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Abstract

Adult neurogenesishaslong beendocumentedin thevertebratebrain,
andrecentlyevenin humans.Although it hasbeenconjecturedfor many
yearsthat its functional role is relatedto the renewing of memories,no
clearmechanismasto how this canbeachievedhasbeenproposed.Us-
ing the mammalianolfactory bulb as a paradigm,we presenta scheme
in which incorporationof new neuronsproceedsat a constantrate,while
their survival is activity-dependentandthuscontingentuponnew neurons
establishingsuitableconnections.We show that a simplemathematical
model following theserulesorganizesits activity so asto maximizethe
differencebetweenits responses,andcanadaptto changingenvironmental
conditionsin unsupervisedfashion,in agreementwith currentneurophys-
iological data.
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1 Introduction:

Thefunctionof thematurebrain is not only to beconstantlyreadyto solve particular
tasks,but alsoto learnnew ones,adaptto changesin environmentalconditions,and
optimizeitscomputationalresourcesaccordingly. While synapticchangeis regardedas
themostcommonform of modificationunderlyingplasticity(notablyin neuralnetwork
models),it is by no meansthe only sourceof functional changein the brain. One
alternatesourceis adultneurogenesis,i.e. theincorporationof new neuronsinto neural
structuresthathavealreadypassedthroughdevelopment.

It waslong thoughtthatneuronalproductionendedsoonafterbirth, fuelinga view
of theadultbrainasafinalizedstructure(asfarasnew neuronsareconcerned),with fur-
therplasticityconcentratedon synapses.It took sometime to realizeanddemonstrate
thatneuronalincorporationcan,to differentdegrees,continueduringtheentirelife of
an animal. De-novo neuronalincorporationcontinuesin the adult mammalianbrain
in thedentategyrusof thehippocampus,theolfactorybulb andtheassociationcortex
[Altman 1965, Lois andAlvarez-Buylla1994, Alvarez-BuyllaandLois 1995, Gouldet al 1999b,
Erikssonet al. 1998, Gouldetal. 1999c]. Adult neurogenesisalsooccursextensively
in birdsandothervertebrates[Alv arez-Buyllaetal. 1992, Goldman1998].

Basedon the experimentalevidence, it has beenconjecturedthat adult neuro-
genesiscould be relatedto brain plasticity and learning[Alv arez-Buyllaet al. 1990,
Kirn etal. 1994, BarneaandNottebhom1994, Gouldet al. 1999a, Kempermannet al. 1997].
However, thefunctionalmechanismof neuronalreplacementremainselusive, andwe
do not understandthe degreeto which it may supersede,competewith or comple-
mentbetterunderstoodplasticmechanisms.The observationof seasonalchangesof
neuronalincorporationanddeathin canaries,asthey renew their yearly repertoireof
songs,hasled to theideathatneuronsarenot indefinitelyplasticbut thatnew neurons
are neededfor new memories. Despitethe considerableinterestand importanceof
thephenomenon,no clearmechanismhasbeendescribedthroughwhich this memory
renewal processwould beimplemented.

We describeherea simplemodel in which adult neurogenesisunderliesunsuper-
visedlearningandadaptationin sensoryprocessing.Wechosetheolfactorybulb (OB)
astheneuroanatomicallocusof themodel,for adultneurogenesishasbeenextensively
documentedin this system,andthe neuronalprocessingtasksarepresumablybetter
circumscribedthan in other sensorysystems[Mori et al. 1998]. The olfactory bulb
is the first relay of the olfactory information. Olfactory receptorneuronsexpressa
singleolfactory receptorandproject to two glomeruli of eachbulb in a topographi-
cally precisemanner[Vassaretal. 1994, Mombaertsetal. 1996]. Eachreceptormay
beactivatedby morethanoneodorandeachodormayactivatemorethanonerecep-
tor [Malnic etal. 1999, HildebrandandShepherd1997]. Mitral andtuftedcells(M/T),
theoutputneuronsin thebulb, receivetheirsynapticinput from theolfactoryreceptors
within singleglomeruli. Odor informationseemsto beencodedin thespatialaswell
asthetemporalresponsesof M/T cells. Olfactorydiscriminationis thendependenton
thecombinatorialpatternof activationof multiple M/T cells. Giventhe promiscuous
natureof olfactoryreceptors,thediscriminationof odorsis importantlydependenton
thetuningof thecombinatorialresponseof M/T cells.

