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Abstract

Hebbian plasticity describes a basic mechanism for synaptic plasticity whereby synaptic

weights evolve depending on the relative timing of paired activity of the pre- and postsynap-

tic neurons. Spike-timing-dependent plasticity (STDP) constitutes a central experimental

and theoretical synaptic Hebbian learning rule. Various mechanisms, mostly calcium-

based, account for the induction and maintenance of STDP. Classically STDP is assumed

to gradually emerge in a monotonic way as the number of pairings increases. However,

non-monotonic STDP accounting for fast associative learning led us to challenge this mono-

tonicity hypothesis and explore how the existence of multiple plasticity pathways affects the

dynamical establishment of plasticity. To account for distinct forms of STDP emerging from

increasing numbers of pairings and the variety of signaling pathways involved, we devel-

oped a general class of simple mathematical models of plasticity based on calcium tran-

sients and accommodating various calcium-based plasticity mechanisms. These

mechanisms can either compete or cooperate for the establishment of long-term potentia-

tion (LTP) and depression (LTD), that emerge depending on past calcium activity. Our

model reproduces accurately the striatal STDP that involves endocannabinoid and NMDAR

signaling pathways. Moreover, we predict how stimulus frequency alters plasticity, and how

triplet rules are affected by the number of pairings. We further investigate the general model

with an arbitrary number of pathways and show that depending on those pathways and their

properties, a variety of plasticities may emerge upon variation of the number and/or the fre-

quency of pairings, even when the outcome after large numbers of pairings is identical.

These findings, built upon a biologically realistic example and generalized to other applica-

tions, argue that in order to fully describe synaptic plasticity it is not sufficient to record

STDP curves at fixed pairing numbers and frequencies. In fact, considering the whole spec-

trum of activity-dependent parameters could have a great impact on the description of plas-

ticity, and a better understanding of the engram.
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Author summary

Thebrain'scapacityto treatinformation, learnandstorememoryrelieson synapticcon-
nectivitypatterns,whicharealteredthroughsynapticplasticitymechanisms.Experimen-
tally,suchplasticitieswereevidencedthroughprotocolsinvolvingnumerousrepetitive
stimulationsof agivensynapse,andwereshownto besupportedbymultiple pathways.
Usingasimplebiologicallygroundedmathematicalmodel,weshowhowactivationtime-
scalesandinactivationlevelsof eachpathwayinteractandalterplasticityin anintricate
mannerasstimuli arepresented.Buildingupondatafrom thesynapsebetweencortex
andstriatum,weshowthatsynapticchangesmayrevertor re-emergeasstimuli arepre-
sented,andpredictspecificresponsesto changesin stimulusfrequencyor to distinctsim-
ulationpatterns.Our generalmodelshowsthatagivenplasticityprofile emergingin
responseto arepetitivestimulationprotocolcanunfold into variousscenariiuponvaria-
tionsof thenumberof stimuluspresentationsor patterns,whichtightly dependson the
underlyingactivatedpathways.Altogether,theseresultsarguethat in orderto better
understandlearningandmemory,singleplasticityresponsesobtainedthroughintensive
stimulationsdo not revealthecomplexityof theresponsesfor smallernumberof presenta-
tions,whichmayhaveastrongimpactin fastlearningof stimuli with low numbersof
presentations.

Introduction
Synapticplasticity,oneof theparamountbiologicalmechanismsupportinglearningand
memoryin thebrain,hasbeentheobjectof awideliteraturespanningfrom experimental
works[1±3] to computationalinvestigations[4±6].In 1949,DonaldHebb'spioneeringwork
postulatedthat long-termmodificationsof thesynapticefficacycanbeinducedin responseto
patternsof activityof thepre-andpostsynapticneurons[7]. Sincethen,manyexperimental
studieshaveconfirmedandextendedHebb'spostulateandhavehighlightedthecomplexityof
thesignalingpathwaysandtheir neuromodulationleadingto synapticefficacychangesin
responseto pre-andpostsynapticactivitypatterns[1, 2,8,9]. Numerousmathematicalmodels
werealsodevelopedto emulatethisdiversityandinfer their computationalcapabilities[4±6].

Spike-timing-dependentplasticity(STDP)isabiologicalphenomenonof activity-depen-
dentchangein synapticconnectivitythat isviewedasasynapticHebbianlearningrule.STDP
hasbeenwidelystudiedin thelasttwo decadesandexperimentallyobservedatmanysynapses
in variousforms,andthosewereclassifieddependingon themannerin whichtheyimplement
Hebb'spostulate[8, 9].

STDPisassessedexperimentallythroughrepetitivepairedactivationsof thepre-andpost-
synapticsiteswith aprescribedtiming that isdenotedin thispaper�ï�. Byconvention,wecon-
sider�ï� < 0 whenthepostsynapticstimulationoccursbeforethepairedpresynapticone(post-
prepairings),and�ï� > 0 whenthepresynapticstimulationoccursbeforethepostsynapticone
(pre-postpairings).Classically,thesamepairedstimulationis repeatedbetween80and150
timesataconstantfrequency(between0.1and5 Hz) [8±10].In manycases,thesepairingpat-
ternsinducelong-termplasticityexhibitingvariouspolarities(increaseor decreaseof thesyn-
apticweightasafunction of thesignof �ï�) or magnitudes.In thevastmajority, theexpression
of STDPis restrictedto anarrowintervalof valuesfor �ï�; thus,whenpre-andpostsynaptic
activitiesareseparatedbyalarge�ï� (|�ï�| > 50msin mostof thecases),no long-termplasticity
isobserved[11,12].

Multiple activity-dependent pathways in STDP
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In thisstudy,weterm ������� �	
� theplasticitieswherebysequencesof presentationsof
apresynapticspikefollowedbyapostsynapticspikeleadto Long-TermPotentiation(LTP)
whenrepeatedaspecificnumberof times(denoted� ���
���� ) atacertainfrequency,whereas
reversesequencesinduceLong-TermDepression(LTD). HebbianSTDPwasreportedin vari-
ousstructuressuchasthehippocampus[11,13±15],thecerebralcortex[12,16±19]andthe
striatum[20±23].Conversely,wewill term here(bidirectional)������������ STDP,theforms
of STDPexhibitingareversepolaritywhencomparedto theaforementionedHebbianSTDP:
causalpre-postpairingsinduceLTD andanti-causalpost-prepairingsinduceLTP.Bidirec-
tional anti-HebbianSTDPwasalsoobserved,for instancein thestriatum[24±28],in the
somatosensorycortex[29] or in thecerebellum-likestructureof theelectricalfish [30]. Unidi-
rectionalanti-HebbianSTDP,i.e.LTD for bothpost-preandpre-postpairings,isanother
main form of STDPobservedin theneocortex[31,32],thedorsalcochlearnucleus[33], the
cerebellum[34,35]andthehippocampus[36]. Weunderlinethatdifferentdefinitionsof
(anti-)HebbianSTDPwereusedin theliterature;thepresentstudyfollowstheterminologyof
earlyexperimentalstudies[11,12],or Figure2 of thereview[8], but differs,e.g.,from thedefi-
nitions usedin [37].

Theseplasticitieswereshownto bedependentupontheparametersof thestimulation
beyondspike-timing:for instance,varyingthefrequencyatwhichpairingsarepresentedor
thetotalnumberof pairings,presentingdistinctspikepatterns(triplets,singlespike,theta
bursts,. . .) [17,38±41]or changingneuromodulatorytones[21] mayleadto distinct formsof
STDP.

