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Abstract

Electricalactivity playsa pivotal role in thedevelopmentof neuronsinto functionalneuralnet-
works. Besideschangesin synapticstrength,many otherprocessesareactivity-dependent.They
influenceneuronalfunction andconnectivity, on multiple time scalesaswell ason multiple levels
of specificity, bothduringdevelopmentandin adulthood.A numberof theseprocessesarereviewed
here,togetherwith somesimulationmodels. Their relevancefor the currentthinking aboutneural
networksis discussed.

1 Introduction

In the courseof developmentneuronsbecomeassembledinto functional neuralnetworks. Electrical
activity playsa centralrole in this process,andits effectsarenot restrictedto merechangesin synaptic
strength.Many processesthatdetermineconnectivity andneuronalfunctionare,on varioustime scales,
modulatedby electricalactivity: e.g.,naturallyoccurringcell death,trophic factorproductionandre-
sponsiveness,numberandeffectivenessof transmitterreceptors,neuriteoutgrowth andgrowth conebe-
haviour, neuronalmorphology, geneexpressionanddifferentiationof neurons,neuron-gliainteractions,
synaptogenesis,secondaryeliminationof synapses,andchangesin synapticstrength.

As a resultof theseactivity-dependentprocesses,a reciprocalinfluenceor feedbackloop (a char-
acteristicof self-organizingsystems)exists betweenthe developmentof neuronalform, function and
connectivity on theonehand,andneuronalandnetwork activity on theotherhand(alsoseeVanPeltet
al.,1994).A givennetwork maygenerateactivity patternswhichmodify theorganizationof thenetwork,
leadingto alteredactivity patternswhichcouldfurthermodify structuralor functionalcharacteristics,and
soon (e.g.,Von derMalsburg andSinger, 1988). Furthermore,in the initial stagesof development,ac-
tivity patternsthatarenot evokedby externalinput (endogenousor ”spontaneous”activity: seeCorner,
1990)play an importantrole, ashasbeendemonstratedin a numberof cell andtissuecultureexperi-
ments(e.g.,CornerandRamakers,1992).A developingnetwork is thusa dynamicsystemin which the
structure,numberof elements,andfunctionalcharacteristicsof theelementsarevariable,in partbeing
undercontrol of the system’s own activity. The presenceof suchfeedbackloopshasimplicationsnot
only for theemergenceof network organizationandfunction,but alsofor thefunctioningof themature
system:processesthatareinvolvedin developmentoftenappearto remainoperative in adulthood.

In this review I will describe(i) thedependency of variousdevelopmentalprocessesuponelectrical
activity, (ii) theindicationsthattheseprocessesarestill operative in thematurestate,and(iii) a number
of illustrative simulationmodels(without thepretentionof beingcomplete).

2 Cell death and trophic factors

Duringdevelopment,up to abouttwiceasmany neuronsareproducedin many structuresaswill survive
into adulthood(e.g.,Oppenheim,1991). This processof overproductionfollowed by deathoccursin
regionsof theperipheralaswell ascentralnervoussystem.Thesurvival of neuronsdependsto a great
extenton whetheror not they have obtainedadequateamountsof specificneurotrophicfactors(Purves,
1988;Oppenheim,1991),which seemto actby suppressingan intrinsic cell suicideprogram(Johnson
andDeckwerth,1993). The survival requirementsof developingneuronsincludefactorsthat arepro-
ducedby their target cells. They are taken up throughthe synapsesof the presynapticcell andreach
the somaby retrogradeaxoplasmictransport. In addition to affecting survival, trophic influencecan
affect axonalanddendriticarborization,the productionandchoiceof neurotransmitter, the expression
of receptors,anda varietyof electricalmembraneproperties,bothin developmentandin adulthood(for
referencesseeClarke,1991).

1



The synthesisof neurotrophicfactorsis regulatedby electricalactivity. For example,the synthe-
sis of the neurotrophinsNGF (nerve growth factor)andBDNF (brain derived neurotrophicfactor)by
neuronsin thecentralnervoussystemis up-regulatedvia theexcitatoryneurotransmitterglutamateand
down-regulatedvia theinhibitory neurotransmitterGABA (Zafraet al., 1990;Lu et al., 1991;Thoenen,
1991). Theresponsivenessto trophicstimulationmayalsoberegulatedby electricalactivity, sincede-
polarizationincreasestheexpressionof thereceptorsfor neurotrophicfactors(Black,1993).Moreover,
differentexcitatoryreceptorsubtypesmediatetrophicor regressive influence:stimulationof ionotropic
receptors(seesection3) decreasessurvival, whereasmetabotropicreceptoractivity is necessaryfor sur-
vival (Black,1993;for areview onthetrophiceffectsof excitatoryneurotransmittersanddepolarization,
seeBalázset al., 1992). Electricalactivity and trophic factorsmay interactvia levels of intracellular
calcium ([Ca2

�
]i ). DepolarizationcausesCa2

�
entry, and neuronsthat have low [Ca2

�
]i are more

dependenton trophic factorsthanthosewith high [Ca2
�

]i (Koike andTanaka,1991). The expression
of endogenousBDNF, which enhancescell survival, is increasedby theactivation of voltage-sensitive
Ca2

�
channels(Ghoshetal.,1994).At veryhigh[Ca2

�
]i , however, neuronaldeathis increased.In con-

nectionwith theseobservations,the”calciumset-pointhypothesis”of neuronalsurvival anddependence
on neurotrophicfactorshasbeenproposed(FranklinandJohnson,1992),whichstatesthat(i) at [Ca2

�
]i

substantiallybelow restinglevels,neuronsdo not survive, even in thepresenceof neurotrophicfactors;
(ii) at normal[Ca2

�
]i neuronssurvive only if adequateamountsof trophic factorsareavailable;(iii) at

modestlyelevated[Ca2
�

]i neuronswill survive even in theabsenceof trophic factors;and(iv) at very
high [Ca2

�
]i neuronaldeathis increased.Finally, both the uptake of trophicsubstancesandthe trans-

port throughaxonsmight themselvesbe activity-dependent,the formeralsovia theactivity-dependent
regulationof neuriteoutgrowth andbranchingpatterns(seesection4), which influencesthenumberof
synapsesandtherebytheattainmentof trophicsubstances.

In addition to the mechanismsdescribedabove, by which the electricalactivity in afferent nerve
fibres modulatesthe effectsof retrogradelytransportedneurotrophicfactors,the afferentsthemselves
may alsoproducespecificneurotrophicfactorsthat areanterogradelytransportedthroughtheir axons
andsynapticallyreleased,possiblyin anactivity-dependentmanner(Linden,1994).

Theneurotrophicfactorsthatareretrogradelytransportedthroughan axonmay affect not only the
parentneuronbut alsothe synapsesimpinging on it. Cutting axonscancausewithdrawal of synapses
from thedamagedcells(for referencesseeClarke,1991).Neuronsdeprivedof retrogradetrophicsupport
will thenin turn fail to provide trophic supportto the neuronsonestagefurther upstream.Similarly,
anterogradetrophiceffectsmight betransmittedfurtherdownstream.Thus,therecouldexist a network
of trophic interactionscomparablein complexity to neuralnetworks basedon electricalactivity, with
bothsystemsreciprocallyinfluencingeachotheratmultiple levels(Clarke,1991).