The activity of M/T cells is regulatedby inhibitory granularcells. Granularcells
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areunpolarizedneuronsthatestablishinhibitory dendro-dendriticconnectionswith the
M/T cellslongsecondarydendrites[Woolf et al. 1991], andareindeedthoughtto play
an importantrole in lateralinhibition andin the tuning of M/T cell responsesto dif-
ferentodors[Yokoi etal. 1995]. Eachgranulecell connectsto severalmitral cellsthat
canbe far away from eachother given the extensive lengthof their secondaryden-
drites. Experimentalresultsindicatethat only inhibitory neuronsarereplacedin the
OB. WhereasM/T cells areborn beforebirth, the largemajority of granularneurons
continueto bebornpostnatallyandinto adultlife [Rosselli-AustinandAltman 1979].

Basedon theknown anatomyandphysiologyof theOB, we modelledneurogene-
sis in this structure.It is importantto remarkthatwe arenot presentinganexhaustive
modelof olfaction[Hopfield1991], which would requirea delicateunderstandingof
thetemporaldynamicsof encoding[Laurentet al. 1996], but ratherusingit to demon-
stratethecomputationalpotentialof neurogenesisfor informationprocessing.

Model

Webaseourmodelon two fundamentalobservations.First,neuronalproductionin the
sub-ventricularzone(SVZ) andmigrationtowardtheOB continueevenin theabsence
of thebulb [Lois andAlvarez-Buylla1994]; this suggeststhatcell birth andmigration
arenot dependenton olfactionor activity within thebulb [Kirschenbaumet al. 1999].
Second,mostnewly incorporatedneuronsdie within few weeksafter differentiation,
suggestingthatthosethatdosurvivehaveachievedsomeelusivegoal[PetreanuandAlvarez-Buylla2000,
Kirn etal. 1999]. Neuronalactivity is known to benecessaryfor survival duringbrain
developmentbutnotfor theinitial synapseformation[Katz andShatz1996, Verhageetal. 2000].
Moreover, activity-dependentmechanismsalsoseemto play an importantrole in the
recruitmentor survival of postnatallygeneratedOB interneurons[Corottoet al. 1994,
Frazier-CierpialandBrunjes1989, Cummingsetal. 1997]. Thesefindingssuggestthat
thesurvival of thenewly-generatedneuronsis regulatedthroughactivity.

Thuswe postulatethebasicmechanismof themodel:neuronalincorporationpro-
ceedsat a constantunregulatedrate,whereasneuronalsurvival is modulatedthrough
activity-dependentapoptosis.New neuronsarrive andestablishrandomconnections;
thosewith uselessconnectionsfail to participatein relevant processingandsoondie
off, but neuronsthatestablishusefulconnectionsin thecontext of thenetwork cansur-
vive andarethereforeincorporatedinto the final structure.Exactly which featureof
neuronalactivity ensuressurvival canthendictatethefinal functionof thenetwork.

Thesimplestmodelcompatiblewith theexperimentalevidenceconsistsof a layer
of � glomeruli receiving one-to-oneprojectionsfrom an input or receptorlayer and
local lateral inhibition due to granularinterneurons.The outputof the systemthen
equalstheinputminustheeffectof inhibitory connectionsbetweentheoutputs:

	�
 � 
�����
 � 
�����	�
 � 
 (1)

where 	 
 � 
 is theactivity of theoutputlayer, � 
 � 
 is theactivity of the receptorlayer
when presentedwith input � , � is a matrix giving lateral inhibition, and ( � � is the
activity of glomerulusnumber� , Fig. 1). Solvingfor 	 we obtain
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We assumethat eachgranularcell hasconnectionsto only two projectionneurons;
therefore,� � " is thedensityor numberof granularneuronsconnectingM/T cells (or
glomeruli) � and # , sothat � � " �$� " �&%'� ( # (connectionsaresymmetric)and � � � ��)
%'� , (thereis no self-inhibition). We alsoassumethat theresponseof eachM/T cell is
normalizedby thetotal numberof synapticconnections[Chechiket al. 1999] andthat
neuronalresponsesremainin thelinearregime;positiveor negativeactivity shouldbe
interpretedin the context of a backgroundlevel. Explicitly insertinga total synaptic
weightnormalizationterm ����* " � � " andsymmetrizingtheinput,Eq. 1 becomes

� 
 � 
� �,+ 
 � 
� ��* " � � " � � 
 � 
� � � 
 � 
" ����-* " � � "
Wefinally assumefor conveniencethattheoutputlayeris normalized,. 	 
 � 
 . �/� %&� .

We assumethat only interneuronsare replaced,arriving at a constantrate with
randomlydistributedconnectivity; rulesin which granularcellsconnectto morethan
two neuronsand whosesurvival dependson the productof multiple inputs lead to
combinatorialencodingstrategies,but this is an issueoutsidethescopeof thepresent
paper. The regulation of the survival rate of the interneuronsis implementedas a
functionof their activity, which indicateshow well they areconnectedto activeoutput
cells,sothatactive cellssurvive andinactive cellsdo not. Our key assumptionis that
thesurvival of thegranularcellsdependson theproductof theinputs,sothatgranular
cellsconnectingglomeruli � and # will survive if thevalueof � � � " , averagedover the
time of presentationof the entiresetof stimuli, is greaterthanor equalto zero; this
amountsto a somaticcoincidencerule. Thus, when 0 � � � " 132 ) all newly arrived
neuronssurvive, andso 4 � � " hasits full value;while 0 � � � " 165 ) resultsin massive
deathand 4 � � " 5 ) . This leadsto asimplifiedupdateequationgivenby

4 � � "87�0 � � � " 1 ( � ��9� # � (3)

where 0 1 denotestheaverageover theensembleof inputs � �:� ; ; ; < . A non-linearity
is introducedthroughtheconditionthat � bepositive definite, � � ">= ) �89� # , i.e. the
populationof granularcellscannotbenegative.

Results

Basedon thepreviousconsiderations,we implementeda simulationof theprocessof
training thenetwork with theactivity basedreplacementof theinhibitory interneurons.
The left panelof Fig. 2 shows a setof 10 odorsrepresentedasdifferentmixturesof
receptorbindings.Theright panelshows theresultof iteratinga cycle of presentation
of the set of odors followed by neuronalreplacementon a model network with 10
M/T cells. The result of the updaterule specifiedby Eq.3 is to orthogonalizethe
output,which canbe seenby analyzingthe fixed point of the system: 4 	$�?):@
4 � � " � 0 � � � " 1 �A) %'� ( # andgiventhenormalizationof 	 � , 0 � � � " 1�7AB , whereB is the
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identity matrix. Thesimulationdisplaysa very sharporthogonalizationof the output
vectors,which canbe further appreciatedin the evolution of the responseto a single
odor (Fig. 3). The orthogonalizationof the output maximizes,to linear order, the
separationbetweenoutputvectorsandis thesimplestwayof achieving discrimination.
An orthogonalsetof neuralresponsesis robust to the presenceof noisebecausethe
representativesaremaximally distantfrom eachother [Shannon1993]. In this case,
an orthogonalset of responsesfrom the output of the M/T cell layerscorresponds
to the maximaldifferencein the the spatialresponsein the layer for eachodor. So
it is possibleto implementa simple algorithm basedon neurogenesisand neuronal
replacementthatachievesacomplex mappingof input stimuli in neuralspace.

To quantify the orthogonalizationprocess,we computedthe determinantof the� )DCA� ) matrix of odorsandM/T cells (seeMethods). The determinantof a setofE normalizedvectorsof E componentshasthe propertythat it is maximal ( �GF � )
whenthevectorsaremutuallyorthogonal,andbecomeszerowhenever thevectorsare
linearlydependent.Thus,thedeterminantis a goodindicatorof theability of asystem
to maximallyseparateresponsesto linearorder. Theevolution of thedeterminantand
thetotalnumberof granularcellsincorporatedaredepictedin Fig. 4, togetherwith the
rateof incorporation,asa functionof theiterationnumber.