Despitetheexistenceof multiplesformsof STDP[8, 9], all of themhavein commonthe
crucialroleplayedby thecalciumtransientsin thepre-andpostsynapticcompartmentsfor
theinduction andmaintenanceof plasticity.PostsynapticcalciuminfluxesthroughNDMA
receptors(NMDAR) andvoltage-sensitivecalciumchannelshavebeendemonstratedto be
keyfactorsgoverningplasticityexpressionandpolarity [10]. RegardingHebbianplasticity,cal-
cium-dependentmechanismsactascoincidencedetectors,essentialto implementanytypeof
STDP.In addition,distinct signalingpathwaysappearto beinvolved,namely(i) calciumtrig-
geringdownstreamcascadesmodulatingcalcium/calmodulin-dependentkinaseII (CaMKII)
[42] whichultimatelyregulatesthegeneexpressionand/or (ii) theendocannabinoid(eCB)sys-
tem,whosesynthesisandreleaseiscalcium-dependent,actingretrogradelyon thepresynaptic
element[43±45].Importantly,bothof thesepathwaysareableto triggerLTPor LTD depend-
ing on thespatio-temporalkineticsof thecalcium[19,40,46].Calciumdynamicsthusconsti-
tuteakeyfactorin synapticplasticityinduction andin selectingplasticityforms.Accordingly,
numerousmathematicalmodelswerebasedon calciumtransientsanddescribedvarious
formsof STDP[5]. In particular,GraupnerandBrunel[47] proposedsimplecalcium-based
modelsableto accountfor awiderangeof experimentalobservationson synapticplasticity.

However,whilecalcium-basedmodelssucceedin reproducingtheresultsof theªclassicalº
STDP(* 100pairings),theydo not takeinto accountthedynamicsof theestablishmentof
plasticityandthevarietyof timescalesinvolvedin plasticityinduction. Indeed,in computa-
tional neuroscience,it is implicitly admittedthat thesynapsegraduallyamplifiessynaptic
changesasthenumberof stimuluspresentationincreasesto reachthefinal plasticityprofiles.
However,plasticityoccursatvastlydistinct timescalesandprotocolsbasedon onehundredtri-
als(i.e.,pairings),asclassicallyperformedin STDPexperiments,only revealanextremesteady
stateoutcome.Actually,adozenof trialscanbesufficientto induceplasticity,if not lessin the
caseof associativememory[39,40,48,49].Importantly, it wasrecentlyshownthatdepending
on thenumberof pairings,STDPon thecortex-to-striatumsynapses(cortico-striatalSTDP)
exhibitsthreedistinct formsof plasticity:anNMDAR-mediatedLTPandaneCB-mediated
LTD for 100post-preandpre-postpairings,respectively[20,21,24,25,27],andaneCB-

Multiple activity-dependent pathways in STDP
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mediatedLTPfor 5-15post-prepairings[39,40].Notethatatcortico-striatalsynapses,GABA
operatesasaHebbian/anti-Hebbian switch[27,28]andthatwithout theblockadeof GABA
transmission,ananti-HebbianSTDPis inducedasobserved�� ���� [26]. Thesephenomena
werereproducedin abiophysicalmodelof thecortico-striatalsynapseaccountingfor recep-
torsactivationdynamics(36equationsand150parameters)[40]. However,no simple
phenomenologicalmodelreproducesthesephenomena,andin particularmodelsof plasticity
basedon thecalciumhypothesisfail to reproducesuchcomplexdynamicalemergenceof
plasticity.

Here,weproposeanewmodelbuilt uponthecalciumhypothesisandtakinginto account
theexistenceof multiple signalingpathwaysatagivensynapsethatmaybeactivatedatdistinct
calciumlevels.Weinstantiateonemodelto fit thedatafrom cortico-striatalSTDP[39,40],
andshowthat themodelaccuratelyreproducestheexperimentson thedependenceof STDP
on both thenumberandfrequencyof pairings.Weusethismodelto predicttheresponseof
thesystemasthestimulusfrequencyandnumberof presentationsarevaried,andextendthe
modelto showhowtriplet ruleswill dependon thenumberof stimuluspresentations.Our
modelgoesbeyondthecaseof thecortico-striatalsynapsewith two signalingpathways,and
wefurther explorethediversityandlimited rangeof dynamicalplasticityestablishmentsthat
canbeunfoldedfrom classicalHebbianSTDP.In thefaceof thisdiversity,wefurther propose
experimentallyimplementableprotocolsto differentiatethosescenarii.Thisstudythusshedsa
newlight on theinterplayof multiple signalingpathwaysatsinglesynapsesandhowthismul-
tiplicity endowsthesynapsewith thecapacityof encodingmultiple STDPprofilesdepending
on thenumberandfrequencyof stimuluspresentation,andarguesthatexperimentsbasedon
stereotypicalstimuluspresentationsarenot sufficientto finelyaccountfor thecomplexityof
plasticity,evenin widelystudiedsynapses.

Results

A generalizedmodel for STDPwith multiple calcium-basedmechanisms
Wedevelopedageneralcalcium-basedmodelof thesynapseallowingto takeinto accountthe
presenceof multiple pathwaysandpastactivityin theestablishmentof plasticity.Our develop-
mentsbuild upontheGraupnerandBrunelmodel[47], andextendit by (i) introducingmulti-
pleplasticitypathways,and(ii) takinginto accountthefactthat receptoractivationthresholds
maydependon pastactivity.Weprovideherethedetailsof themodelsandtheemergent
changesin synapticweight,aswellasatheoreticalformulathereof.

A heterogeneoussynapsemodel. Motivatedby thevarietyof biologicalsituationsin
whichmultiple pathwaystakepart in STDP,suchasthecortico-striatal[20,24±28,39]or neo-
cortical[16±19,33,50,51]synapses,weintroducedanewsimplifiedcalcium-basedmodel
reproducingthedynamicsof theestablishmentof STDPin thesesituations.Thecalcium-
basedmodelfor STDPintroducedin [47] describeschangesin theindividual synapticefficacy
asaone-dimensionalvariable�, function of postsynapticcalciumtransients.Thisvariablecan
bestabilizedinto oneof two states,potentiatedor depressed,dependingon theactivationof
potentiationanddepressionmechanismstriggeredwhentheinstantaneouscalciumconcen-
tration exceedsspecificthresholds.At longtimescalesandfor experimentsinvolving large
numbersof stimuluspresentations,thismodelisableto accuratelyreproducetheplasticity
rulesobservedexperimentally.However,thismodelwasnot designedto reproducetheprecise
changesin plasticityfor variousnumbersof stimuluspresentations,anddoesnot distinguish
therespectiveimpactof distinctpathways.Moreover,becauseit considersauniqueplasticity
pathway,themodelgeneratesprogressive(monotonic)plasticityinductionsasthenumberof
pairingsincreases(seeS1Figfor anexampleof monotonicHebbianplasticity).To accountfor
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non-monotonicplasticityinductions,wedefinehereanewmodelbasedon theassumptions
of [47], conservingthesamecalciumdynamics,but expandedto incorporatemultiple signal-
ing pathwaysandhistorydependence.

