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Abstract

Adult neurogenesibaslong beendocumentedn the vertebratebrain,
andrecentlyevenin humans.Althoughit hasbeenconjecturedor mary
yearsthat its functionalrole is relatedto the renaving of memories,no
clearmechanismasto how this canbe achieved hasbeenproposed.Us-
ing the mammalianolfactory bulb as a paradigm,we presenta scheme
in which incorporationof new neurongproceedsat a constantate, while
their survival is actvity-dependenaindthuscontingentuponnew neurons
establishingsuitableconnections.We shav that a simple mathematical
modelfollowing theserules organizesits actiity soasto maximizethe
differencebetweerits responsesndcanadapto changingervironmental
conditionsin unsupervisedashion,in agreementvith currentneurophys-
iological data.



1 Introduction:

The function of the maturebrainis not only to be constantlyreadyto solve particular
tasks,but alsoto learnnew ones,adaptto changesn ervironmentalconditions,and
optimizeits computationatesourcesaccordingly While synapticchangds regardedas
themostcommonform of modificationunderlyingplasticity (notablyin neuralnetwork
models),it is by no meansthe only sourceof functional changein the brain. One
alternatesourceis adultneurogenesis,e. theincorporationof new neuronsnto neural
structureghathave alreadypassedhroughdevelopment.

It waslong thoughtthatneuronalproductionendedsoonafterbirth, fueling a view
of theadultbrainasafinalizedstructurgasfarasnew neuronsareconcerned)ith fur-
therplasticity concentratedn synapseslt took sometime to realizeanddemonstrate
thatneuronalincorporationcan,to differentdegrees continueduringthe entirelife of
an animal. De-novo neuronalincorporationcontinuesin the adult mammalianbrain
in the dentategyrusof the hippocampusthe olfactorybulb andthe associatiorcortex
[Altman 1965 Lois andAlvarez-Buyllal994 Alvarez-BuyllaandLois 1995 Gouldetal 1999h
Erikssonetal. 1998 Gouldetal. 19994. Adult neurogenesialsooccursextensiely
in birdsandothervertebrate§Alv arez-Buyllaetal. 1992 Goldman1999.

Basedon the experimentalevidence, it has beenconjecturedthat adult neuro-
genesiscould be relatedto brain plasticity and learning[Alv arez-Buyllaet al. 199Q
Kirn etal. 1994 BarneaandNottebhom1994 Gouldetal. 1999aKempermanretal. 1997.
However, the functionalmechanisnof neuronakeplacementemainselusive, andwe
do not understanahe degreeto which it may supersedecompetewith or comple-
mentbetterunderstoodplastic mechanisms.The obsenation of seasonathangeof
neuronalincorporationanddeathin canariesasthey renav their yearly repertoireof
songshasled to theideathatneuronsarenotindefinitely plasticbut thatnew neurons
are neededfor new memories. Despitethe considerablénterestand importanceof
the phenomenomo clearmechanisnhasbeendescribedhroughwhich this memory
renaval processwvould beimplemented.

We describeherea simplemodelin which adult neurogenesisinderliesunsuper
visedlearningandadaptatiorin sensoryprocessingWe chosethe olfactorybulb (OB)
astheneuroanatomicdbcusof themodel,for adultneurogenesikasbeenextensiely
documentedn this system,andthe neuronalprocessingasksare presumablybetter
circumscribedthanin other sensorysystemgMori etal. 1999. The olfactory bulb
is the first relay of the olfactoryinformation. Olfactory receptorneuronsexpressa
single olfactory receptorand projectto two glomeruli of eachbulb in a topographi-
cally precisemanner[Vassaetal. 1994 Mombaertsetal. 199. Eachreceptormay
be activatedby morethanoneodorandeachodor may actvatemorethanonerecep-
tor[Malnic etal. 1999 HildebrandandShepherd.997. Mitral andtuftedcells(M/T),
theoutputneuronsn thebulb, receve their synapticinputfrom theolfactoryreceptors
within singleglomeruli. Odorinformationseemdo be encodedn the spatialaswell
asthetemporalresponsesf M/T cells. Olfactorydiscriminationis thendependenbn
the combinatorialpatternof activation of multiple M/T cells. Giventhe promiscuous
natureof olfactoryreceptorsthe discriminationof odorsis importantlydependentn
thetuning of thecombinatoriakespons@f M/T cells.

