW-F(X-) 4
T - > WiF(

whereX; is the membranepotential,F (X;) is the meanfiring rate, which dependssigmoidally on the
membranegpotential W is the connectionstrengthbetweemeuroni and j (W > 0), andN is the to-
tal numbersof neurons.Neuronsresideon a two-dimensionabkurface,andareinitially disconnected.
Growing neuronsaremodelledasexpandingcircularareaq”neuritic fields”, asyet without distinguish-
ing axonsfrom dendrites) Whentwo suchfieldsoverlap,W betweerthecellsis proportionalto thearea
of overlap. The growth of theradius(R) of eachfield depend®n thefiring rateof theneuron:

dR 2

o Pl T o ©)

wheree is thefiring-rateatwhich % = 0, p istherateof outgravth, andp determineshe non-linearity

Dependingon F(X;), a neuriticfield will grow out (F(X;) < €), retract(F (X;) > €) or remainconstant
(F(X) = ¢). Thisis a phenomenologicadlescriptionof the theoryof Kateret al. (seesection4.2) to

theeffect thatthe neurons electricalactiity, via Ca&t , affectsits outgrawth (excludingthatlow levels

of activity canalsoblock outgravth). Note, that connectionstrengthis not directly modelledbut is a

function of neuritic field size, andthat, when a field expands,the connectionstrengthsto other cells

increasesimultaneously

Several interestingpropertiesarise as the result of interactionsamongoutgravth, excitation and
inhibition.

Overshoot A generalfeatureof nenous systemdevelopmentis that virtually all elementsshav
aninitial overproduction(so-calledovershootphenomenafor referenceseeVan Ooyen andVan Pelt,
1994a).In both purely excitatory and mixed networks, we found sucha transientoverproductionwith
respecto connectiorstrength For agivenconnectrity W in apurelyexcitatorynetwork, theequilibrium
pointsaresolutionsof [seeeqn(4)]

N
0=—Xi+(1-X) > WjF(X)) vi (6)
J
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Figure 1. Hysteresis.Equilibrium manifold of X (S—? = 0) asdependingpn W (W = ﬁz{j‘jwlj), accordingto
eqn(7)(stateson CD areunstablewith respecto X, the othersarestable). At theintersectiorpoint with the line
X = F~1(¢e) (F~1is theinverseof F), W remainsconstantabove andbelow thatline, it decreaseandincreases,
respectiely (seeeqn(5)).Connectity is quasi-stationarpn thetime scaleof membrangotentialdynamicsand,
startingatA, X will follow thebranchABC, until it reache<, whereit jumpsto theupperbranch thusexhibiting a
transitionfrom quiescento activatedstate.If theequilibriumpointis onDE, W decreaseagain,andadeveloping
network hasto go througha phasein which W is higherthanin the final situation, thus exhibiting a transient
overshootn W. An intersectiorpointon CD resultsin regularoscillationsthatfollow thepathABCEDBCEDBC....

If the variationsin X are small (relatve to X, the averagemembranepotential of the network), the
averageconnectiorstrengthw canbewritten asafunctionof X :

— X —

W= m 0<X«1 (7
which gives the equilibrium manifold of X (g—ﬁ = 0) asdependingon W (Fig. 1). The presenceof
this hysteresidoop underliesthe emegenceof overshoot(seeFig. 1), andhingesuponthe firing-rate
functionhaving someform of thresholdalongwith low, but non-zerovaluesfor sub-thresholenembrane
potentialgalsoseePakdamaretal., 1994).With respecto thedevelopmeniof activity andconnectiity,
the model shavs similarities with developingin vitro culturesof dissociatectells: aninitial phaseof
neuriteoutgravth andsynapsdormationwhile actwvity is low, a ratherabruptonsetof network actiity
whenthe synapseadensityreaches critical value, followed by a phaseof neuriteretraction(Purkinje
cellsin cerebellarcultures: Schilling etal., 1991)and/oreliminationof synapsegcerebralcortex cells:
VanHuizenetal., 1985;1987;VanHuizen,1986).

Oscillations For somevaluesof €, the modelgeneratesustainedscillationsin overall actvity and
connectiity (seeFig. 1). Networksin which the cells have differente valuesexhibit complex patterns:
the oscillationsof the cells can differ in frequeng, phaseand amplitude(Van Ooyen and Van Pelt,
1994b).

In the sequele considemetworksin which € is the samefor all cellsandin therangethatdoesnot
causeoscillations. _

"Critical period”. Networks with inhibition in which actvity is blocked, thusinducinga high W,
do not necessarilydecreas&V after the block hasbeenremaved: whenthe averageF (X) < € dueto
inhibition, W will increasestill further If the time that the network spentunderelectricalsilenceis
longerthana certaincritical period(andW largerthana certainvalue),W cannolongerdecrease.
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Figure2: Neuritic fields. Torusboundaryconditionsa. String of excitatory cellswith oneinhibitory cell in the
middle (dashedine). b. Mixednetwork. Dashedine indicatesnhibitory cell. c. Sameplacingof cellsasin b but

all formerinhibitory cellsarenow excitatory. d. Cellsongrid positions.Diameterof squards proportionalto area
of neuriticfield. Scaledo maximumarea.Thesmallcell in themiddle (surroundedy largecells)is inhibitory. e.