Whenmultiple signalingpathwayscontributeto theestablishmentof plasticity,calcium
activationthresholdsaredistinct in eachpathway,andthusthecontribution of eachpathway
maybedistributedovertime.Moreover,thetemporaldynamicsof theestablishmentof plas-
ticity requirerefining themodelanddroppingtheassumptionof [47] thatonly instantaneous
calciumtransientsplayarole.Indeed,althoughthedynamicsof uptakeandreleaseof calcium
arefast,LTPandLTD activationthresholdsdependuponthepastactivityof thecell.This is
dueto avarietyof phenomena,including thelimited resourceof cytoplasmiccalciumin the
vicinity of thesynapse(resultingin thedecreaseof calciumspikesamplitudeswith repeated
stimulation),pre-andpostsynapticreceptordesensitizationandsaturationmechanisms.To
takeinto accountthesephenomena,weexpandedthemodelintroducedin [47] to theplastic-
ity of aheterogeneoussynapsewith � plasticitypathwayswhosestateisgivenby � synaptic
efficacies(� ��)��2{1� � ��} . Weconserve,at thelevelof eachindividual pathway,theassumption
madein [47] andexperimentallymotivated[52], that thesynapticefficaciesarein oneof the
two states:potentiatedor depressed,dependingon thecalciumtransientsfollowingpre-and
postsynapticstimulationstriggeringbiochemicalcascadesleadingeitherto LTPor LTD [53,
54].Thedifferentsignalingpathwaysareassumedto beindependentfunctionsof (thesame)
postsynapticcalciumconcentration�(�), andindividual synapticefficaciesfollow thesystemof
stochasticdifferentialequations:

t
� r a

��
ˆ � r a…1� r a†…r� � r a†‡ g�

a…1� r a†Y‰�…�†� y�
a…~� �†Š

� g�
ar aY‰�…�†� y�

a…~� �†Š‡ ��� �� a…�†;
…1†

where~� � �� …�…�††0���� is thepastvaluesof calciumconcentrationup to time �. Thecalcium
concentrationis identicalto themodelof [47]. In detail,calciumconcentrationrelaxesexpo-
nentiallyto its equilibrium value(herechosenequalto 0 without lossof generality)with atime
constant� �� in theabsenceof spikes.Eachpre-or postsynapticspike(occurringat times
denotedrespectively� �
�

� and� ����
� ), evokesacalciumpeakwith amplitude� �
� and� ���� respec-

tively:

��…�†
��

ˆ �
1

t ��

�…�†‡ � �
�

X

��
�� <�

d…�� � �
�
� � 
† ‡ � ����

X

������ <�

d…�� � ����
� †; …2†

where
 modelstherelativedelaybetweencalciuminflux in responseto apost-andapresyn-
apticspike(notethat thisdelaycanbepositiveor negativedependingon therespectiveproper-
tiesof pre-andpostsynapticcalciumresponses).

In Eq(1), � denotesthetime constantof thesynapseevolution(on theorderof afewmin-
utesandslowerthanthecalciumdynamics);it isassumedto beidenticalfor eachpathway.
Thebistablenatureof eachsynapticefficacyis incorporatedin themodelthroughthenonlin-
ear(cubic)term:thepotentiatedcorrespondsto � �� = 1 andthedepressedstateto � �� = 0,and
thesynapticefficacyconvergesto oneof thesetwo statesafterastimulationprotocoldepend-
ing on whetherthestimulushasbroughttheindividual efficacy,respectively,higheror lower
thanavalue� � .

Theindividual synapticefficacyvariesdependingon thecalciumconcentrationthrough
LTPandLTD mechanismsthatareactivatedwhenthecalciumconcentrationexceedsspecific

thresholdsy�
a andy�

a intrinsic to eachsynapticpathwayandthatdependon pastcalcium
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concentration(seenextsection).In detail,assoonasthecalciumtracereachesy�
a (resp.,y�

a),
therateof variationof theindividual synapticefficacyincreasesof intensityg�

a (resp.,decreases
of g�

a). Thisphenomenonismodeledby thepresenceof theHeavisidestep-function�ó(�) = 0
if � < 0 or �ó(�) = 1otherwise.Asnotedabove,thethresholdsfor LTPandLTD dependon
thecalciumconcentrationdueto avarietyof homeostaticor biochemical(deactivation)
phenomena.

A noiseterm only activeduring thephaseswhereLTPandLTD occur,completesthe
model.Thesefluctuationsareintrinsic to eachpathwayandgivenbyaGaussianwhitenoise
with diffusioncoefficient:

����� a…�†ˆ s
•••
t

p •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
…Y‰�…�†� y�

a…~� �†Š‡ Y‰�…�†� y�
a…~� �†Š†

q
Za…�† …3†

with � thenoiseintensityand(����(�)) ��2{1� � ��} acollectionof � independentGaussianwhite
noiseprocesses.

Heuristically,thismodelstatesthatanindividual synapticefficacyswitchesfrom apotenti-
atedto adepressedstateassoonastheLTD termsexceed,for asufficientduration,thepotenti-
ation terms,sothat theindividual synapticefficacyeventuallycrossesthecritical value� � .
Theseswitchesstronglydependon calciumconcentration,in turn dependingon theprecise
timing andorderof pre-andpostsynaptictraces,seeFig1(c).In responseto apairedactivity
on eithersideof thesynapse,eachpairingcantriggerLTPand/orLTD, or haveno effect,
dependingon whetherthecalciumtransientsexceedLTP/LTD thresholds.Therepetitionof
thispairingatacertainfrequencyandafixednumberof times(on theorderof 100)reinforces
theseeffects,summingup theseelementarysynapticchangesandpossiblyleadingto aswitch
betweenthepotentiatedandthedepressedstatesor conversely.

Activation thresholds. Theassumptionof constantactivationthresholdsfor LTPand
LTD in [47], whilebeingsufficientto reproduceavarietyof plasticityprofiles,cannotaccount
for thevariabilityobservedasthenumberof pairingsvaried[17,39,40,55].Thisdependence
on pastactivitylikely isamultifariousphenomenon,relyingfor instanceuponhomeostasic
mechanismsandreversible(but durable)changesin thepropertiesof receptorsaftersustained
stimulation.Accountingfor thesephenomenarequireconsideringthresholddependingon the
pastcellactivity.To incorporatetheseeffectsin our model,weassumethatLTPandLTD inac-
tivatewhenthecumulativecalciumconcentrationexceedsagiventhreshold.Wewill consider
two suchmodels:

· theexponentialthresholdmodelin whichtheinactivationoccursin afinite (but brief) time
of order �:

y�
a……�…�††0���� †ˆ y�

a;0 ‡ �� �
1
�

Z �

0

�…�†��� m�
a

� �� �

for eachplasticitypathway�� 2 {1, � � �, �}, with � = � or �. In thisequation,m�
a denotesthecal-

cium levelsbeyondwhichreceptorsareno moreresponsive,thussilencingtheLTPor LTD
of mechanism��.

· thepiecewiseconstantthresholdcase,correspondingto thelimit of theexponentialthresh-
old modelwhen� isverysmallcomparedto theobservationtime:

y�
a……�…�††0���� †ˆ
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Fig 1. Model for the cortico-striatal STDP.(a) Schematic representation of thecortico-striatal synapse: threeindependent mechanismsof
plasticitycanbeinducedin responseto calciuminflux: eCB-LTD, eCB-LTPandNMDAR-LTP.Thedynamicsof theNMDAR pathwayrelyon
releasedglutamateactivatingNMDAR andAMPA receptors(AMPAR),ultimatelyactingon calcium-cadmodulinreleasedglutamateactivating
NMDAR andAMPA receptors(AMPAR),ultimatelyactingon calcium-cadmodulinvoltage-sensitivecalciumchannels(VSCC). TheeCBsynthesis
isunderthecontrolof metabotropic glutamatereceptors(mGluR) andcalciumconcentration, andactsretrogradelyon CB1receptors(CB1R)on
thepresynaptic element.(b) Blockdiagramsof thereducedcalcium-basedmodelproposedwhereeachblockcorrespondsto adifferent individual
synapsewhoseefficiencysplitsinto individual efficacyof NMDAR andeCBpathways. Theproportion of synapseschangingstatesarethen
computedandthesigmoidfunction � is thenapplied.Themacroscopic changeis theproductof thecontribution of eachindividual pathway.(c)
Calciumspikesandplasticitythresholdsfor differentSTDPprotocols(seeparametersin Table1,thresholdsarethoseassociatedwith theeCB
pathway,redfor LTD andgreenfor LTP).

https://doi.org/10.1371/journal.pcbi.1006184.g001
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Thepiecewiseconstantapproximationwill beparticularlyusefulfor our analyticalcomputa-
tion of thesolutionsof thesystembelow.