The activity of M/T cellsis regulatedby inhibitory granularcells. Granularcells



areunpolarizecheuronghatestablishinhibitory dendro-dendriticonnectionsvith the
M/T cellslong secondarglendritedWoolf etal. 1991], andareindeedthoughtto play
animportantrole in lateralinhibition andin the tuning of M/T cell responseso dif-
ferentodors[Yokoi etal. 1995. Eachgranulecell connectdo severalmitral cellsthat
canbe far away from eachother given the extensve length of their secondaryden-
drites. Experimentakesultsindicatethat only inhibitory neuronsarereplacedn the
OB. WhereasM/T cells areborn beforebirth, the large majority of granularneurons
continueto bebornpostnatallyandinto adultlife [Rosselli-AustinandAltman 1979.
Basedon the known anatomyandphysiologyof the OB, we modelledneurogene-
sisin this structure.lt is importantto remarkthatwe arenot presentingan exhaustve
modelof olfaction[Hopfield 199]], which would requirea delicateunderstandingf
thetemporaldynamicsof encodingLaurentetal. 1994, but ratherusingit to demon-
stratethe computationapotentialof neurogenesitor informationprocessing.

M odel

We baseour modelontwo fundamentabbsenations.First, neuronaproductionin the
sub-\entricularzone(SVZ) andmigrationtowardthe OB continueevenin theabsence
of thebulb [Lois andAlvarez-Buyllal994; this suggestshatcell birth andmigration
arenot dependenon olfactionor activity within the bulb [Kirschenbaurretal. 1999.
Secondmostnewly incorporatecheuronsdie within few weeksafter differentiation,
suggestinghatthosethatdo survive have achievedsomeelusive goal[PetreanwandAlvarez-Buylla200Q
Kirn etal. 1999. Neuronalactiity is known to be necessaryor survival duringbrain
developmenbut notfor theinitial synapsdéormation[Katz andShatz1996 Verhageetal. 2004.
Moreover, activity-dependenmechanismslsoseemto play animportantrole in the
recruitmentor survival of postnatallygeneratedB interneurongCorottoetal. 1994
FrazierCierpialandBrunjes1989 Cummingsetal. 1997. Thesdindingssuggesthat
thesurvival of the newly-generatedeuronss regulatedthroughactiity.

Thuswe postulatehe basicmechanisnof the model: neuronaincorporationpro-
ceedsat a constantunregulatedrate, whereasneuronalsurvival is modulatedthrough
actiity-dependentpoptosis.New neuronsarrive andestablishrandomconnections;
thosewith uselessconnectiondail to participatein relevant processingand soondie
off, but neuronghatestablishusefulconnectionsn the context of the network cansur
vive and arethereforeincorporatednto the final structure. Exactly which featureof
neuronakctiity ensuresurvival canthendictatethefinal functionof the network.