The rolesof trophic interactionsandneuronaldeatharemostpronouncedduringdevelopment:es-
tablishmentof neuronalcircuits, formation of morphogeneticpatterns,control of neuronalnumbers,
matchingthe numberof presynapticandpostsynapticcells, andeliminatingwrongly connectedcells
(Oppenheimet al., 1992;Raff, 1992). Therapidregulationof neurotrophicsubstancesby neuronalac-
tivity, however, allowing the conversionof short-termsignallinginto long-termchanges,suggeststhat
their function is much more than merely regulating neuronalsurvival during development(Thoenen,
1991;alsoseeLindsayet al., 1994).Trophicinteractionsmayalsobeinvolved in memoryandlearning
in adulthood(Thoenen,1991;Black1993;Tancredietal., 1993).

2.1 Models

Understandingthe implicationsof trophic interactionsat the network level requiresmathematicaland
simulationmodels(Clarke,1991).

In Galli-RestaandResta(1992)a modelfor the regulationof cell deathhasbeendeveloped.Cells
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aregeneratedaccordingto a specificschemeanddie arounda certainageunlesstrophicinfluencesaves
them. By assumingthat trophic interactionsbetweenconnectedstructuresaremutual,i.e., trophic fac-
tors aresuppliedfrom the target to the input cells andvice versa,apparentlyconflicting experimental
findingswith respectto the regulationof target andinput sizecanbe reconciled.The modelpredicts
both outcomesthat supportthesize-matchinghypothesis(i.e., a linear relationshipbetweentarget and
input size)andoutcomesthatstronglydeviatefrom this linearrelation.

Trophicinteractionsareusedin amodelof theestablishmentof connectionsbetweenmotorneurons
andmusclefibres(RasmussenandWillshaw, 1993: a revisedmodelof that of BennettandRobinson,
1989).During developmentof thenervoussystem,theaxonsof motorneuronsbranchinto a numberof
terminals,sothateachmusclefibreis connectedby terminalsfrom severaldifferentneurons.Withdrawal
of terminalstakesthenplaceuntil eachfibre is innervatedby a singleaxon. In themodel,competition
for apostsynaptic(trophic)substanceproducedby eachfibretogetherwith competitionfor apresynaptic
substanceleadto sucha singleinnervation pattern,aswell asto a maximalnumberof terminalsthata
neuroncanmaintain(thereis noneuronaldeathnoreffectsof activity). Intrinsicwithdrawal, asobserved
in someexperiments,appearsasa sideeffect of the competitive mechanism.For relatedmodels,see
referencesin RasmussenandWillshaw (1993).

Trophic interactionsarealsousedin a modelof themappingof neuronsfrom spinalsegmentsonto
targetsin the periphery(Liestøl et al., 1993). In the model,eachpostsynapticcell producesa limited
amountof trophicfactorsothatmoreconnectionsontoa cell leadsto a reducedsurvival chanceof each
connection. An increasein the numberof connectionsof a given presynapticcell alsodecreasesthe
survival chanceof eachconnection.Togetherwith chemoaffinity (no activity-dependentprocessesare
assumed)theseinteractionsgenerateaninnervationpatternresemblingthatof thebiologicalsystem.In
themodel,thefinal patternis sensitive to the initial distribution of presynapticfibresontotheir targets.
This sensitivity is markedly reducedif neuronsareallowedto die dependingon thesumof thesurvival
chancesof their connections.

In a model for the self-organizationof neuralassembliesinto clustersof cells with characteristic,
input-relatedresponses,synapsesdegenerateunlessthey receive sufficient trophic factor, which is dis-
tributedfrom postsynapticcellsunderanactivity-dependent Hebb-like rule (Kerszberg et al., 1992). A
patternof connectionsemergeswith short-rangeexcitationandlonger-rangeinhibition. Synapticstabi-
lizationbasedon post-andpresynaptictrophicfactorsis alsousedin amodelof theself-organizationof
corticalmaps(Tanaka,1990).

In developingneuralnetworks,thenumberof elementsof thesystemitself canchange,asnew cells
areaddedandothersmay die. This could leadto novel dynamics.In Kaneko (1994)andKaneko and
Yomo(1994)systemswith a growing numberof elementsareconsidered.Cellscompetefor a resource
term which is suppliedfrom the environment. The ability to obtain this dependson the internalstate
of thecell, andcellsdivide anddie dependingon their state.During development,simultaneousdeath
of many cells is seen(dueto interactionamongcells) resemblingthe ”programmed”cell deathseenin
many biologicalsystems.

Neuronaldeathandpruningof connectionsmight have conceptuallinks with structuralplasticity in
artificial neuralnetworks in which, in contrastto conventionallearningalgorithms,the architectureof
thenetwork itself (numberof elements,patternof connections)variesduringlearning,e.g. in Kohonen
networks (Fritzke, 1991)andfeedforward networks (RefenesandVithlani, 1991; Hiroseet al., 1991;
RomaniukandHall, 1993; Odri et al., 1993; Bartlett, 1994; NabhanandZomaya,1994; Fahnerand
Eckmiller, 1994).
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3 Receptors and ion channels

The rolesof ion channelsandneurotransmitterreceptorsin mediatingrapid electricalsignallinghave
beenappreciatedfor a long time. More recentlyit hasbeenrecognizedthat they arealsoinvolved in
muchslower processes,and that electricalactivity (via neurotransmitterreleaseandreceptoractions)
canmodulateitself, andcaneveninfluenceneuronaldifferentiationduringdevelopment.

Transmitterreceptorscanbe divided into two familiesaccordingto how the receptorandeffector
function(i.e.,gatingion channels)arecoupled(SchwartzandKandel,1991).In thefamily of gatedion
channelor ionotropicreceptors,therecognitionsiteandchannelaredifferentpartsof thesameprotein.
Thisfamily includesseveralglutamatereceptortypes(AMPA, kainate,NMDA) andtheGABA receptors,
which mediateneuronalexcitation and inhibition, respectively. The family of G-proteincoupledor
metabotropicreceptorscontainstheserotonin,dopamineandneuropeptidereceptors,but alsooneof the
glutamatereceptortypes(Schoeppet al., 1990).Here,recognitionis carriedout by a separatemolecule
that is coupledvia a G-proteinto an effector molecule,which typically producesa diffusible second
messenger(e.g.,cAMP). Thissecondmessengerin turn triggerschangesin avarietyof proteins.

Secondmessengerscan inducethe openingor closureof ion channels(in someinstancesthe G-
proteincanactdirectly on an ion channel),thusmodulatingthesignallingpropertiesof thecell. These
changes,whichdependon transientlyelevatedconcentrationsof secondmessenger, lastfrom secondsto
minutes,usuallymuchlongerthanthechangesin membranepotentialproducedby ionotropicreceptors.
As secondmessengerscandiffuseintracellularly, they canaffectchannelsin distantpartsof thecell (also
seeKasaiandPetersen,1994).

Anotherclassof proteinsuponwhichsecondmessengersactareneurotransmitterreceptors(of both
families,sothatinteractionsbetweenionotropicandmetabotropicreceptors- e.g.,differenttypesof glu-
tamatereceptors- arepossible).In thisway, a receptorcanregulateits own effectiveness,aswell asthat
of a receptorfor anotherneurotransmitter. For example,afterprolongedexposureto its own transmitter,
a receptorcanbecomedesensitized.Also thenumberof receptorscanbe regulated,usuallyon a time
scaleof hours(for referencesseeShaw et al., 1989)with down-regulation following agoniststimula-
tion or increasesin electricalactivity, andup-regulationfollowing antagonisttreatmentor decreasesin
electricalactivity. This type of regulationis not restrictedto G-proteincoupledreceptors.In adult rat
neocortex, for example,an increasein neuralactivity or agoniststimulationdecreasesthe numberof
AMPA receptors(a typeof glutamatereceptors)while increasingthenumberof GABA receptors(Shaw
andScarth,1991;Shaw andLanius,1992;for theeffectsof depolarizationon AMPA receptorsin cere-
bellargranulecells,seeCondorellietal., 1993).Suchcontrolof receptornumberandsensitivity maybe
regardedasa form of homeostasisof neuronalactivity (alsoseeTurrigianoetal., 1994).