Thishistory-dependentthresholdsisevocativeof theearlyworkson homeostasisin alearn-
ing rule for thevisualcortex,in particularbyBienenstock,CooperandMunro [56,57].This
BCMmodelintroducedsuchadependenceat thelevelof agivencell'sfiring ratethrougha
modulationof F-I curvesupontheaveragefiring ratereceived.Thehistory-dependentthresh-
oldsusedin our modelthusdescribedistinctphenomenathataremorelocal(asinglesynapse
vsneuralassemblies),andprobablyfaster(desenzitisationor homeostasisviacalciumconcen-
trationsvsslowermodulationof firing rates).

Computation of the macroscopicsynapticstrength. Themodeldescribedin theprevi-
oussectionsrepresentsthedynamicsof onegivensynapsesubjectto multiple plasticitypath-
ways.Biologicalexperimentsgenerallystimulatealargenumberof synapses,on theorderof
hundredsto thousands,eachbeingsubjectto its own intrinsic fluctuations.To accountfor
theemergingchangein synapticweightresultingfrom theseinteractions,weconsidereda
systemcomposedof � synapsesdescribedasabove[47], whoseinitial stateisuniformly dis-
tributed betweenthepotentiatedanddepressedsteadystates,andsincetheyrespondto the
samestimulations,theyperceivethesamecalciumconcentration.Theeffectivechangein
synaptictransmissioniscomputedastheproportion of synapsesthatchangedstateduring
theprotocol,andthisquantityisdirectlycomparedto electrophysiologicalexperimental
measurements.

In detail,the���
������� �������� ��
����� modificationafterastimulationparadigmis
relatedto thecollectionof individual synapticefficacies…r�a†�ˆ1���� throughtheproportion of
synapsesthatgotpotentiated� a ˆ �3a…0! 1j� 0†for pathway��, andtheproportion of
depressedsynapses
 a ˆ �3a…1! 0j� 0†,bothdependingon theproportion � 0 of synapsesin
thedepressedstateprior to thestimulation.Asthisproportion isnot controllableexperimen-
tally,weproposehereanewmethodto extractthesynapticstrengthwhosefit with experimen-
tal datadoesnot requireto makeanassumptionof asymmetryof theinitial state.To thisend,
weassumethat thechangein themacroscopicsynapticstrengthisanon-decreasingfunction
� of theratio � ��/
 �� (conservingtherelevantmonotonicity in thosetwo variables),with �
beingsuchthat:

· �(1) = 1: if theproportion of potentiatedsynapsesisequalto theproportion of depressed
synapses,themacroscopicsynapticefficacyremainsasbefore;

· �(0) = LTD?: themaximaldepressionvalue,observedexperimentally,reachedwhenno
individual efficacyispotentiated(� �� = 0,
 �� > 0). Indeed,in thatcase,regardlessof theini-
tial proportion of potentiatedsynapses,all synapseswill in thelongrun getdepressedand
remainin thatstatefor subsequenttimes.

· �(1) = LTP? themaximalpotentiation,observedexperimentally,reachedwhenno depres-
sionoccurs(
 �� = 0,� �� > 0).

In our model,weconsiderthefollowingsigmoidalfunction:

�
�



� �
ˆ � ‡

�

1 ‡ � � �…�

 � � †

…4†

where� isaslopeparameterandtheonly freeparameterto befitted to thedataoncethevalues
LTP? andLTD? areextracted.Indeed,theaboveconditionsimposethefollowing formulaefor
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thecoefficients:

� ˆ 1
� 
�� D� � �

1� D

� �
;

� ˆ ��� ?� ��� ?

1� 1
1‡� � �

;
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8
>>>><

>>>>:

with �ï = (LTP? � LTD?)/(LTP? � 1).
Whenexperimentsallowactivatingthedistinctpathwaysseparately,theparametersof the

map� canbespecifiedfor eachpathway�� 2 {1� � ��}; theassociatedtransform� �� isderived
specificallyevaluatingthevaluesof  	� ?,  	
 ? and� associatedto thatpathway.Sincein most
caseswedo not haveaccessto thisdata,weshallconsiderherethatall pathwayshaveanidenti-
calmap� whoseparametersareevaluatedon theresultingdynamics.Givenapostsynaptic
calciumtrace,theefficaciesfrom differentpathwaysaremutuallyindependent,sincetheyare
drivenby independentrandomfluctuations(seeEq(1)).Therefore,theresultingmacroscopic
synapticstrengthmodificationdueto all pathwaysisgivenby:

��	� 
 �
� ��� �� ���� ���� ��� ���� �	� � �	�� ��	
 ˆ
Y�

aˆ1

� a

� a


 a

� �
…5†

In our results,wewill comparethisvariableto thechangein macroscopicsynapticstrength
estimatedexperimentallyastherelativechangein EPSCsizeafterthestimulationprotocolis
applied.

Mean-field approximation and theoreticalsolution. Thenonlineardynamicalsystem
describedaboveiswell-posedandits solutionscanbecomputednumericallyusingsimula-
tionsbasedon theEuler-Maruyamanumericalscheme.In orderto finelyunderstandthe
structureof thesystemandobtainextensiveandrapidsimulations,wederivehereanapproxi-
mateexplicitanalyticalsolutionof thesystem,validundertheassumptionsthat:

1. Thenumberof synapsesis large(� � 1): in thatcase,sinceelementaryefficienciesare
independentrealizationsof thesameprocess,theproportion of synapsesgettingpotenti-
atedor depressediswellapproximatedby theprobabilitythatonegivenefficiencyperforms
theassociatedswitch,asaresultof thelawof largenumbers.Moreover,thecentrallimit

theoremimpliesthat thisapproximationisaccurateto orderO…1=
••••
�

p
†;

2. Thresholdsarepiecewiseconstant,andonly dependon pastactivitythroughthetotalnum-
berof pastpre-andpostsynapticspikes.Thishypothesisis relevantherebecausetheinte-
gralcalciumdoesnot depend,in first approximation,on theprecisetiming betweenthe
pre-andpostsynapticspikes;

3. asinglecalciumtransientinducesasmallchangein individual synapticefficacyduring one
pairingandthecubicterm canbeneglected.

Under theseassumptions,thestochasticequationEq(1) reducesto alinearEq(7),whosesolu-
tion isgivenbyanOrnstein-Uhlenbeckprocesswith switchingcoefficients(varyingasastep
function).Theseprocessescanbefully characterizedanalyticallyandprovideaveryefficient
wayto computesynapticchangesresultingfrom astimulationprotocol,asmadeexplicit in the
Methodssection.Wenotethat thisapproximationonly modelstransientdynamicsoccurring
during theprotocol;aftertheendof stimulation,thecalciumconcentrationwill decayandthe
dynamicsbecomedeterministic(thestandarddeviationof thenoiseterm isequalto 0 assoon
as� is lessthanthepotentiationanddepressionthresholds,seeEq(3)).Becausethedynamics
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becomesdeterministicandbistableaftertheprotocol,theprobabilities� and
 computedat
theendof theprotocolarethesameasthesteadystateprobabilities.

NMDAR- andendocannabinoid-dependent plasticity at cortico-striatal
synapses
Themodelwebuilt in theprevioussectionisgeneralandis thusableto reproduceavarietyof
synapsesandplasticitymechanismsrelyingon calciumdynamics.Westudyin thissectionthe
caseof STDPat thecortico-striatalsynapse,whichwasstudiedexperimentallywith varying
� ���
���� [39,40].In thesecontributions,it wasshownthatSTDPat thecortico-striatalsynapse
reliedbothon NMDAR andendocannabinoidpathways(seeFig1(a)),andthatsynaptic
changesafterpairedpre-andpostsynapticspikesnot only dependedon thetiming between
thepre-andpostsynapticspikes,but alsovariedwith thenumberandthefrequencyof the
pairingspresented.Namely,it wasshownthat for pre-postpairings(0 < �ï� < +40ms),an
eCB-LTDprogressivelyappearedasthenumberof pairingswasincreased,whilefor post-pre
pairings(�30 ms< �ï� < 0 ms),abiphasicSTDPemergedwith aneCB-LTPfor alow number
of pairings(5 � 15pairings),anabsenceof plasticitybetween25and50pairings,leavingroom
for NMDAR-LTP athighernumbersof pairings(� 75pairings).A schematicrepresentation
of thebiologicalpathwaysinvolvedisprovidedin Fig1(a)togetherwith thebiophysicalmech-
anismsandproteinscascades(describedin moredetailin [40]).