Two inhibitory cells (thesmallonessurroundedy largecells).

Pleasaedownloadfigure 2 separatelyrom http://www.anc.ed.ac.ukfarjen/odgrowth.html

Eachcell in the modelseeksto maintainits set-pointof electricalactivity (F(X) = €) by meansof
adjustingthe sizeof its neuriticfield. This homeostatiprincipleleadsto thefollowing properties:

Compensatorgprouting Excitatory cell deathin the modelwill be accompaniedy anincreased
neuriticfield of thesurviving neuronsin humancortex thedendriticextentperneuronincreasesteadily
throughold age(Beull andColeman,1979; ColemanandFlood, 1986). This hasbeeninterpretedasa
compensatoryesponséo neuronaldeath(Curcioetal., 1982;ColemanandFlood,1986).

Network size In excitatory networks with a low synapticstrength cellsdevelopinto a singleinter-
connectechetwork, whereas high synapticstrengthyieldslooselyconnectedub-networks (VanOaoyen
andVanPelt,1994a). Inhibitory cellsincreasehe degreeof connectyity, and,by inducingoutgrawth,
canhelpto selectvely connectsub-netvarks.

Neuritic field size Cellssurroundedy mary otherswill becomesmall, whereassolatedcells must
grow largefieldsto contactsufiicientcells(Fig. 2c). In mixednetworks,theneuriticfield of aninhibitory
cell tendsto becomesmallerthan that of an excitatory cell, even thoughtheir growth propertiesare
identical. To receve sufiicient excitation, a cell connectedo aninhibitory cell mustgrow alargerfield
thandoesonethatis notinhibited. An inhibitory cell canthereforeremainsmallbecausé will become
surroundedy large excitatory cells (Fig. 2 a,b,d,e).Thesein turn will alsobe surroundedy relatively
smallcells,andsoon, thusgiving riseto a characteristi@istribution of cell sizes.

Distribution of inhibitory cells Wheninhibitory cellsareableto contacteachother they areelectri-
cally inhibitedbut their outgravth will becomestimulated.In thisway, notonly thenumberof inhibitory
cellsis importantbut alsotheir distribution.

Differencesamongcells Local variationsin cell densityandnumberof inhibitory cellsgeneratea
greatvariability amongindividual cells,with respecto their neuriticfield sizeat equilibrium,andto the
developmentaktourseof field sizeandfiring behaiour.

Tosummarizeneurotransmitterandelectricalactivity, by meanf theireffectonneuriteoutgrawth,
have considerablgotentialfor controlling the developmentof neuronalform and network circuitry in
assembliesf interactingcells.

5 Synapses

In additionto actvity-dependenthangesn neuronalcircuitry that are basedon morphologicalalter
ations theefficacy of synaptictransmissionin existing connectionganbe modulatedy electricalactiv-
ity. Hebb(1949)hasproposedhatcoincidingpre-andpostsynapti@ctvity leadsto changesn synaptic
strength.In mostneuralnetwork modelssomeform of Hebbianlearningis used(seee.g.,Brown etal.,

13



1990). SynapticmechanismsesemblingHebbianlearning(i.e., long-termsynapticpotentiationor LTP)
arefoundin the hippocampusandprobablyin mary otherareas.The Hebbianpropertiesof LTP derive
from the propertiesof the NMDA glutamatereceptorand its associatedC& channel: C&* influx
requiresthe coincidenceof receptoractivation by presynapticallyeleasedjlutamateanddepolarization
of the postsynaptianembraneo expel Mg?* that normally blocksthe channelat restingpotential. If
LTP involves a presynaptidncreasein neurotransmitterelease someretrogradesignal from post-to
presynapticeuronis necessaryDiffusiblemessengersuchasarachidoniacid,nitric oxideandcarbon
monoxidehave beenimplicated(Hawkins etal., 1993;SchumarandMadison,1994b).As suchsignals
candiffusewidely, notonly the synapsesvhereLTP is induced but alsothoseof nearbyneuronsvould
be strengthenedindeed,whenLTP is triggeredin a singlesynapsey simultaneoushstimulatingboth
the pre- andpostsynapticieuron,synapse®n neighbouringneuronsare strengtheneaswell (Bonho-
effer etal., 1989; SchumamandMadison,1994a). Thus,LTP may not be asspecificashadpreviously
beenthought(Barinaga, 1994)which may have importantconsequence®r learningandmemory(also
seeMontagueetal., 1991).

Synaptogenesiand elimination of synapsesre controlledby electricalactvity (e.g., Purnesand
Lichtman,1980; Constantine-&on,1990; Shatz,1990). For furtherinformationon synapticplasticity
thereadelis referredto e.g.,FieldsandNelson(1992)andreferencesherein.Many modelsof actvity-
dependentievelopmentdealwith the emegenceof oculardominancecolumns(e.g.,Von derMalshurg,
1979;Swindale, 1980;Miller etal., 1989;0Obermayeetal., 1990;GoodhillandWillshaw, 1990).