Throughsecondmessengersystems,electricalactivity canacton proteinsthat regulatetheexpres-
sionof genes(ArmstrongandMontminy, 1993)includingthoserelatedto channelsandreceptors.This
cancausemoreenduringeffectsin neuronalexcitability lastingdaysor weeks,or which caneven lead
to persistentchangesin cellularfunction(neuronaldifferentiation).Stimulationof geneexpressionoften
occursvia Ca2

�
dependentmechanisms.Changesin [Ca2

�
]i canoccureitherthroughsecondmessen-

gersmobilizing Ca2
�

ionsfrom intracellularstores,or directly via Ca2
�

flux throughNMDA channels
andvoltage-sensitive Ca2

�
channelswhichopenuponmembranedepolarization(in thisway, theactivity

of ionotropicreceptorscanalsoleadto long-lastingchanges).Alreadytheearlydifferentiationof neu-
ronsis dependentuponneurotransmitteractionsandmembranepolarization(for referencesseeHarris,
1981). Ion flux in immaturecells triggerslaterstepsof development,includingdevelopmentalchanges
in ion channelsandreceptors(Spitzer, 1991). For example,Ca2

�
influx elicitedby depolarizationhas

beenshown to influenceneurotransmitterlevels,thechoiceof neurotransmitterphenotypeandproperties
of potassiumchannels(for referencesseeSpitzer, 1991). Electricalactivity maybe crucial for the full
maturationof inhibitory transmission(in culturedrat neocortex: CornerandRamakers,1992;in mouse
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cerebellarcultures: Seil and Drake-Baumann,1994). In culturedcerebellargranulecells, glutamate
stimulatesGABA receptormRNA expression,whereastreatmentwith NMDA receptorantagonistsdoes
theopposite(Memoet al., 1991). In adultmonkey visualcortex, GABA andits receptorareregulated,
possiblythroughchangesin geneexpression,in an activity-dependent manner, with down-regulation
following afferentdeprivation(Jones,1993).Thus,bothduringdevelopmentandin adulthood,levelsof
electricalactivity arelikely to controlthebalancebetweenexcitationandinhibition.

To summarize,the neurondoesnot have a staticsetof properties,even in adulthood,but changes
underinfluenceof its own activity. Theseinteractionsarereciprocal:electricalactivity dependson ion
channelsandreceptors,thepropertiesof which, in turn,canbemodifiedby electricalactivity. This loop
operatesonvarioustimescales,notonly duringdevelopment,but alsoduringthefunctioningof theadult
brain.

3.1 Models

To studywhatimpactsucha feedbackloopcouldhave,Abbottetal. (1993),LeMassonetal. (1993)and
Abbot andLeMasson(1993)have developedmodelneurons(singleaswell asmulti-compartmental)in
which the maximalconductanceḡ j of eachionic currentis not fixed,asin mostmodels,but dynamic
andregulatedby theneuron’s own activity, with theintracellularCa2

�
concentrationasanindicatorof

activity levels.Thebehaviour of ḡ j obeys:

τ j
dḡ j

dt
� f j

���
Ca2

���
	��
ḡ j (1)

whereτ j is muchlarger (minutesto hours)thanthetime constantsof theotherprocessesin theneuron;
f j
���

Ca2
� �
	

is thesteady-statevalueof ḡ j, whichdependssigmoidallyon thecalciumconcentration

f j
���

Ca2
� �
	 � G j

1 
 es ���Ca2����� CT ��� ∆ (2)

whereG j, CT and∆ areparametersdeterminingtheform of thesigmoid,ands is 
 1 for inwardand
�

1
for outwardcurrents,so thata negative feedbackloop exists from activity to currentstrength(stability
criterion). This regulationschemestabilizestheactivity of theneuron(lobsterstomatogastricganglion
neuronshave indeedbeenfoundto regulatetheirconductancesto maintainstableactivity patterns:Turri-
gianoetal.,1994).If, for example,theamountof extracellularpotassiumis increasedsothatanisolated,
periodicburstingneuron(singlecompartment)goesinto a fast,tonic firing mode,theresultingincrease
in electricalactivity and[Ca2

�
]i will, via eqn(1,2), readjustthemaximalconductancessothattheinitial

behaviour is restored(althoughpossiblywith a completelydifferentsetof conductances).This typeof
regulationalsocausestheintrinsic propertiesto shift in responseto externalstimulationor thepresence
of otherneurons.An exampleof thelatteris givenby anetwork of two neurons,which,whenuncoupled,
areidenticalbursters.Whenthey aresymmetricallycoupled,however, their activity in the network is
no longeridentical. Thecouplingshifts their intrinsic properties:thebehaviour of oneof theneurons,
whenagainuncoupled,haschangedfrom burstingto tonic firing. Thus,thecouplinghasspontaneously
differentiatedtheneuronsto form acircuit in whichoneactsasapacemaker andtheotherasa follower.
In a multi-compartmentalversionof themodelwith soma,axonanddendritictree,in which eqn(1,2)
actslocally, a realisticpatternof membraneconductances(i.e., the strongestsodiumcurrentnearthe
soma,intermediatealongthe axon,andsmalleston the dendritic tree)spontaneouslyariseswhen the
dendritictreeis randomlystimulatedwith excitatory inputs. This patternemergespurelyasa resultof
themorphologyof theneuron.

In Bell (1991),theion channelsin dendriticcompartmentsarealsotreatedmoredynamically:during
learning,theconductancesarechangedsoasto optimizeanobjective functionof local currentflow. It
is shown thattheserulesgive riseto motionsensitive receptive fields. Interestingly, Zoharyetal. (1994)
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have found that the increasein perceptualsensitivity of monkeys practisinga motion detectiontaskis
accompaniedby anincreasein sensitivity of directionallyselective neurons.

Takentogether, this typeof dynamicregulationof intrinsic propertiesmayplay animportantrole in
network adaptationanddevelopment.Along with activity-dependentsynapticplasticity, the existence
of activity-dependentneuronalpropertiessuggeststhat plasticity at ”nodes” (i.e., neurons)may be an
importantelementin network learning(Abbottet al., 1993;andreferencestherein).

Usinggloballycouplednetworksof chaoticelements,Kaneko (1994)hasstudiedsuchacase:synap-
tic changeis not assignedto theinteractionbetweeni and j, but to thecouplingwi at nodei, sothat the
couplingstrength,for a given i, takesthesamevaluefor every j. Givenanupdaterule for wi, common
inputs,appliedto a subsetof elements,increasethe degreeof synchronizationof oscillationsof these
elements,whichpersistsevenif theinputsareremoved.Thus,clusteringaccordingto inputsis obtained.