A minimal modelof cortico-striatalplasticitythusrequirestakinginto accounttwo differ-
entandindependentcalcium-dependentpathways(� = 2),aneCB-dependentmechanism
(�� = �) which inducesbothLTPor LTD dependingon thespecifictiming �ï� of thepairings,
andanNMDAR-dependent(�� = �) associatedto LTPonly.Thisyieldsto thefollowingsystem
of stochasticdifferentialequations(seeschematicdiagramin Fig1(b)):

t � r �
�� ˆ � r � …1� r � †…r� � r � †‡ g�

� …1� r � †Y‰�…�†� y�
� …~� �†Š

� g�
� r � Y‰�…�†� y�

� …~� �†Š‡ ��� �� � …�†

t � r �
�� ˆ � r � …1� r � †…r� � r � †
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8
>>>>>>><

>>>>>>>:

…6†

Thecompletesynapsemodelismadeof � � 1 independentpairs…r�� ; r �
� †�ˆ1���� satisfying

Eq(6),andasynapticchangededucedfrom theproportion of synapsesthatswitchfrom being
potentiatedto depressedor reciprocally,throughthesigmoidalmap� of Eq(4).Asdescribed
above,in responseto pre-andpostsynapticspike-timing(�ï� = ����� � ��
� ), thecalciumdynam-
ics� undergoesjumpsfollowedbyexponentialrelaxationasdescribedin Eq(2),activating
eCB-LTP,eCB-LTDandNMDAR-LTP assoonas� exceedsspecificLTPor LTD thresholds
(seeFig1(c),wheretheLTPandLTD thresholdsarerepresentedby thegreenandredlines
respectively)with both thresholdstakenfrom theadjustedparametersof Table1 for theeCB
pathway.Whenonly onepresynapticspike(thuswithout postsynapticspike)isevoked,the
calciumconcentrationamplitudeexceedstheLTPthresholdfor ashortamountof time,and
remainsbelowthelevelof LTD induction: repeatingthisprotocoldoesnot leadto significant
plasticity.Forapre-poststimulation(�ï� > 0), thesummationof thepre-andpostsynapticcal-
cium spikestriggersbothLTPandLTD. Thesameisvalid for �ï� < 0,but therelativetime
spentabovetheLTPandLTD thresholdswouldbesignificantlydifferentdependingon �ï�,
underliningtheimportanceof thetiming andorderbetweenthespikesin theresultingplastic-
ity: in theexampledepictedin Fig1(c)andparametersg�

a from Table1,apre-poststimulation
yieldsLTD whereasapost-prestimulationyieldsLTP,consistentwith anti-HebbianSTDPat
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cortico-striatalsynapses�� ���� [27,28] in theabsenceof GABAA receptorantagonistand��
���� [26].

Dependenceof the different thresholdson the calciumtrace. To completethedefini-

tion of themodel,wedefinedthethreethresholdsy�
� , y�

� andy�
� andtheir variationsasa

function of thecalciumintegral.To thispurpose,wehavecomparedthemodelresultsto
electrophysiologicalrecordingsobtainedatcortico-striatalsynapses[39,40].

Basedon thefactthateCB-LTPdisappearsaround25pairingsin cortico-striatalSTDP,
wedefinedtheLTPactivationthresholdto switchfrom activatedto inactivatedatavalue
evaluatedasm�

� ˆ 6 whichcorrespondsto 14pairings(theLTPlingersfor sometime before
disappearing).Homeostaticandsaturationmechanismstakeplaceto overcomeunlimited
potentiation,whichwasmodeledconsidering,consistentlywith theelectrophysiologicaldata
[39,40],thatNMDAR-LTP inactivatesaboveaspecificlevelof cumulatedcalcium,setto
74pairings,correspondingto m�

� ˆ 32.eCB-LTDwasconsideredactiveduring thewhole
STDPpairings.Wedid not addanadditionalhomeostasis-and-saturation mechanismfor
eCB-LTDin our minimal model,to avoidintroducingadditionalparametersandtherisk of
overfitting.

Thesethresholdsthusdefinethreedistinct regimesof cumulatedcalciumconcentration
with specificactiveplasticities(seeFig2):

· RegimeI (0-14pairings):botheCB-LTP,eCB-LTDandNMDAR-LTP areactive,

· RegimeII (15-74pairings):eCB-LTDandNMDAR-LTP areactive,eCB-LTPis inactive,

Table1.Default parameters.

Cortico-striatal STDP
Figs1±8,S2and S3and M1

Symmetric anti-Hebbian LTD
Figs9 and S4

HebbianSTDPfrom [47]
S1Fig

� = 1 for Figs2 and S2 Scenario 1 2 3 Scenario Asymmetric Symmetric

� �
� 7 � �
� 7 7 7 � �
� 1 2

� ���� 17.1 � ���� 7 15 15 � ���� 2 2

� �� 18ms � �� 17ms 17ms 17ms � �� 20ms 20ms


 10ms 
 0 10ms ms 
 13.7ms 0

� � 0.5 � � 0.5 0.5 0.5 � � 0.5 0.5

� 165 � 280 280 280 � 150 150

� 1 � 1 1 1 � 2.8284 2.8284

LTP? 3,475 LTP? 4 4 4 LTP? 4 4

LTD? 0.55 LTD? 0.5 0.5 0.5 LTD? 0.5 0.5

� 0.7 � 0.5 0.5 0.5 � 0.5 0.5

y�
�;0 6 y�

!;0 6 11 y�
!;0 1,3 1,3

g�
� 290 g�

! 430 420 g�
! 321.808 257.447

m�
� 6 m�

! 8 +1 m�
! +1 +1

y�
�;0

13.5 y�
!;0

6 10 10 y�
!;0

1 1

g�
� 250 g�

! 190 220 360 g�
! 200 160

m�
� +1 m�

! +1 29 +1 m�
! +1 +1

y�
�;0 5.8 y�

";0
5.8 14

g�
� 50 g�

" 100 550

m�
� 32 m�

" 25 25

� 1000 � 1000 1000 1000 � 1000 1000

� ���
 102000 � ���
 204000 204000 204000 � ���
 102000 102000

https://doi.org/10.1371/journal.pcbi.1006184.t001
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· RegimeIII (75+pairings):only eCB-LTDisactive.

Analytical solution for cortico-striatal STDP. Wefitted thismodelto thedataof the
cortico-striatalsynapse.Becauseof thenumberof systemparameterscomparedto theexperi-
mentalpoints,wedevelopedamulti-stepfitting algorithmconsistentwith theunderlyingbio-
logicalsystem.Wefitted independentlytheparametersof NMDAR- andeCB-dependent
mechanismsusingthedataof [39,40]andaddingtheconstraintthat for large|�ï�| (> 40ms)
no plasticityoccurs.Theseparameterswereusedto calculatethetotal changein macroscopic
synapticstrength,usingtheanalyticalformula,andwedepicttheresultof thiscalculationasa
function of �ï� andthenumberof pairingsin Fig3(a).Thiscalculationallowsoneto uncover
thecontinuousprofile of thesynapticstrengthchangeasafunction of thenumberof pairing
presentations,andweconfirmedthat thetheoreticalcalculationis in goodagreementwith
simulationsof thefull nonlinearsystemfor � = 1000synapses,asshownin Fig3(b)±3(d)(and
S2(a)Figfor thefull heatmap).