The simplestmodelcompatiblewith the experimentalevidenceconsistsof alayer
of g glomeruli receving one-to-oneprojectionsfrom an input or receptorlayer and
local lateral inhibition due to granularinterneurons. The output of the systemthen
equalstheinput minusthe effect of inhibitory connectiondetweerthe outputs:

y® = x(®) _ gy 1)

wherey(®) is the activity of the outputlayer, x(*) is the actiity of the receptodayer
when presentedwith input &£, G is a matrix giving lateralinhibition, and (y; is the
actvity of glomerulusnumber;, Fig. 1). Solvingfor y we obtain



y® =(1+6)"'x® )

We assumehat eachgranularcell hasconnectiongo only two projectionneurons;
therefore,G;; is the densityor numberof granularneuronsconnectingM/T cells (or

glomeruli)é andy, sothatG;; = Gj; Vi, j (connectionsiresymmetric)andGy; = 0

Vi, (thereis no self-inhibition). We alsoassumehatthe responsef eachM/T cell is

normalizedby thetotal numberof synapticconnection§Chechiketal. 1999 andthat
neuronakesponsesemainin thellinearregime; positive or negative activity shouldbe
interpretedin the context of a backgroundevel. Explicitly insertinga total synaptic
weightnormalizationterm1 + Zj G;; andsymmetrizingtheinput, Eq. 1 becomes

%(k) -7 Gy (yz(k) + y](k))
143, Gij

o -

Wefinally assumdor corveniencehattheoutputlayeris normalized|| y® ||= 1 Vk.
We assumethat only interneuronsare replaced,arriving at a constantrate with
randomlydistributedconnectvity; rulesin which granularcells connectto morethan
two neuronsand whosesurvival dependson the productof multiple inputs leadto
combinatorialencodingstrateies, but this is anissueoutsidethe scopeof the present
paper The regulation of the survival rate of the interneuronds implementedas a
functionof their actiity, which indicateshow well they areconnectedo active output
cells,sothatactive cells survive andinactive cellsdo not. Our key assumptions that
thesurvival of the granularcellsdepend®n the productof the inputs,sothatgranular
cellsconnectingglomerulii andj will surviveif the valueof y;y;, averagedoverthe
time of presentatiorof the entire setof stimuli, is greaterthanor equalto zero; this
amountsto a somaticcoincidencerule. Thus,when (y;y;) > 0 all newly arrived
neuronssurvive, andso AG;; hasits full value;while (y;y;) < 0 resultsin massve
deathandAG;; < 0. Thisleadsto a simplified updateequationgivenby

AG; ~ (yiys)s (i # 7) 3)

where() denoteghe averageover the ensemblef inputsk = 1...N. A non-linearity
is introducedthroughthe conditionthatG be positive definite,Gy; > 0@ # j, i.e. the
populationof granularcells cannotbe negative.

Results

Basedon the previous considerationsye implementecda simulationof the processof
trainingthenetwork with theactvity basedeplacemenof theinhibitory interneurons.
The left panelof Fig. 2 shavs a setof 10 odorsrepresentedsdifferentmixturesof
receptorbindings. Theright panelshovs theresultof iteratinga cycle of presentation
of the setof odorsfollowed by neuronalreplacemenbn 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:Ay = 0 =
AG;; = (yiy;) = 0V1i, j andgiventhe normalizatiorof y;, (y;y;) ~ I, wherel is the
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identity matrix. The simulationdisplaysa very sharporthogonalizatiorof the output
vectors,which canbe further appreciatedn the evolution of the responséo a single
odor (Fig. 3). The orthogonalizatiorof the output maximizes,to linear order, the
separatiobetweeroutputvectorsandis the simplestway of achiezing discrimination.
An orthogonalsetof neuralresponsess robust to the presenceof noisebecausehe
representaties are maximally distantfrom eachother[Shannonl993. In this case,
an orthogonalset of responsedrom the output of the M/T cell layerscorresponds
to the maximal differencein the the spatialresponsen the layer for eachodor. So
it is possibleto implementa simple algorithm basedon neurogenesisind neuronal
replacementhatachievesa complex mappingof input stimuli in neuralspace.