Theotherfunctionalpropertyof thealgorithmis its adaptabilityto changesin the
input ensemble,i.e. a changein thesetof odorsthenetwork is presentedwith. This is
a featureof paramountimportancefor earlyodorsensoryprocessing,giventheintense
seasonalchangesproduced,e.g.,by blooming,migrationand foraging,andbecause
the presenceof a singleodorantin high concentrationsis enoughto upsetthe output
of a systemlike the OB, dueto the promiscuousnatureof theolfactoryreceptors.In
our model, training is unsupervised,and consistssimply of exposingthe systemto
the environmentuntil a balancebetweencell incorporationanddeathis established.
Continuedexposition to a constantenvironmentdoesnot result in over-training. If
the environmentis changed,the balanceis upsetandthe systemevolvesuntil a new
balanceis achieved. To seehow our modelcopeswith a changingenvironment,we
simulateda periodicrenewal of the odor ensemble,on a time-scalesimilar to that of
theconvergenceof theorthogonalizationprocess.Theinitial updaterulewasmodified
to includea slow deathprocess,

4 � � "87/0 � � � " 1 �3H � " (4)

whereH � " is a stochasticvariablerepresentinga constantrateof unregulatedandnon-
specificdeath,independentfor eachgranularunit, H � " �?IH %'� # . The resultscanbe
appreciatedin Fig. 5, which depictstheevolution of theoutputdeterminant,thetotal
numberof granularcells,andthenumberof granularcellsconnectedto onearbitrary
pair of glomeruli. After the initial rise,thetotal numberof granularcellsremainsrel-
atively constantduringensemblechanges,whereasany oneparticularlocationin the
granularnetwork fluctuatesmoretightly with thechanges.Theorthogonalizationpro-
cess,althoughdependenton the identity of the ensemble,is basicallyunaffectedby
thechanges,asthedeterminantis increasedseveralordersof magnitude.Importantly,
the non-specificdeathterm in the updateequation,thoughsmall, is essentialto as-
sureadaptability. Its absenceleavesthe network proneto preserve tracesof previous

5



ensembles,which hinder the capability of orthogonalizingnew ensembles(datanot
shown).

Unlike synapses,which connectonly two neurons,interneuronsconnecta large
numberof M/T cells. Expandingthe connectionrule to higher connectivities leads
to combinatorialencoding,which will beexploredin detailelsewhere.Herewe shall
only mentionthebasicprinciple. Considera connectionstructurewheregranulecells
connectto threeM/T cells, andwheresurvival dependson coincidencesbetweenall
threeinputs.Therewill bevariouspairwisetermsasdescribedabove,andin addition,a
novel termwill appearwith theform 0 � � � " � � 1 . Pleasenoticethatthesetof � thatsatisfy
0 � � � " � � 1 �A) is nolongeralinearspaceof dimension� , sincecollectionswhereatmost
two � arenonzerosatisfythis criterion,andsothesolutionsetnow maybecomemuch
larger, of order � � J K elements.It is not difficult to seethat for higherconnectivities,
asfoundin therealsystem,this canleadto combinatorialproperties,but thesemodels
haveto beexplorednumerically.

Discusion

We have modelleda simplifiedolfactorybulb circuit basedon its known anatomyand
physiologyin witch granulecells are constantlyreplaced. We have shown that by
having theyoungneuronsto connectrandomlyandto survivein anactivity dependent
basis,asexperimentalevidencesuggests,neurogenesisis capableof maximazingthe
discriminationof odorsin a unsupervisedmanner. Moreover, this discriminationtask
is robustto achangingenvironmentby addinga smallrandomcell deathrule.