Theseresultsalsoshowedagoodqualitativeagreementwith theexperimentaldata.In
particular,wefound that for �ï� < 0,LTPappearsrapidlyafterafewstimuluspresentations
(Fig3(b)),disappearsasthenumberof pairingsincreases(around25stimuluspresentations,
Fig3(c)),beforere-emergingbeyond50pairings(Fig3(d)).Thefastemergenceof eCB-LTP
followedbyaslowerNMDAR-LTP pointstowardsthefactthat thepotentiationeffectsof the
eCBpathwayaresignificantlylargerthanthoseof theNMDAR pathway.Analyzingthequan-
titativevaluesof thefit parameters(seeTable1),weindeedobservethatg�

� isapproximately6
timeslargerthang�

� . For �ï� > 0,LTD progressivelyestablishes,becomingsignificantaround
40pairingsandstrengtheningin amonotonicway.TypicalSTDPprofilesillustrativeof this
Fig3(b)±3(d)for threesamplepairingnumbershighlightingthepresenceof threemain
regimes:single-sidedLTPbetween10and25pairings(representedherefor 13pairings),no
significantplasticityaround40pairings,andanti-HebbianSTDPat100pairingsasobserved
experimentallyin [24,27,28].TheseSTDParisedueto thecalciumtransientsgeneratedbya
singlepairing,andtypicalconfigurationsof calciumconcentrationsandthresholdsfor one

Fig 2. Activity-d ependentthresholds. (a) Cumulativecalciumconcentration asafunction of time for 100pairingsat1Hz (�ï� = 0).(b)
Thresholdsfor eCB-LTP(green),eCB-LTD(red)andNMDAR-LTP(blue)asafunction of thecumulativecalciumconcentration(dottedlines:
piecewiseconstantmodel,solidlines:exponential thresholds,� = 1).Threetypicalregimesof plasticityemergedependingon whichpathwayis
activated(seetext).

https://doi.org/10.1371/journal.pcbi.1006184.g002
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Fig 3. Cortico-striatal STDPand its dependencewith pairing number. (a) Changein macroscopic synapticstrengthasafunction of thenumberof
pairings� ���
���� andspiketiming �ï� computedwith theanalyticalformuladerivedin theMethodssectionshowsanon-monotonicLTPinduction for
�ï� < 0andmonotonicLTD establishmentof �ï� > 0.Therespectiveroleof eCBandNMDAR pathwaysis investigated in Fig5(b)±5(d)SampleSTDP
profilesfor 13(b), 40(c) and100(d) pairings(top),with calciumtracesassociatedwith �ï� = �10 ms(left) and�ï� = +10ms(right). Analyticalsolution
(Eqs(16)and(17),brownline) andnumericalsimulationsof Eq(6) (bluecrosses)arebothrepresentedfor comparison.

https://doi.org/10.1371/journal.pcbi.1006184.g003
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givenpairingat �ï� = �10 msin Fig3(b)±3(d)showhowactivity-dependentthresholdsrelate
to thechangesdetailedabovein synapticplasticity.

Thenumericalresultsshowagoodagreementwith thedata,asshownin Fig4.In this fig-
ure,wesuperimposedexperimentaldatapointsandstatisticsfrom [39,40] togetherwith the
numericalsimulationsof thechangein macroscopicsynapticstrengthfor post-preandpre-
postpairingspredictedby themodel.Theonly noticeabledeviationarisesfor lessthan10pair-
ings,wherethemodelshowsno significantplasticitywhileexperimentsshowarapidestablish-
mentof plasticity.Thismaybeexplainedby therigidity of thebistabilityhypothesisrequiring
asignificantchangein theindividual synapticefficacyto induceaswitchfrom onepotential
well to theotherand,in turn, avariationin themacroscopicsynapticstrength.

Finally,wenotethatour results,derivedin thecaseof piecewiseconstantthresholds,per-
sistwith our morerealisticexponentialthresholdsmodel(seeS2(b)Fig) illustratingthesta-
bility of our modelandtherelevanceof piecewiseconstantapproximationsof theSTDP
thresholds.

Pathwayinactivation in the cortico-striatal synapse. To testthevalidity of thecortico-
striatalsynapsebuilt uponeCBandNMDAR signalingpathways,wecomputedtheplasticity
predictedwhenoneof thetwo mechanismsis inactivated.Experimentally,it wasshownthat

Fig 4. Cortico-striatal modelandexperimental data.Changein macroscopicsynapticstrength(numericalsimulations)asafunction
of thenumberof pairingsin thesimplified modelshowagoodagreementwith experimental pointsfrom [39,40].Eachexperimental
point ismarkedbyanemptycircle,togetherwith theassociatedmean(filled circle)andstandarddeviation(error bar),for pre-post
(red)andpost-pre(black)pairings.For themodel,weperformedthemeanfor +5ms< �ï� < +40msand�40 ms< �ï� < �5 ms.

https://doi.org/10.1371/journal.pcbi.1006184.g004
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wheneCBsystemwasimpaired,thesynapsedisplaysLTPfor post-prepairings(�30 ms<
�ï� < 0ms)arisingafterhighnumbersof stimuluspresentations(� ���
���� > 70).Blocking
NMDAR pathwaysleadsto post-preLTPfor low numbersof pairingsprogressivelydisappear-
ing aspairingsarepresented,andapre-postLTD (�ï� > 0) for largenumbersof pairings(> 75)
[40]. In our model,blockingeCBpathwaysisequivalentto computingthesynapticchanges
through� � only,andblockingNMDAR-dependentpathwaysreducessynapticchangesto � �

only. In thesetwo cases,weobtainedaverygoodagreementof themodelsimulationswith
theseobservations,asshownin Fig5.Wenotein our modeltheemergenceof aweak
NMDAR-LTP on thepre-postsidefor largenumbersof presentations.This is inconsistent
with theexperimentaldata,andrelatedto our choiceof consideringno NMDAR-LTD to keep
aminimal modelwith alimited setof freeparametersreproducingthemostprominentaspects
of thecortico-striatalSTDP.ThiseffectcouldbereadilyavoidedbyaddingNMDAR-LTD.

Overall,themodelappearsthusnot only consistentwith experimentaldataon thecom-
binedeffectof multiple pathwaysto which it wasfitted,but alsoto theresponseof thesynapse
in pharmacologicalsituationswherebyoneof thepathwaysisblocked,validatingthehypothe-
sisthat thepresentdependenceon numbersof presentationsrelieson distinctandindepen-
dentmechanisms.

Influenceof the frequencyof stimulus presentation. To further testthestabilityandto
harnessthepredictivepowerof themodel,weconsideredthechangesin macroscopicsynaptic
strengthandits dependenceon thepairingfrequency.Theanalyticalformuladerivedin the
Methodssectionisonly validwhenthepairingfrequencyissufficientlysmallto ensurethat
thecalciumconcentrationgoesbackto its baselinebetweentwo pairings;athigherfrequen-
cies,derivingasimilar formularemainspossible,but becomesmuchmoreintricatebecauseof
theinteractionsbetweenmultiple pairings.Indeed,for pairingspresentedathigh frequency,
thesynapticchangeassociatedto apairing interactswith thepreviousandthefollowingrepeti-
tionsof thestimulationprotocol.For instance,anSTDPprotocolwith pre-postpairings
(�ï� > 0) presentedatafrequency# will resultin achangedependingbothon �ï�, but alsoto

Fig 5. Respectiverolesof eCBandNMDAR signalingpathways.eCB-(left) andNMDAR- (right) dependent plasticityonly
computednumericallyasafunction of thenumberof pairingsand�ï�, togetherwith experimental pointsobtainedfrom [39,40]by
pharmalogicallyimpairing,respectively,NMDAR- or eCB-dependentplasticities.

https://doi.org/10.1371/journal.pcbi.1006184.g005
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post-prepairingsat �ï� 0= �1/# + �ï� < 0 (with thefollowingstimulation),anegligibleeffectfor
smallfrequencies(when�ï� 0issignificantlylargerthan�ï�), but becomingprominent for rapid
stimuli andtendingto overwhelmtiming-dependence(when�ï� 0and�ï� areof thesameorder
of magnitude).Asexpected,in responseto pairingswith increasingfrequency,aperiodicpat-
tern appears(with aperiodidenticalto thatof thestimulation),andthustherangeof valuesof
relevant�ï� decreasesto theinterval(�1/2#, 1/2#).