Tawel (1992)hasstudieda neuronthatadaptively participatesin the learningprocessof a feedfor-
ward backpropagationnetwork. During learning,both the synapticweightsandthe steepnessof the
sigmoidalactivation function of the individual neuronsareoptimized,so that in the endeachneuron
attainsits own characteristicactivation function (stimulus-responsepropertiesof individual neuronsin
theadultcortex canindeedbemodified: seereferencesin Zoharyet al., 1994). Themethodappearsto
reducethelearningtimesignificantly.

Anotherintrinsic propertythatcanimprove learningis thephenomenonthata neuroncandecrease
its activity whenrepeatedlystimulated(i.e, habituationor adaptation,e.g., throughdesensitizationof
receptors).It wasimplementedin theNeocognitron(VanOoyenandNienhuis,1993),which is a multi-
layeredfeedforward network for visual patternrecognition(Fukushima,1980). A type of competitive
learningis usedto train thenetwork. After learningis completed,themodelhasa hierarchicalstructure
in whichsimplefeaturesof theinput patternsarecombinedstepby stepinto morecomplicatedfeatures,
with thecellsin thehighestlayereachrespondingto only oneinput pattern(if learningwassuccessful).
Habituationimprovespatterndiscriminationbecausecellswill becomelessresponsive to themorefre-
quentfeaturesamonga setof input patterns,so that circuits for detectingthemwill not be reinforced.
Circuits for relatively infrequentfeatures(i.e., discriminatingfeatures)develop preferentially. Without
habituation,featuressharedby differentpatternsarepreferentiallylearned.

Neuromodulators(e.g.,neuropeptidesandhormones;seesection3) modify the intrinsic properties
of neurons(e.g., Kaczmarekand Levitan, 1987). In Coolenet al. (1993) a simplified form of neu-
romodulationis implementedin Ising-spinneuralnetworks: a modulator-specificsubsetof neuronsis
preventedfrom transmittingsignals.Neuromodulation,which is presentbothduringlearningandrecall,
enablesassociative memoriesto performselective patternreconstruction.Which of thestoredpatterns
will becandidatesfor reconstructiondependson thesimilarity of themodulationsettingat themoment
thepatternswerelearnedwith thatpresentduringtherecallphase.

Themodulatorysystemneednotbeseparatefrom thesystemit modulates(i.e., intrinsic neuromod-
ulation). In molluscs,it hasbeenfound that neuronswithin a centralpatterngeneratorcircuit can,by
their own activity, dynamicallymodulatesynapticstrengthswithin that samecircuit during its normal
operation(Katz etal., 1994).

4 Neurite outgrowth

4.1 Neurite outgrowth, electrical activity, and neurotransmitters

During early developmentneuronsattain their characteristicmorphologyof branchedaxonsandden-
drites(theconventionalview is thatdendritesalwaysconductinformationtowardsthesomaandaxons
away; in fact,neuronshave amorevariedrepertoire:seee.g.,Andersen(1985),Shepherd(1990;1991),
Regehret al. (1993),StuartandSakmann(1994)). Aroundthecell body, protrusionsof thecell mem-
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braneemerge which later develop into neurites(neuriteis a generalterm for both axonanddendrite).
Theonewith thehighestoutgrowth rateusuallybecomestheaxon,while theothersturn into dendrites
(Sargent,1989;CraigandBanker, 1994). At the tip of a growing neuriteis a highly specializedmotile
structure,thegrowth cone,which typically consistsof a flat lamellipodiumandnumerousfilopodial ex-
tensions.It is capableof pathfinding, elongating,retracting,branchingandinitiating synaptogenesis.
Neuriteoutgrowth andgrowth conebehaviour arethereforeessentialto thedevelopmentof neuronalmor-
phologyandthepatternof synapticconnections.Apart from providing spacefor othercells to synapse
upon,dendriticandaxonaltreesinfluencethe currentflow throughthe cell and,thereby, its electrical
properties.

Neuronalmorphologyresultsfrom thegeneticpotentialitiesalongwith environmentalinputssuchas
growth factors,substrateadhesionmolecules,andlocalcell interactions(for thelatterseee.g.,Gaoetal.,
1991;Baptistaetal., 1994).Numerousstudieshavedemonstratedthatelectricalactivity andneurotrans-
mitterscandirectlyaffectneuriteoutgrowth andneuronalmorphology. They couldplay importantroles,
therefore,notonly in informationcodingbut alsoin definingthestructureof thenetworksin which they
operate(Mattson,1988).

Electricalactivity of theneuronreversiblyarrestsneuriteoutgrowth or evenproducesretraction(Co-
hanandKater, 1986;Fieldsetal.,1990;Schillingetal., 1991;Grumbacher-ReinertandNicholls,1992).
Similarly, depolarizingmediaandneurotransmittersaffect neuriteoutgrowth of many cell types(e.g.,
SussdorfandCampenot,1986;McCobbet al., 1988;Lipton andKater, 1989;MattsonandKater, 1989;
Neely, 1993)with, in general,excitatoryneurotransmittersinhibiting outgrowth andinhibitory onesan-
tagonizingtheeffectsof excitatoryneurotransmitters.In culturedhippocampalpyramidalneurons,for
example,glutamatecausesadose-dependentreductionin dendriticlength(Mattsonetal., 1988)(axonal
outgrowth is alsoaffected,but athigherconcentrations)whichcanbeantagonizedby GABA or thesup-
pressionof electricalactivity by anticonvulsantdrugs(Mattson,1988). Dendriticoutgrowth continues
whenneuronsareexposedto GABA plusglutamateataconcentrationof glutamatethatnormallycauses
dendriticregression(Mattson,1988). Excessinhibition, however, suppressesoutgrowth. WhenGABA
andits potentiatordiazepamareadded,theoutgrowth of boththeaxonanddendritesis suppressed.This
supportsthenotion thatan optimal level of electricalactivity is requiredfor neuriteoutgrowth. More-
over, it may be not merelythe frequency of impulsesthat is important,but alsoits pattern. In mouse
sensoryneurons,phasicstimulationis moreeffective in inhibiting neuriteoutgrowth thanis stimulation
with thesamenumberof impulsesataconstantfrequency (Fieldsetal., 1990).

Theinfluencesof electricalactivity andneurotransmittersacton thelevel of bothsingleneuriteand
whole cell. Specificcuessuchasneurotransmitterscould act locally on individual growth cones,e.g.,
local applicationof glutamateto individual dendritesresultsin local dendritic regression(Mattsonet
al., 1988),whereasactionpotentialsmaysimultaneouslyregulatethebehaviour of all thegrowth cones
andneuritesof a given neuron(Kater andGuthrie,1990;CohanandKater, 1986; alsoseeStuartand
Sakmann,1994). Theconditionsunderwhich neuritesgrow out maybedifferentfor differentneurons
(Kater et al., 1990). Even different neuritesof the sameneuron,e.g., axonsanddendrites,canhave
differentgrowth properties(KaterandGuthrie,1990).

In addition to the effects describedabove, neurotransmitterscan regulatethe direction of neurite
outgrowth (Zhenget al., 1994; Smith 1994). Neuritesgrowing from culturedXenopusneuronsturn
towardsanacetylcholine(ACh)source.They areableto detectagradientin neurotransmitterconcentra-
tion, a phenomenonwherebyCa2

�
in thegrowth coneseemsto play a crucial role. Besidesdetecting

neurotransmittermolecules,growth conesarealsocapableof releasingthem(YoungandPoo,1983),a
characteristicthey sharewith thepresynapticterminal.