Severalphysiologicalconsiderationsarein orderhere.In thefirst place,theimple-
mentationof the proposedsurvival rule implies only a local or somaticcomputation
[Koch1998] (for instance,a biochemicalmechanisminvolving a high stoichiometry
or cooperative reaction,suchastheCamK-II/CaL&L pathway), andsorequiresa com-
pletelydifferentmolecularmachinerythansynapse-specificmodificationmechanisms
[Bailey atal. 1996]. Onemay think thenthat in evolutionaryterms,the selectionof
different strategies of plastic modificationmay dependboth on their computational
possibilitiesandon easeof implementation,aswell asaccessibility:neurogenesiswas
alreadyavailableto build thestructurein thefirst place.

Thesecondconsiderationconcernstheapparentlyrandomdistribution of brainar-
easwhereadultneurogenesishasbeendocumented.Althoughour modelwasnot in-
tendedto solve this puzzle,it suggestsa possibleanswer. The replacementof entire
neuronsisaratherviolentevent,in network terms,andratherunlikesmootherandmore
gradualruleslikeHebbianchangesor back-propagation.Therelationshipbetweenour
algorithmandsuchgradualrulesis similar to thatbetweenMonteCarlomethodsand
gradientdescent.In the former, the minimizationof an objective or cost function is
doneby randomlysearchingtheconfigurationspaceandthusavoiding trappingsin lo-
cal minima,whereasthe latterperformstheminimizationby downhill descenton the
steepestdirectionsof thefunction. In thesemethods,thedimensionalityanddegreeof
smoothnessof the function to be optimizedplaysa substantialrole asto which per-
forms best. Thuswe hypothesizethat the dimensionalityof the input in competition
with theamountof computationalresourcesdedicatedto a taskis whatdeterminesthe
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existenceof adultneurogenesis.For instance,in the visualpathway thereareseveral
layersof processingbeforereachingthecortex, whereastheOB,whoseinputspacehas
anintrinsichigh dimensionality[Hopfield1991], projectsdirectly to theolfactorycor-
tex. If synapticplasticity is implementedby a diffusivesubstance,a trophicfactorfor
instance,thenthe diffusive processcoupledwith the normalexcursionof axonaland
dendriticextensionscanmisleadtheguidanceprocess.This will beparticularlytrueif
very distantlocationsin thenetwork mustbeconnected,a very likely scenarioin the
caseof olfaction,wherestatisticalcorrelationsin the input do not possessa smooth
topographicprojection,i.e. thereis no simplesenseof “neighborhood”. According
to this hypothesis,the incorporationof new neuronscanbecorrelatedmoreprecisely
with changesaffectingglobalaspectsof theinputstatistics.

Recentexperimentssuggestthat the function of the OB circuitry is to reducethe
overlapof the odor representationat the M/T layer, thereforemaximizing olfactory
discrimination[FriedrichandLaurent2001]. Our modelsuggeststhat this functionof
the OB circuitry might be achieved andoptimizedby a slow but continuousactivity
dependentsurvival of newly-generatedgranuleneurons.Thisactivity dependentincor-
porationof neuronsoptimizesolfactorydiscrimination,reducingtheoverlapin theodor
representationin theM/T cell layerfor theparticularensembleof odorspresentin the
environment,evenasit changes.As thedifferentiationandactivity-dependentselection
of neuronsspansdaysor weeks[PetreanuandAlvarez-Buylla2000, Kirn et al. 1999],
this neurogenesis-mediatedsensoryoptimizationis hypothesizedto take placeon the
sametime scale,similarly to otherobservedplasticchanges.Coincidentallywith the
predictionsof the model,experimentalevidencesuggeststhat interferingwith olfac-
tory bulb neurogenesisaffectsolfactorydiscrimination[Gheusiet al 2000]. Olfactory
deprivation,which is known to reducethe survival of new granuleneurons,alsodis-
ruptstherepresentationof odorsin theM/T layer in a way consistentwith this model
[Guthrieetal. 1990]. Moreover, brief olfactoryexposuresto a singleodorduringsev-
eraldayscandramaticallyaltermitral cell responsivenessto odors,aspredictedby the
model[BuonvisoandChaput2000]. It remainsto beshown whethertheseexperience
mediatedalterationsof neuronalrepresentationsaredependenton theincorporationof
new neuronsinto theOB.