Fig6 representstheresponseof themodelfor STDPprotocolswith variousstimulationfre-
quencies.Wefirst observedfor 10Hz and30Hz (Fig6(a)),theappearanceof periodicpatterns
aspredictedabove.At 10Hz, theSTDPprofile seemsnot to bedifferent(exceptfor theperi-
odicpattern)from theoneat1Hz.Weobservedthat increasingpairingfrequencyalteredthe
plasticityprofile in severalways.At higherfrequencies(30Hz), plasticitytendsto loseits
dependencein thespiketiming. At 30Hz pairingfrequencyand100pairings,LTPtendsto
dominatesinceLTD hasdisappearedon thepre-postsideandLTPstartsemerging.This is
illustratedin Fig6(b)whereisdepictedaplasticityoccurringat100pairingsfor asmallrange
of �ï�, highlightingtheprogressiveestablishmentof aunidirectionalLTPasfrequency
increases.Thismodelpredictionisqualitativelyconsistentwith experimentalobservations
[17]. At 30Hz, themodelpredictsthatanLTD independentof thespiketiming (�$�$rate-based
LTD) shouldappearbetween40and60pairings.Fromthemodelviewpoint,this isdueto an
almostflat unidirectionalLTD arisingin this rangeof numberof pairings,but to datethis
remainsanopenquestionandrequiresexperimentalvalidation.

A limit of thepresentmodelis reachedwhenthefrequencyissufficientlyhigh for thecal-
cium traceto remainaboveLTPandLTD thresholdsduring thewholestimulationprocedure.
Dependingon therelativevaluesof theLTPandLTD thresholds,eitherLTPor LTD endsup
dominatingathigh frequency.Forhigherfrequencies(> 55Hz) in our case,thecalciumcon-
centrationremainedaboveLTPandLTD thresholdsafterasmalltransitionperiod.In this
regime,theresultingSTDPchieflyrelieson thechoiceof parametersLTD? andLTP?. This
effectcanbeseenfor 40Hz Fig6(b),wherewehaveaLTD independentof thetiming of the
spikes.Welimited our studyup to 30Hz pairingfrequencysincefor higherfrequencyour
modelstartslosingbiologicalrelevance.

Triplets of spikes. Experimentalevidence,aswellasthemodel'spredictions,suggestthat
thepresenceof multiple pathwaysinducesadependenceof resultingplasticityon thenumber
of stimuli presented.Themodelallowsto predictthosedependences.In thissection,wechar-
acterizethepredictionsthemodelprovidesregardingplasticitiesinducedby tripletsof spikes.
Suchplasticities,arisingafterrepeatedpresentationsof two presynapticspikesandonepost-
synapticspikeor conversely,weredescribedexperimentallyin [38,55,58],but to dateno
experimenthasshownthedependenceof those�
��%�� 
&%��uponvariationsof thenumberof
stimuluspresentations.

Severalmodelsof tripletshavebeendevelopedrecently,aimingat reproducingtheinterac-
tion of three(or more)spikes.In particular,amodelof tripletsgroundedon plasticitydata
from pyramidalcellsof layer2/3of rat visualcortexwasdevelopedandcapturedtheinfluence
of thepre-andpostsynapticspikesprecedingapairedstimulation[38](60-80stimuluspresen-
tations).Anothermodelof interactionsbetweenspikesisdeveloppedin [59] to reproducehip-
pocampaldatafrom [58] at60pairings.In [60], voltage-basedrulesof STDPareusedto study
tripletsof spikesat60pairingsspecifically.Simulationswith tripletswerealsoperformedfor a
calcium-basedmodelin [47], for two differentnumberof pairings(30and100).Finally,a
modelbasedon NMDAR kinetics[61] wasdevelopedin [37] to studythestabilityof the
weightdistributionsthroughnumericalsimulationof apopulationof synapsesconnectedto
oneneuron.All thesemodelsfocuson Hebbianplasticityanddo not includelongtime influ-
enceof theinactivationof thedifferentsignalingpathways.Themodelsproposedin [59,60]
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consideredafixednumberof pairings,except[47] wheresimulationswith two differentnum-
bersof pairings(30and100)showedamonotonicappearanceof theplasticitiesevenfor trip-
letsprotocols.

Our model,incorporatingalong-timedependenceof inactivationthresholds,highlights
newpatternsof STDPthatstronglydependon thenumberof triplet presentations.In Fig7(a)
aredepictedthechangesin synapticstrengthasafunction of (i) thetypeof stimulus(number

Fig 6. Impact of stimulation frequency.(a)Synapticstrengthmodification (numericalsimulations)asafunction of thenumberof
pairingsandspiketiming �ï� whenstimuli arepresentedat10Hz and30Hz. (b) Average(andstandarddeviation)of thesynapticstrength
modificationasafunction of �ï� for 100stimuluspresentationsandvariousfrequencies.

https://doi.org/10.1371/journal.pcbi.1006184.g006
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Fig 7. Predictionsof the dependenceof triplet rulesupon numbersof pairings. (a)Synapticstrengthmodification(numerical
simulations) asafunction of thenumberof pairingsfor differenttripletsprotocols.Eachsquarerepresentsthechangein synaptic
strength(whichintensityiscolorcoded)asafunction of thenumberof pairings,for aprecise�ï� 1 and�ï� 2. Insets(right) providean
alternativerepresentation of thesamequantityin themonophasicD (up),biphasicPD(middle)andtriphasicPPD(down)case.(b)
Schematic representation of thedifferenttripletsconfigurationsin (a)with �ï� � = ����� � ��
�'� for pre-post-prestimulationsand�ï� � = �����'� �
��
� for post-pre-poststimulations.(c) Differentphases(mono-, bi- andtriphasic)of STDPobservedin protocolsof tripletsasafunction
of �ï� 1 and�ï� 2. PandD codefor potentiation (LTP)anddepression(LTD).

https://doi.org/10.1371/journal.pcbi.1006184.g007
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of spikesof thepre-or postsynapticneuron),(ii) the timing betweenspikesand(iii) thenum-
berof stimulations.Stimulationswith two pre-andonepostsynapticspikesaredepictedin the
upper-lefttriangleasafunction of thetiming of thepresynapticspikesrelativeto thepostsyn-
apticspike�ï� 1 < �ï� 2, andthosewith onepre-andtwo postsynapticspikesaredepictedin the
lower-right triangleasafunction of thetiming of thepostsynapticspikesrelativeto thepresyn-
apticspike,with �ï� 1 > �ï� 2 (seeFig7(b)).In Fig7(a),for eachvalueof �ï� 1 and�ï� 2, aheatmap
describesthechangein synapticstrengthasafunction of thenumberof pairingsin thecaseof
thecortico-striatalsynapsestudiedabove.Thisdiagramshowscomplexnon-monotonic
dependencesof plasticityasafunction of thenumberof pairings,with vastlydistinctprofiles
dependingon thetiming.