Neurite outgrowth, growth conemotility, shapeand direction of outgrowth are also regulatedby
trophicfactorssuchasNGF (e.g.,Jacobson,1991).Applied electricfields,too, influencenerve growth,
with respectboth to branching(McCaig,1990a)andto the rateof elongation(McCaig,1990b). Nitric
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oxide (NO), an endogenouslyproducedfree-radicalgas,which hasbeenimplicatedasan intercellular
messengersubservinglong-termpotentiation(LTP) (seesection5), alsoreversiblycausesgrowth cone
collapseandneuriteretraction(Hesset al., 1993).It mayplay a role in activity-dependentprocesses,as
its productiondependsuponCa2

�
(SchumanandMadison,1994b).

Taken together, thesedatashow that the growth coneis a structurecapableof integratingmultiple
cues,a processcomparableto the classicalintegrationof multiple synapticinputs(Kater andGuthrie,
1990).

4.2 Calcium

The morphologicalresponsesto neurotransmittersandelectricalactivity aremost likely mediatedby
changesin [Ca2

�
]i (Cohanet al., 1987;Kateret al., 1988;Mattson,1988;Kateret al., 1990;Katerand

Guthrie,1990;KaterandMills, 1991).Depolarizationleadsto Ca2
�

entry, anda numberof aspectsof
growth conemotility, suchasassemblyanddisassemblyof microtubules,arethoughtto beregulatedby
Ca2

�
. In connectionwith theseobservations,theCa2

�
theoryof neuriteoutgrowth hasbeenproposed

(e.g.,Kateretal., 1988;Kateretal., 1990;KaterandGuthrie,1990),whichstatesthatlow [Ca2
�

]i at the
growth conestimulatesoutgrowth, higherconcentrationscauseacessationof outgrowth, andstill higher
concentrationsleadto regressionof neurites.Sinceoutgrowth is alsoblockedif [Ca2

�
]i is too low, there

appearsto beanoptimal level. Differencesin reactionamongcellsandneuritesmaybeattributableto
differing Ca2

�
regulatingcharacteristics.

4.3 Morphology and polarity

Electricalactivity determinesnotonly whetheror notaneurongrowsout,but alsothemorphologyof its
growth cones.In additionto blockingoutgrowth, electricalstimulationdecreasesthenumberof filopodia
andcausesthelamellipodiumto retract(CohanandKater, 1986).Sincetheform of thegrowth conecan
affect branching(alsoseeVan VeenandVan Pelt, 1992),electricalactivity andneurotransmitterscan
regulatethe branchingpatternof the dendritic and axonal tree (Brewer and Cotman,1989; Kater et
al., 1990). During normal development,neurotransmittersreleasedby afferent axonscould alter the
dendriticmorphologyof growing neurons.For example,in asystemwherehippocampalpyramidalcells
aregrown on a matof axonsfrom entorhinalcortex, glutamatereleasedfrom entorhinalaxonsinhibits
dendriticoutgrowth in pyramidalcells(Mattson,1988).

Neurotransmittersmayorientthesiteof axonformation(Mattsonetal.,1990).Early in development,
hippocampalneuronsextendseveralshortneurites(Dotti etal, 1988)which,at thetimethey first appear,
cannotbespecifiedaseitheraxonalor dendritic.Thelengthof theseinitial neuritesappearsto determine
which onewill becomethe axon. In experimentsin which the axonis transectedat variousdistances
from thesoma,the longestneuriteremainingafter transectionusuallybecomestheaxon,regardlessof
its previously beinganaxonor dendrite(GoslinandBanker, 1989).A similar processmaybeinvolved
duringnormaldevelopment:whenoneof theneuritesexceeds,by chance,theothersby acritical length,
it becomesspecifiedastheaxon(Goslin andBanker, 1989). Neurotransmitters,electricalactivity and
otherfactorsthatregulateneuritelengthmight thereforeplayarole in thedifferentiationof neuritesinto
axonsanddendrites(i.e.,polarity).

The acquisitionof axonalcharacteristicsis correlatedwith the selective segregationof the protein
GAP-43to the growth coneof a singleneurite(Goslin andBanker, 1990). It may be a candidatefor
theregulatoryproteinin theconceptualmodelof GoslinandBanker (1990),whichstatesthattherateof
neuriteelongationdependsontheconcentrationof someprotein,whosedistribution is in turndetermined
by length. Thetransportof GAP-43to thegrowth coneis anactive processandthereforelargely inde-
pendentof neuritelength,while thereturnto thesomamightbeadiffusionprocess,sothat,accordingto
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thishypothesis,thegrowth coneof thelongestneuritewouldreceivemoreprotein,andtheneuritewould
grow longerstill. Interestingly, GAP-43is sensitive to changesin membranepolarization(Dekker et al.,
1989)andin Ca2

�
levels (Aloyo et al., 1983);GAP-43couldmodulateCa2

�
signalsin growth cones

andsynapses,andregulatemembraneandcytoskeletalassembly(for referencesseeFieldsandNelson,
1992). Direct indicationsthat Ca2

�
playsa role in the formationof axon-dendritepolarity have been

obtainedby Mattsonet al. (1990). A localized influx of Ca2
�

suppressesaxonformation,in neurons
that have not yet establishedtheir polarity, aswell asin neuronsfrom which the axonis transectedat
shortdistancesfrom thesoma(which causesCa2

�
to enter). Whena Ca2

�
gradientis presentin the

neuron,theaxonwill not form wheretheCa2
�

concentrationis highest.In this way, a local encounter
with neurotransmitter(or any otherfactorcausinga local increasein Ca2

�
) could influencethesiteat

whichanaxonwill beformed.It maybethataneuritebecomesanaxonjustbecauseit hasa low [Ca2
�

]i

andthereforegrows morerapidly thantheotherneurites(alsoseeMattsonetal., 1990).Indeed,[Ca2
�

]i

is lower in axonsthanin dendrites(Guthrieetal., 1988).

4.4 Adhesion molecules

Adhesive andrepulsive interactionsamongcell surfacemolecules(e.g.,on growth conesandneurites),
andamongcell surfacemoleculesandmoleculesin the extracellularmatrix alsoparticipatein growth
conebehaviour (e.g.,Letourneau,1991),neuriteextension,retractionandguidance,aswell asin neurite
fasciculationandneuronalmigration(Jessell,1991). The adhesionmoleculesof the immunoglobulin
superfamily (e.g.,neuralcell adhesionmolecule:N-CAM), cadherins(e.g.,N-cadherin),andintegrins
promoteneuriteoutgrowth; N-CAM andcadherinsareinvolved in cell-cell adhesion,whereasintegrins
mediateadhesionof cells to glycoproteins(e.g., fibronectinand laminin) in the extracellularmatrix.
Not all the actionsof thesemolecules,however, involve adhesion(Schwab et al., 1993). For exam-
ple, myelin, tenascinandcytotactin inducean avoidancereactionor neuriteretraction(e.g.,Edelman
andCunningham,1990).Most of theseinteractionsareprobablyestablishedin anactivity-independent
fashion(Smith,1994). However, in theneuromuscularjunction it hasbeenfound thatblockadeof ac-
tivity increasesthelevel of axonalpolysialicacid(PSA:themajorglycoproteinon N-CAM modulating
adhesiveness)resultingin axonaldefasciculationand increasedbranching(Landmesser, et al., 1990).
SincePSAis widely expressedin thedevelopingnervoussystem,this form of activity-dependentaxon
behaviour maybemoregeneral(HockfieldandKalb, 1993).