We have presentedthe first mechanisticmodel in which adult neurogenesispro-
videsthescaffold underlyinga computationaltask. Postulatinganactivity-dependent
survival signalfor the newly-generatedgranularcells, the modelpredictsthe orthog-
onalizationof theneuralresponsesof theOB to changingodorensembles,thediffer-
entialincorporationof neuronsin particularregionsof theOB uponolfactoryenviron-
mentalchanges,andthenecessityof a backgroundof constantnon-specificcell death
to achieve anefficient adaptation.It alsosuggeststhat thestructureof theinput space
determinesto someextent the existenceof this mechanismin particularbrain areas,
thusproviding a seriesof predictionsfor futureexperimentalmanipulation.

Methods

Theupdateof thegranularlayerwascomputedfromEq. 2with 4 � � " �-M 0 � � � " 1 where
theaverageis computedoverthecycleof presentationsof theodors;MD�ANOC�� ) !&P in all
simulations.Thesteady-statesolutionis computedfor eachodor, andthennormalized

7



to Q R�OQ �S� . The orthogonalizationis quantifiedin Fig. 4 by computingthe rank-1
determinant46T of theoutputmatrix U �/V 	 � W , where� rangesover theensembleof
odors. In general,46X is the determinantof the largestnon-singularsubmatrixof Y .
It canbecomputedfor any rectangularmatrix from thesingularvaluedecomposition
Y �[Z8\�] , as 4>X �[^3_ ` ` ab'c \ � � . In our simulationsY alwayshasrank 10, which
is the maximalrank, becauseit is nonsingular. The evolution of the total numberof
granularcells in thenetwork shows a monotonicincrease,althoughthe incorporation
rateslows dramaticallyafter thestabilizationof theorthogonalizationis reached.For
thepurposeof thisdemonstration,therateof non-specificdeathwaskeptequalto zero.
For thesimulationof Eq. 4depictedin Fig. 5 therandomdeathisdefinedasastochastic
variablewhich cantake thevaluesIH���N>C�� ) !&P with probability d ��N6C�� ) !&P andIHe�-) with probability �f� d in eachiterationof thealgorithm.
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Figure1: Simplifiedanatomyof theOlfactoryBulb usedin themodel.Thevectorg representstheactivity

of thereceptorlayerR, and h theactivity of themitral cell layerM/T. Granularinhibitory cellsG establish

pairwiseconnectionswith themitral cells.

12



receptor la
yer

0
1

2
3

4
5

6
7

8
9

odors
9

8
7

6
5

4
3

2
1

0

mitra
l la

yer

0
1

2
3

4
5

6
7

8
9

odors
9

8
7

6
5

4
3

2
1

0

Figure2: Representationof thesmellmatrix beforeandafterapplicationof theproposedalgorithm.Left

panel: an instanceof odorensemblewith differentdegreesof mixing betweenreceptors.Right panel: the

steadystateachieved asa resultof repeatedapplicationof thealgorithm; themitral cell layerorganizesto

segregatetopographicallytheoutputs.

mitra
l la

yer

0
1

2
3

4
5

6
7

8
9

log (t) 
18

9

0

Figure3: Evolution of themitral cell layerresponseto oneodor.
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Figure4: Evolution of the network. Initially, the mitral cell layer matrix determinantequalsthe small

odormatrix determinant.As thealgorithmadvances,thedeterminant(circle) aswell asthetotal numberof

granularcellsin thenetwork (solid line) grow until aplateauis reached,afterwhich theincorporationslows

(dottedline, representingthederivative of granularcell incorporation)andfinally approacheszero.
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Figure5: Adaptationof neurogenesisto environmentalchanges.Eachtick in thehorizontalaxisrepresents

theexposureof thenetwork to a new odorensemble;the time axis is in a logarithmicscalewhich is reset

aftereachnew exposure.Symbolscorrespondto: solid line, total numberof granularcells;circles,number

of cellsat onearbitrarypositionin thegranularnetwork; andsquares,mitral cell layermatrixdeterminant.
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