To quantify the orthogonalizationprocesswe computedthe determinantof the
10 x 10 matrix of odorsand M/T cells (seeMethods). The determinanbf a setof
n normalizedvectorsof n componentdasthe propertythatit is maximal(= +1)
whenthe vectorsaremutually orthogonalandbecomegzerowheneerthe vectorsare
linearly dependentThus,the determinants a goodindicatorof the ability of asystem
to maximally separateesponseso linearorder The evolution of the determinaneand
thetotal numberof granularcellsincorporatedaredepictedn Fig. 4, togethemith the
rateof incorporationasafunctionof theiterationnumber

The otherfunctionalpropertyof the algorithmis its adaptabilityto changesn the
inputensemblei.e. achangean the setof odorsthe network is presenteavith. Thisis
afeatureof paramountmportancefor early odorsensoryprocessinggiventheintense
seasonathangesroduced.e.g., by blooming, migrationandforaging, and because
the presencef a singleodorantin high concentrationss enoughto upsetthe output
of a systemlike the OB, dueto the promiscuoushatureof the olfactoryreceptors.In
our model, training is unsupervisedand consistssimply of exposingthe systemto
the ervironmentuntil a balancebetweencell incorporationand deathis established.
Continuedexpositionto a constantervironmentdoesnot resultin overtraining. If
the ervironmentis changedthe balanceis upsetandthe systemevolvesuntil a new
balanceis achievzed. To seehow our modelcopeswith a changingervironment,we
simulateda periodicrenaval of the odor ensemblepn a time-scalesimilar to that of
thecorvergenceof the orthogonalizationprocessTheinitial updaterule wasmodified
toincludeaslow deathprocess,

AG ~ (yiy;) — Wij (4)

wherep;; is astochastiovariablerepresenting constantateof unregulatedandnon-
specificdeath,independenfor eachgranularunit, p;; = i Vij. Theresultscanbe
appreciatedn Fig. 5, which depictsthe evolution of the outputdeterminantthe total
numberof granularcells, andthe numberof granularcells connectedo onearbitrary
pair of glomeruli. After theinitial rise,the total numberof granularcellsremainsrel-
atively constantduring ensemblechangeswhereasary oneparticularlocationin the
granulametwork fluctuatesmoretightly with the changesThe orthogonalizatiorpro-
cess,althoughdependenbn the identity of the ensemblejs basicallyunafectedby
the changesasthe determinants increasedeveral ordersof magnitude.lmportantly
the non-specificdeathterm in the updateequation,thoughsmall, is essentiako as-
sureadaptability Its absencdeavesthe network proneto presere tracesof previous



ensembleswhich hinderthe capability of orthogonalizingnen ensemblegdatanot
shawn).

Unlike synapseswhich connectonly two neurons,interneuronsconnecta large
numberof M/T cells. Expandingthe connectionrule to higher connectities leads
to combinatorialencodingwhich will be exploredin detail elsavhere. Herewe shall
only mentionthe basicprinciple. Considera connectionstructurewheregranulecells
connectto threeM/T cells, andwheresurvival dependn coincidencedetweenall
threeinputs. Therewill bevariouspairwisetermsasdescribedibore,andin addition,a
noveltermwill appeamwith theform (y,y;yx). Pleaseoticethatthesetof y thatsatisfy
(ysy;yr) = Oisnolongeralinearspaceof dimensiory, sincecollectionswhereatmost
two y arenonzercsatisfythis criterion,andsothe solutionsetnow maybecomemuch
larger, of orderg?/2 elements.It is not difficult to seethatfor higherconnectities,
asfoundin thereal systemthis canleadto combinatoriapropertiesput thesemodels
have to beexplorednumerically

Discusion

We have modelleda simplified olfactorybulb circuit basedon its known anatomyand
physiologyin witch granulecells are constantlyreplaced. We have shovn that by
having theyoungneurongo connectrandomlyandto survivein anactiity dependent
basis,asexperimentalevidencesuggestsneurogenesis capableof maximazingthe
discriminationof odorsin a unsuperviseananner Moreover, this discriminationtask
is robustto achangingervironmentby addinga smallrandomcell deathrule.