4.5 The mature system

Neurotransmittersare also likely to play important roles in plastic changesin neuronalmorphology
duringadulthood(Mattson,1988).Therearegrowing indicationsthat theadultbrain is not structurally
static,but ratherin astateof continualmorphologicalchange(for referencesseeMattson,1988;Purveset
al.,1986).This is to becontrastedto theview thatneuralchangesareencodedin functionalalterationsof
synapticnetworksthatareanatomicallyfixed(seePurvesandVoyvodic, 1987).For example,dendrites
of individual neuronsin the superiorcervicalganglionof youngadult mice are,when followed over
intervalsof upto threemonths,subjectto continualchange:somebranchesretract,otherselongate,while
still othersappearto benewly formed(Purveset al., 1986). This implies that thesynapticconnections
madeontothesecellsmustalsoundergosubstantialrearrangements.Thedendritictreeof pyramidalcells
in thevisual cortex of adult ratschangesin responseto changesin environmentalconditions(Uylings
et al., 1978). The dendriticextent per neuronin the humancortex may increasesteadilythroughold
age(Beull andColeman,1979;ColemanandFlood,1986); it hasbeeninterpretedasa compensatory
responseto neuronaldeath(Curcioet al., 1982;ColemanandFlood,1986).

Polarity in matureneuronsdisplaysa surprisingdegreeof plasticity. Axotomy or deafferentation
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leadsto profoundchangesin polarity, andmembranesthatnormallyarepostsynapticcanform presynap-
tic specializations(for referencesseeCraigandBanker, 1994).Mechanismsinvolvedin thespecification
of polarity thuscontinueto operatein adulthood(CraigandBanker, 1994).Alterationsin thesemecha-
nismsmaycontribute to thepathologyof someneurologicaldiseases.Thereorganizationof themicro-
tubule systemappearsto beanimportantpathologicalfeatureof Alzheimer’s disease(for referencessee
CraigandBanker, 1994).Neuronaldamageanddeathin Alzheimer’s diseasemayresultfrom excessive
risesin [Ca2

�
]i (Mattson,1992;Mattsonetal., 1993)

To summarize,electricalactivity andneurotransmittersinfluenceneuriteoutgrowth andgrowth cone
behaviour in avarietyof ways.Theseinfluencesarenotonly importantduringdevelopment,but probably
alsoprovide mechanismsfor neuralplasticityin adulthood(KaterandGuthrie,1990).

4.6 Models

HentschelandFine (1994a,b) have demonstrated,usingmodelsof isolated,singlecells, that growth
underthecontrolof diffusible factorssuchasCa2

�
canleadto theemergenceof dendriticformsfrom

initially sphericalcells. Local outgrowth andretractionof thecell membranearetaken to dependupon
thelocal concentrationof Ca2

�
closeto theinternalsurfaceof themembrane:

V
�
s
	 � aC

�
s
	 α �

bC
�
s
	 β (3)

whereV
�
s
	

is thegrowth velocity normalto thesurfaceat point s, C
�
s
	

is thesubmembraneCa2
�

con-
centrationat thatpoint, a andb arethe rateconstantsfor outgrowth andretraction,respectively, andα
andβ reflectthecooperativety of thedependenceonCa2

�
(setat1 and2, respectively); eqn(3) is aphe-

nomenologicaldescriptionof thetheoryof Kateret al., in thattheoutgrowth rateincreasesastheCa2
�

concentrationrisesto someoptimumvalue,above which it decreasesandevenbecomesnegative at still
higherlevels. Thelocal Ca2

�
concentrationresultsfrom influx andactive extrusion.At spontaneously

occurringconvexities in themembrane,the local concentrationwill becomelarger thanat concavities,
becauseof thelargersurfaceto volumeratio. Theseprotrusionsof themembranewill notdecaybecause
of theexistenceof a positive feedbackloop: Ca2

�
influx increaseswith increasedsubmembraneCa2

�
concentrations,asa consequenceof thepresenceof voltage-sensitive Ca2

�
channelsandthe influence

of Ca2
�

on themembranepotential.This leads,if thegrowth ratehasa positive dependenceuponthe
Ca2

�
concentration,to continuedoutgrowth andbranching.The developmentin themodelresembles

thatof living neurons:outgrowth startswith broadandirregularaswell aswith shortandfineextensions
of the membrane(lamellipodiaandfilopodia, respectively) followed by theemergenceof distinct pro-
cesses(neurites)which spontaneouslyform enlargementsat the top (growth cones).The extensionof
theseprocessesis oftenpunctuatedby periodsof retraction.Growth underreducedelectricalexcitabil-
ity (which affectsthe Ca2

�
permeability)resultsin longer, thinnerneurites.Similar changesareseen

in culturedcerebellarPurkinjecellswhenelectricalactivity is blocked by TTX (Schilling et al., 1991).
Increasingthe (voltage-independent) Ca2

�
permeabilityleadsto morecompactdendriteswith broader

growth cones.
In themodelof HentschelandFine,theeffectsof cytoskeletonelementssuchasmicrotubules,which

form a rigid, continuousinternalcorewithin the neurite,arenot explicitly taken into account.In Van
VeenandVan Pelt (1994),neuriteelongationis describedasresultingfrom polymerizationof micro-
tubules,with a constantproductionof tubulin at thesomaanda diffusion-basedtransportto thegrowth
cone,wherepolymerizationtakesplacewith atubulin concentration-dependent assemblyrateandafixed
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disassemblyrate.This leadsto aconstantelongationratein acell with asingleneurite.Whenmoreneu-
rites arepresent,also transientor completeretractionof segmentscanoccur if assembly/disassembly
rateconstantsdiffer amongtheneurites.In largetrees,themaximalnumberof sustainableterminalseg-
mentsis positively relatedto theproductionrateof tubulin. Althoughnot implementedin themodel,the
(dis)assemblyrateis dependentuponCa2

�
(for referencesseeVanVeenandVanPelt,1994),asis the

morphologyof thegrowth cone(seesection4.3). Thelatteraffectsbranchingevents(seeVanVeenand
Van Pelt,1992),theoccurrenceof which is probablyrandomin time: a growth modelwhich assumes
thata treegrows via a sequenceof randombranchingevents(oneat a time) is sufficient to explain the
observedvariancein dendritictrees(VanPeltet al., 1992).

A neurondoesnot grow in isolationbut, rather, in interactionwith its environment(including, of
course,othercells).Electricalactivity resultingfrom synapticinteractionscan,in bothmodels,modulate
dendriticoutgrowth via Ca2

�
influx elicitedby depolarization.We have madea startat unravelling the

possibleimplicationsfor neuronalmorphologyandnetwork developmentof electricallyinteractingcells
whoseoutgrowth dependson their electricalactivity (Van Ooyen andVan Pelt, 1993; 1994a;1994b,
1995). The electricalactivity is governedby the shuntingmodel (e.g.,Carpenter, 1989),which for a
purelyexcitatorynetwork becomes:

dXi

dT
� �

Xi 
 �
1
�

Xi
	 N

∑
j

Wi jF
�
X j

	
(4)

whereXi is the membranepotential,F
�
X j

	
is the meanfiring rate,which dependssigmoidallyon the

membranepotential,Wi j is the connectionstrengthbetweenneuroni and j (Wi j � 0), andN is the to-
tal numbersof neurons.Neuronsresideon a two-dimensionalsurface,andareinitially disconnected.
Growing neuronsaremodelledasexpandingcircularareas(”neuritic fields”, asyet without distinguish-
ing axonsfrom dendrites).Whentwo suchfieldsoverlap,W betweenthecellsis proportionalto thearea
of overlap.Thegrowth of theradius(R) of eachfield dependson thefiring rateof theneuron:

dRi

dt
� ρ

�
1
� 2

1 
 e � ε � F � Xi ����� β � (5)

whereε is thefiring-rateatwhich dRi
dt

� 0, ρ is therateof outgrowth, andβ determinesthenon-linearity.
Dependingon F

�
Xi
	
, a neuritic field will grow out (F

�
Xi
	��

ε), retract(F
�
Xi
	��

ε) or remainconstant
(F

�
Xi
	 � ε). This is a phenomenologicaldescriptionof the theoryof Kater et al. (seesection4.2) to

theeffect thattheneuron’s electricalactivity, via Ca2
�

, affectsits outgrowth (excludingthatlow levels
of activity canalsoblock outgrowth). Note, that connectionstrengthis not directly modelledbut is a
function of neuritic field size,and that, whena field expands,the connectionstrengthsto othercells
increasesimultaneously.