6 Glial cdlls

The centralnenoussystemis composedf anintimately associatesetwork of neuronsandastrogtes
(atypeof glial cells). Although glial cells outnumbemeurons/elatively little attentionhasbeenpaid
to their functionin developmentandinformationprocessing Only recentlyhave studiessuggestedhat
their function may not be limited to the ratherpassie role of providing structuralandtrophic support.
Astrogytespossesfunctionalneurotransmittereceptorsandhencearepotentiallycapableof monitoring
neuronalactivity. They canalso directly influenceneuronalactvity (Nedegaard,1994) and may be
involved in non-\esicularreleaseof neurotransmittergAttwell et al., 1993). Miller (1992) gives a
review of the evidencefor glial participationin actvity-dependenplasticity

7 Discussion

Many seeminglyunrelatedprocessedn the developmentof the nenous systeminteractthroughtheir
dependencen electricaland neurotransmittemediatedsignals(in mary caseswith C&* asunder
lying messenger)(alsseeHarris, 1981). This is of importancefor development,but alsofor learning
andmemoryin the maturestate(seee.qg., Stryker, 1990),asmary of theseprocessesemainoperatve
in theadultbrain. Activity-dependenplasticity operateson multiple levels of specificity rangingfrom
singleconnectiongo whole cells, i.e., from synapsespopulationsof synapseg¢seesection5), neurites
and branchingpatternsto intrinsic neuronalpropertiesand cell death. Electricalactvity (fastdynam-
ics) changeseuronalform, function and connectyity alsoon multiple time scales(slov dynamics):
from minutes(e.g.,modulatingchannels)hours(e.g.,numberandeffectivenesof receptors}o daysor
weeks(e.g.,geneexpressiorandneuriteoutgravth) andpersistentlyneuronaldifferentiation).Thus,in
contrastto corventionalneuralnetwork modelsin which the structureandelementsarefixed and only
the parameter®f the model(e.g.,connectionstrength)canchange the nenous systemis a moretruly
variable systemin which the propertiesof the constitutingelements(e.g., morphologyand electrical
characteristicsps well astheir numberandinteractionsare subjectto change(also seeHogeveg and
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Hesper1986). This providespossiblemechanismsor learningbeyondchangesn synapticstrength.

A genericconnectionistnodelis agraphconsistingof nodeg(e.g.,neuronsandedgesor links (e.g.,
synapticconnectionspetweenthem (Farmer 1990). Learningin neuralnetwork modelsoccursvia
changesn connectionstrengthin sucha way thatall the connectiongo a given nodecanbe modified
independently"edgelearning”). This is fundamentallydifferentin connectionismodelsof theimmune
system(B-cellimmunenetworks,e.g.,De BoerandPerelson1991),wheretheonly meansf modifying
connectiorstrengthis by changinga nodeparametefi.e., lymphog/te concentrationfymphogte types
are herethe nodesof the network), sothatall the connectionstrengthgo a given nodechangesimul-
taneously("nodelearning”). However, aswe have seenmary actvity-dependehpropertiesn neurons
alsoseemto operateon thenodelevel, or onlevelsintermediatébetweemodeandedge(alsoseeStuart
and Sakmann(1994),who suggesthat propagationof somaticaction potentialsinto the dendritictree
may be importantfor changesn synapticstrength- thatis, on a nodebasis). This suggestshatsome
form of nodelearningmay alsobe importantfor the functioning of neuralnetworks (also seeAbbott
et al., 1993), althoughasyet most modelshave individual neuronsthat do not adaptvely participate
in the learningprocesgbut seereferencesn section3, andso-calledweightlessneuralnetworks, e.g.,
Aleksander1991;alsoseeFinkel andEdelman(1985),who have a noderule to modify the amountof
neurotransmittereleaseall theterminalsof the presynaptimeuronareinfluencedsimultaneously).

The feedbackmechanismén a neuron(e.g., regulationof receptornumberandsensitvity, neurite
outgravth) seemto contrikute to the homeostasisf neuronalactivity (in contrastto Hebbiansynaptic
potentiationwhichactsto modify actvity) or, moregenerallyto theoptimizationof someocally defined
condition. Are neuronsessentiallypursuingtheir own goals,andmustlearningandmemorybe viewed
asemeqging from mary neuronssimultaneouslystriving to supporttheir own needs? (Klopf, 1982).
Sinceno agreemengxistsuponwhatconstitutesnformationprocessingn neuralcells(Kohonen 1992)
andmary neuronalpropertiesseemto have no placein the existing neuralnetwork models,it may be
worthwhileto pursuefundamentallydifferentmodels(e.g.,adaptve neuronsnodelearning).In this, we
might do well to allow oursehesto be inspiredby the mary developmentalmechanismghat are still
operatve in theadultbrain.
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