Severalphysiologicalconsiderationarein orderhere.In thefirst place theimple-
mentationof the proposedsurvival rule implies only a local or somaticcomputation
[Koch1999 (for instance,a biochemicalmechanisminvolving a high stoichiometry
or cooperatie reaction,suchasthe CamK-II/Cat+ pathway), andsorequiresa com-
pletely differentmolecularmachinerythansynapse-specifimodificationmechanisms
[Bailey atal. 1996. One may think thenthatin evolutionaryterms,the selectionof
different stratgies of plastic modificationmay dependboth on their computational
possibilitiesandon easeof implementationaswell asaccessibility:neurogenesiwas
alreadyavailableto build the structurein thefirst place.

The secondconsideratiorconcernghe apparentlyrandomdistribution of brainar-
easwhereadult neurogenesifasbeendocumented Although our modelwasnot in-
tendedto solve this puzzle,it suggests possibleanswer The replacemenof entire
neurongs aratherviolentevent,in network terms,andratherunlike smootheandmore
gradualruleslike Hebbianchange®r back-propagationTherelationshipbetweerour
algorithmandsuchgradualrulesis similar to that betweenMonte Carlo methodsand
gradientdescent.In the former, the minimizationof an objective or costfunction is
doneby randomlysearchinghe configurationspaceandthusavoiding trappingsin lo-
cal minima, whereaghe latter performsthe minimizationby downhill descenbn the
steepestlirectionsof thefunction. In thesemethodsthe dimensionalityanddegreeof
smoothnessf the function to be optimizedplaysa substantiafole asto which per
forms best. Thuswe hypothesizehat the dimensionalityof the inputin competition
with theamountof computationatesourcesledicatedo ataskis whatdetermineghe



existenceof adult neurogenesiskFor instancejn the visual pathway thereareseveral
layersof processindpeforereachinghecortex, whereaghe OB, whoseinputspacehas
anintrinsic high dimensionalityfHopfield 1991], projectsdirectly to the olfactorycor
tex. If synapticplasticityis implementedy a diffusive substancea trophicfactorfor
instance thenthe diffusive processcoupledwith the normalexcursionof axonaland
dendriticextensionscanmisleadthe guidanceprocessThiswill be particularlytrueif
very distantlocationsin the network mustbe connecteda very likely scenarian the
caseof olfaction, wherestatisticalcorrelationsin the input do not possess smooth
topographicprojection,i.e. thereis no simple senseof “neighborhood”. According
to this hypothesisthe incorporationof new neuronscanbe correlatedmoreprecisely
with changesffectingglobalaspect®f theinput statistics.

Recentexperimentssuggesthat the function of the OB circuitry is to reducethe
overlap of the odor representatiomat the M/T layer, thereforemaximizing olfactory
discrimination[FriedrictandLaurent200]. Our modelsuggestshat this function of
the OB circuitry might be achiezed and optimizedby a slow but continuousactivity
dependensurvival of newly-generatedjranuleneurons.This activity dependenincor-
porationof neuronptimizesolfactorydiscrimination reducingtheoverlapin theodor
representatiom the M/T cell layerfor the particularensemblef odorspresenin the
ervironmentevenasit changesAs thedifferentiationandactivity-dependenselection
of neuronsspanglaysor weeks[PetreanwandAlvarez-Buylla200Q Kirn etal. 1999,
this neurogenesis-mediatsgnsoryoptimizationis hypothesizedo take placeon the
sametime scale,similarly to otherobsened plasticchanges.Coincidentallywith the
predictionsof the model, experimentalevidencesuggestghat interferingwith olfac-
tory bulb neurogenesiaffectsolfactorydiscrimination[Gheusietal 200J. Olfactory
deprivation, which is known to reducethe survival of new granuleneuronsalsodis-
ruptsthe representationf odorsin the M/T layerin a way consistentvith this model
[Guthrieetal. 1990. Moreover, brief olfactoryexposuredo a singleodorduring sev-
eraldayscandramaticallyaltermitral cell responsienesgo odors,aspredictedby the
model[BuorvisoandChaput200d. It remainsto be shovn whethertheseexperience
mediatedalterationsof neuronarepresentationaredependendn theincorporationof
new neuronsgnto the OB.