Several interestingpropertiesariseas the result of interactionsamongoutgrowth, excitation and
inhibition.

Overshoot. A generalfeatureof nervous systemdevelopmentis that virtually all elementsshow
an initial overproduction(so-calledovershootphenomena;for referencesseeVanOoyenandVanPelt,
1994a). In bothpurelyexcitatoryandmixednetworks, we foundsucha transientoverproductionwith
respectto connectionstrength.Foragivenconnectivity W in apurelyexcitatorynetwork, theequilibrium
pointsaresolutionsof [seeeqn(4)]

0 � �
Xi 
 �

1
�

Xi
	 N

∑
j

Wi jF
�
X j

	 �
i (6)
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Figure1: Hysteresis.Equilibrium manifold of X̄ ( dX̄
dT < 0) asdependingon W̄ (W̄ < 1

N ∑N
i = j Wi j), accordingto

eqn(7)(statesonCD areunstablewith respectto X̄ , theothersarestable).At the intersectionpoint with the line
X̄ < F > 1 ? ε @ (F > 1 is theinverseof F), W̄ remainsconstant;above andbelow that line, it decreasesandincreases,
respectively (seeeqn(5)).Connectivity is quasi-stationaryonthetimescaleof membranepotentialdynamics,and,
startingatA, X̄ will follow thebranchABC, until it reachesC, whereit jumpsto theupperbranch,thusexhibiting a
transitionfrom quiescentto activatedstate.If theequilibriumpoint is onDE, W̄ decreasesagain,andadeveloping
network hasto go througha phasein which W̄ is higher than in the final situation,thusexhibiting a transient
overshootin W̄ . An intersectionpointonCD resultsin regularoscillationsthatfollow thepathABCEDBCEDBC ABACA .
If the variationsin Xi are small (relative to X̄ , the averagemembranepotentialof the network), the
averageconnectionstrengthW̄ canbewrittenasa functionof X̄ :

W̄ � X̄�
1
�

X̄
	
F
�
X̄
	 0 D X̄

�
1 (7)

which gives the equilibrium manifold of X̄ (dX̄
dT

� 0) as dependingon W̄ (Fig. 1). The presenceof
this hysteresisloop underliestheemergenceof overshoot(seeFig. 1), andhingesuponthe firing-rate
functionhaving someform of thresholdalongwith low, but non-zerovaluesfor sub-thresholdmembrane
potentials(alsoseePakdamanetal.,1994).With respectto thedevelopmentof activity andconnectivity,
the modelshows similaritieswith developingin vitro culturesof dissociatedcells: an initial phaseof
neuriteoutgrowth andsynapseformationwhile activity is low, a ratherabruptonsetof network activity
whenthe synapsedensityreachesa critical value, followed by a phaseof neuriteretraction(Purkinje
cells in cerebellarcultures:Schilling et al., 1991)and/oreliminationof synapses(cerebralcortex cells:
VanHuizenet al., 1985;1987;VanHuizen,1986).

Oscillations. For somevaluesof ε, themodelgeneratessustainedoscillationsin overall activity and
connectivity (seeFig. 1). Networks in which thecellshave differentε valuesexhibit complex patterns:
the oscillationsof the cells can differ in frequency, phaseand amplitude(Van Ooyen and Van Pelt,
1994b).

In thesequelwe considernetworksin which ε is thesamefor all cellsandin therangethatdoesnot
causeoscillations.

”Critical period”. Networks with inhibition in which activity is blocked, thus inducinga high W̄ ,
do not necessarilydecreaseW̄ after the block hasbeenremoved: whenthe averageF

�
X
	E�

ε dueto
inhibition, W̄ will increasestill further. If the time that the network spentunderelectricalsilenceis
longerthanacertaincritical period(andW̄ largerthana certainvalue),W̄ canno longerdecrease.
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Figure2: Neuritic fields. Torusboundaryconditionsa. Stringof excitatorycellswith oneinhibitory cell in the
middle(dashedline). b. Mixednetwork. Dashedline indicatesinhibitory cell. c. Sameplacingof cellsasin b but
all formerinhibitory cellsarenow excitatory. d. Cellsongrid positions.Diameterof squareis proportionalto area
of neuriticfield. Scaledto maximumarea.Thesmallcell in themiddle(surroundedby largecells)is inhibitory. e.
Two inhibitory cells(thesmallonessurroundedby largecells).
Pleasedownloadfigure2 separatelyfrom http://www.anc.ed.ac.uk/� arjen/outgrowth.html

Eachcell in themodelseeksto maintainits set-pointof electricalactivity (F
�
X
	 � ε) by meansof

adjustingthesizeof its neuriticfield. This homeostaticprincipleleadsto thefollowing properties:
Compensatorysprouting. Excitatorycell deathin the modelwill be accompaniedby an increased

neuriticfield of thesurviving neurons.In humancortex thedendriticextentperneuronincreasessteadily
throughold age(Beull andColeman,1979;ColemanandFlood,1986). This hasbeeninterpretedasa
compensatoryresponseto neuronaldeath(Curcioetal., 1982;ColemanandFlood,1986).

Network size. In excitatorynetworkswith a low synapticstrength,cellsdevelop into a singleinter-
connectednetwork, whereasahighsynapticstrengthyieldslooselyconnectedsub-networks(VanOoyen
andVanPelt,1994a).Inhibitory cells increasethedegreeof connectivity, and,by inducingoutgrowth,
canhelpto selectively connectsub-networks.

Neuritic field size. Cellssurroundedby many otherswill becomesmall,whereasisolatedcellsmust
grow largefieldsto contactsufficientcells(Fig. 2c). In mixednetworks,theneuriticfield of aninhibitory
cell tendsto becomesmallerthan that of an excitatory cell, even thoughtheir growth propertiesare
identical. To receive sufficient excitation,a cell connectedto aninhibitory cell mustgrow a largerfield
thandoesonethatis not inhibited.An inhibitory cell canthereforeremainsmallbecauseit will become
surroundedby largeexcitatorycells (Fig. 2 a,b,d,e).Thesein turn will alsobesurroundedby relatively
smallcells,andsoon, thusgiving riseto acharacteristicdistribution of cell sizes.

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

Differencesamongcells. Local variationsin cell densityandnumberof inhibitory cellsgeneratea
greatvariability amongindividual cells,with respectto their neuriticfield sizeatequilibrium,andto the
developmentalcourseof field sizeandfiring behaviour.

Tosummarize,neurotransmittersandelectricalactivity, bymeansof theireffectonneuriteoutgrowth,
have considerablepotentialfor controlling the developmentof neuronalform andnetwork circuitry in
assembliesof interactingcells.

5 Synapses

In addition to activity-dependentchangesin neuronalcircuitry that arebasedon morphologicalalter-
ations,theefficacy of synaptictransmissionin existingconnectionscanbemodulatedby electricalactiv-
ity. Hebb(1949)hasproposedthatcoincidingpre-andpostsynapticactivity leadsto changesin synaptic
strength.In mostneuralnetwork modelssomeform of Hebbianlearningis used(seee.g.,Brown et al.,
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1990).SynapticmechanismsresemblingHebbianlearning(i.e., long-termsynapticpotentiationor LTP)
arefoundin thehippocampus,andprobablyin many otherareas.TheHebbianpropertiesof LTPderive
from the propertiesof the NMDA glutamatereceptorand its associatedCa2

�
channel:Ca2

�
influx

requiresthecoincidenceof receptoractivationby presynapticallyreleasedglutamateanddepolarization
of thepostsynapticmembraneto expel Mg2

�
that normallyblocksthechannelat restingpotential. If

LTP involves a presynapticincreasein neurotransmitterrelease,someretrogradesignal from post- to
presynapticneuronis necessary. Diffusiblemessengerssuchasarachidonicacid,nitric oxideandcarbon
monoxidehave beenimplicated(Hawkins et al., 1993;SchumanandMadison,1994b).As suchsignals
candiffusewidely, notonly thesynapseswhereLTP is induced,but alsothoseof nearbyneuronswould
bestrengthened.Indeed,whenLTP is triggeredin a singlesynapseby simultaneouslystimulatingboth
thepre-andpostsynapticneuron,synapseson neighbouringneuronsarestrengthenedaswell (Bonho-
effer et al., 1989;SchumanandMadison,1994a).Thus,LTP maynot beasspecificashadpreviously
beenthought(Barinaga,1994)which mayhave importantconsequencesfor learningandmemory(also
seeMontagueet al., 1991).

Synaptogenesisandeliminationof synapsesarecontrolledby electricalactivity (e.g.,Purvesand
Lichtman,1980;Constantine-Paton,1990;Shatz,1990). For further informationon synapticplasticity,
thereaderis referredto e.g.,FieldsandNelson(1992)andreferencestherein.Many modelsof activity-
dependentdevelopmentdealwith theemergenceof oculardominancecolumns(e.g.,Von derMalsburg,
1979;Swindale,1980;Miller etal., 1989;Obermayeret al., 1990;Goodhill andWillshaw, 1990).

6 Glial cells

Thecentralnervoussystemis composedof an intimatelyassociatednetwork of neuronsandastrocytes
(a type of glial cells). Although glial cells outnumberneurons,relatively little attentionhasbeenpaid
to their functionin developmentandinformationprocessing.Only recentlyhave studiessuggestedthat
their functionmaynot be limited to the ratherpassive role of providing structuralandtrophicsupport.
Astrocytespossessfunctionalneurotransmitterreceptors,andhencearepotentiallycapableof monitoring
neuronalactivity. They canalso directly influenceneuronalactivity (Nedergaard,1994)andmay be
involved in non-vesicularreleaseof neurotransmitters(Attwell et al., 1993). Müller (1992) gives a
review of theevidencefor glial participationin activity-dependentplasticity.

7 Discussion

Many seeminglyunrelatedprocessesin the developmentof the nervous systeminteractthroughtheir
dependenceon electricaland neurotransmittermediatedsignals(in many caseswith Ca2

�
as under-

lying messenger)(alsoseeHarris, 1981). This is of importancefor development,but alsofor learning
andmemoryin thematurestate(seee.g.,Stryker, 1990),asmany of theseprocessesremainoperative
in theadultbrain. Activity-dependentplasticityoperateson multiple levelsof specificity, rangingfrom
singleconnectionsto wholecells, i.e., from synapses,populationsof synapses(seesection5), neurites
andbranchingpatternsto intrinsic neuronalpropertiesandcell death. Electricalactivity (fastdynam-
ics) changesneuronalform, function and connectivity alsoon multiple time scales(slow dynamics):
from minutes(e.g.,modulatingchannels),hours(e.g.,numberandeffectivenessof receptors)to daysor
weeks(e.g.,geneexpressionandneuriteoutgrowth) andpersistently(neuronaldifferentiation).Thus,in
contrastto conventionalneuralnetwork modelsin which thestructureandelementsarefixedandonly
theparametersof themodel(e.g.,connectionstrength)canchange,thenervoussystemis a moretruly
variablesystemin which the propertiesof the constitutingelements(e.g., morphologyandelectrical
characteristics)aswell astheir numberandinteractionsaresubjectto change(alsoseeHogeweg and
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Hesper, 1986).This providespossiblemechanismsfor learningbeyondchangesin synapticstrength.
A genericconnectionistmodelis agraphconsistingof nodes(e.g.,neurons)andedgesor links (e.g.,

synapticconnections)betweenthem (Farmer, 1990). Learningin neuralnetwork modelsoccursvia
changesin connectionstrengthin sucha way thatall theconnectionsto a given nodecanbemodified
independently(”edgelearning”).This is fundamentallydifferentin connectionistmodelsof theimmune
system(B-cell immunenetworks,e.g.,DeBoerandPerelson,1991),wheretheonly meansof modifying
connectionstrengthis by changinga nodeparameter(i.e., lymphocyte concentration;lymphocyte types
areherethe nodesof the network), so that all the connectionstrengthsto a given nodechangesimul-
taneously(”nodelearning”). However, aswe have seen,many activity-dependent propertiesin neurons
alsoseemto operateon thenodelevel, or on levelsintermediatebetweennodeandedge(alsoseeStuart
andSakmann(1994),who suggestthatpropagationof somaticactionpotentialsinto the dendritictree
may be importantfor changesin synapticstrength- that is, on a nodebasis).This suggeststhat some
form of nodelearningmay alsobe importantfor the functioningof neuralnetworks (alsoseeAbbott
et al., 1993),althoughasyet most modelshave individual neuronsthat do not adaptively participate
in the learningprocess(but seereferencesin section3, andso-calledweightlessneuralnetworks,e.g.,
Aleksander, 1991;alsoseeFinkel andEdelman(1985),who have a noderule to modify theamountof
neurotransmitterrelease:all theterminalsof thepresynapticneuronareinfluencedsimultaneously).

The feedbackmechanismsin a neuron(e.g.,regulationof receptornumberandsensitivity, neurite
outgrowth) seemto contribute to thehomeostasisof neuronalactivity (in contrastto Hebbiansynaptic
potentiation,whichactstomodifyactivity) or, moregenerally, to theoptimizationof somelocallydefined
condition. Are neuronsessentiallypursuingtheir own goals,andmustlearningandmemorybeviewed
asemerging from many neuronssimultaneouslystriving to supporttheir own needs? (Klopf, 1982).
Sincenoagreementexistsuponwhatconstitutesinformationprocessingin neuralcells(Kohonen,1992)
andmany neuronalpropertiesseemto have no placein the existing neuralnetwork models,it may be
worthwhileto pursuefundamentallydifferentmodels(e.g.,adaptive neurons,nodelearning).In this,we
might do well to allow ourselves to be inspiredby the many developmentalmechanismsthat arestill
operative in theadultbrain.
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