We have presentedhe first mechanistionodelin which adult neurogenesigro-
videsthe scafold underlyinga computationatask. Postulatingan actiity-dependent
survival signalfor the newly-generatedyranularcells, the model predictsthe orthog-
onalizationof the neuralresponsesf the OB to changingodor ensemblesthe differ-
entialincorporationof neuronsgn particularregionsof the OB uponolfactoryerviron-
mentalchangesandthe necessityof a backgroundf constaninon-specificcell death
to achiese anefficient adaptation It alsosuggestshatthe structureof the input space
determinego someextent the existenceof this mechanismin particularbrain areas,
thusproviding a seriesof predictionsfor future experimentaimanipulation.

M ethods

Theupdateof thegranuladayerwascomputedrom Eq. 2with AG;; = v(y;y;) where
theaveragds computedverthecycle of presentationsf theodors;y = 5x10~3 in all
simulations.The steady-statsolutionis computedor eachodor, andthennormalized



to |§] = 1. The orthogonalizatioris quantifiedin Fig. 4 by computingthe rank-1
determinanf o of the outputmatrix © = {y*}, wherek rangesover the ensembleof
odors. In general,A 4 is the determinanbf the largestnon-singularsubmatrixof A.
It canbe computedor ary rectangulamatrix from the singularvaluedecomposition
A=UAV,asAy = HAM;éO A;;. In our simulationsA alwayshasrank 10, which
is the maximalrank, becauset is nonsingular The evolution of the total numberof
granularcellsin the network shavs a monotonicincreasealthoughthe incorporation
rateslows dramaticallyafter the stabilizationof the orthogonalizations reached.For
thepurposeof thisdemonstrationtherateof non-specifiacleathwaskeptequalto zero.
Forthesimulationof Eq. 4 depictedn Fig. 5 therandomdeathis definedasastochastic
variablewhich cantake the valuesfi = 5 x 10~3 with probabilityp = 5 x 10~3 and
1 = 0 with probability1l — p in eachiterationof the algorithm.
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Figures

Figurel: Simplifiedanatomyof the OlfactoryBulb usedin themodel. Thevectorx representtheactvity
of thereceptorayerR, andy theactvity of themitral cell layer M/T. Granularinhibitory cellsG establish
pairwiseconnectionsvith the mitral cells.
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Figure2: Representationf the smellmatrix beforeandafterapplicationof the proposedalgorithm. Left
panel: aninstanceof odorensemblawith differentdegreesof mixing betweenreceptors.Right panel: the
steadystateachiered asa resultof repeatedapplicationof the algorithm;the mitral cell layer organizesto
segyregatetopographicallythe outputs.

Figure3: Evolution of themitral cell layerresponsé¢o oneodot

O—ODetjoutput]
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Figure 4: Evolution of the network. Initially, the mitral cell layer matrix determinantequalsthe small
odormatrix determinantAs the algorithmadwancesthe determinan{circle) aswell asthe total numberof
granularcellsin the network (solid line) grow until a plateaus reachedafterwhich theincorporationslows
(dottedline, representinghe derivative of granularcell incorporationjandfinally approachegero.
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Figure5: Adaptationof neurogenesit ervironmentalchangesEachtick in thehorizontalaxisrepresents
the exposureof the network to a new odorensemblethetime axisis in a logarithmicscalewhich is reset
aftereachnew exposure.Symbolscorrespondo: solid line, total numberof granularcells; circles,number
of cellsatonearbitrarypositionin the granulametwork; andsquaresmitral cell layermatrix determinant.
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