Indeed,only asmallportion of thediagramshowsamonophasicestablishmentof plasticity
with only LTD (20%,bluesquaresin Fig7(c)),asit wouldbethecasewith asingleSTDP
mechanisminvolved(notethat,evenfor thosestimuli, theestablishmentof plasticitymaynot
bemonotonic,asshownin themonophasicinset).Themajority of thestimulationstherefore
yieldanon-monotonicestablishmentof STDPasafunction of thenumberof presentations.
Wedistinguishedfour mainprofilesof plasticityestablishment:

· biphasicpotentiation-depression plasticity(PD),characterizedbyanearlypotentiationof
thesynapsefollowedbydepression(greensquaresin Fig7(c),arisingfor *32% of thesti-
muli considered),characterizedbyaphaseof earlyeCB-LTPfollowedby theestablishment
of astableeCB-LTD;

· biphasicpotentiation-potentiation plasticity(PP),characterizedagainbyanearlyeCB-LTP
followedbyanabsenceof plasticityandthere-emergenceof apotentiationrelyingon
NMDAR pathwaysasstimuli arepresented(redsquaresin Fig7(c),arisingfor 20%of the
stimuli considered);

· triphasicpotentiation-potentiation-depressionplasticity(PPD),(yellowsquaresin Fig7(c),
arisingfor *24% of thestimuli considered),distinct from biphasicPDcaseswith anearly
establishmentof eCB-LTP,followedby theemergenceof anNMDAR-LTP eventuallyover-
comebyeCB-LTD;

· triphasicpotentiation-depression-potentiationplasticity(PDP),(orangesquaresin Fig7(c)),
arisingonly for afewstimuluspatterns(*4% of thestimuli considered),correspondingto
anearlyeCB-LTPdisappearingprogressively,leavingroom for eCB-LTDeventuallyover-
comebyNMDAR-LTP (this tight competitionbetweeneCB-LTDandNMDAR-LTP
explainsthesmallrangeof parameterswherethisoccurs).

Therefore,thedependenceuponthenumberof triplet presentationshighlightsthecomplex
interplayof themultiple pathwaysin theestablishmentof plasticityfor stimuli morecomplex
thanspikepairs.In particular,Fig7showsthatvastlydistinctSTDPsemergefor fixednumbers
of stimuluspresentations.Weobservedthat themapof synapticefficacychangesdependson
thenumberof stimuluspresentationsFig8.

Becauseof theearlyactivationof eCB-LTP,weobserveat low numbersof triplet presenta-
tions(seeFig8(a))thatonly LTPisexpressed,andisparticularlyprominentfor post-pre-pre
presentations(upper-lefttrianglewith �ï� 1 < 0and�ï� 2 < 0),andsmallerplasticityregionsfor
post-post-preandpost-pre-posttripletswith respectively�ï� 2 sufficientlynegativeor �ï� 1 suffi-
cientlylarge.ThisLTPrelieson theeCBpathwayonly,asshownin theS3Fig.Thelatterplastic-
itiescanactuallybeunderstoodfrom spikepairing:indeed,whenoneof thetimings�ï� 1 or �ï� 2

issufficientlylarge,thesynapticchangefollowsspikepair rules,leadingto theobservedearly
eCB-LTP.Similarly,thiseffectisenhancedwhenadoubletof postsynapticspikesprecedesa
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presynapticspike.At 25presentationsof spikedoublets,wehaveseenin Fig3 thatno significant
LTD waspresent,andonly eCB-LTPwasexpressed.This isnot thecasefor spiketriplets.
Indeed,tripletshavetheability to revealweakeCB-LTD(Fig8(b)),particularlyin thepre-post-
postregimewherethedoubletof postsynapticspikesincreasestheassociatedcalciumpeakand
leadsto theexpressionof theeCB-LTDsignificantlyearlierthanfor spikepairs.eCB-LTPper-
sistsfor post-pre-prestimulations,but no significantLTPwasfound for post-pre-postor pre-
post-poststimulations,for whichthecalciumspikedoesnot exceedtheincreasedthreshold
anymoredueto pastcalciumtransients.For40triplets(not shown),theeCB-LTPin thepost-
pre-preregimeissignificantlyreduced,andeCB-LTDinfluencebroadens,whileNMDAR-LTP
emergesin thepost-post-pre,post-pre-postandpre-pre-postregions,significantlyearlierthan
theNMDAR-LTParisingfor doubletsof spikes.Thisemergenceisevenmorevisiblefor 50trip-
letpresentations(Fig8(c)),togetherwith theappearanceof theNMDAR-LTP in thepost-pre-
preregion.A newpocketof LTParisesalsoin thepre-post-preregionwith �ï� 1 < �ï� 2, wherethe
NMDAR-LTP inducedby thepost-prepairingsof spikesovercomestheeCB-LTDof thepre-
postpairingsof spikes.Interestingly,thisnewregimedisappearsasthenumberof stimulus

Fig 8. Triplet rules(numerical simulations) for 10,25,50and100pairings. (sameconventionasin Fig7(b)).

https://doi.org/10.1371/journal.pcbi.1006184.g008
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presentationsis increased,arisingtogetherwith thefull expressionof eCB-LTDfor 100pairings
(Fig8(d)).Thepost-pre-preNMDAR-LTPreacheslargervaluesthanin thecaseof doubletsat
100pairingsFig8(d).A movieof thevariationof synapticefficacyasafunction of thenumber
of pairingsisprovidedin SupplementaryMovieM1.

Variety anddiversity of plasticity ruleswith multiple signalingpathways
STDPat thecortico-striatalsynapse,studiedin theprevioussection,providesarealisticexam-
pleof plasticitywith multiple pathways.Our model,relyingon only two equationsandasmall
numberof biologicallyinterpretableparametersemulatingNMDAR- andeCB-dependent
pathways,reproducesall thephenomenareportedat thecortico-striatalsynapse,andallowed
to drawpredictionson plasticityfor morecomplexstimuli suchastriplet rules.Thepresent
modelishowevermuchmoregeneralthanthecaseof thecortico-striatalsynapse:it can
indeedemulatesynapseswith morethantwo signalingpathwayswith arbitraryindependent
plasticityrules,andthusallowsunravelingthedynamicsof plasticityexpressionin avarietyof
synapseswith distinctplasticity.Interestingly,whilebeingquiteversatile,therepertoireof
behaviorsthatcanbereproducedgivenafixednumberof pathwaysremainslimited, andthe
modelthusalsoprovidespredictionson theminimal numberof pathwaysinvolvedgivena
plasticityprofile. Indeed,asinglepathwayshallinduceamonotonicestablishmentof plasticity
if thereisno inactivationof thepathway,whereassituationswith two pathwayscanleadto
four changesof plasticity(LTPandLTD inactivationfor eachof thetwo pathways),possibly
with periodsof non-significantsynapticchanges.More generally,plasticitywith � pathways
mayleadto up to 2� changesof monotonicity,possiblyinterspersedwith periodsof non-sig-
nificant plasticity.

Weinvestigatein thenextsectionsafewpossiblescenariirelyingon atmosttwo signaling
pathwaysthatcouldleadto Hebbianor anti-Hebbianplasticityandsuggestexperimentsthat
coulddistinguishdistinct situations.

Symmetricanti-Hebbian LTD. In neocorticalexcitatorysynapsesonto inhibitory inter-
neurons,60pairingsat1Hz leadsto ananti-HebbiansymmetricLTD [32]. Anotherexample
of anti-HebbiansymmetricLTD hasbeenfoundat thesynapsesbetweenparallelfibersand
Purkinje-likecellsof theelectrosensorylobeof mormyrid electricfish for aprotocolof 60pair-
ingsat0.5Hz [34]. It remainsunknownhowtheestablishmentof thisplasticitydependson
thenumberof presentationsof thestimulusor on thefrequencyof presentations,andthose
canhavedramaticeffectsif multiple pathwayscontributeto thisphenomenonasin thecaseof
thecortico-striatalsynapses.Indeed,anti-HebbianLTD canunfold into diverseprofilesasa
function of thenumberof pairings,andweexploreapartof thisdiversityhere,limiting our
explorationto thesimplestnon-trivial caseof plasticitiesrelyingon up to two signalingpath-
ways.Wefocuson threepossiblescenariiconstrainedto reproducesymmetricLTD at100
pairingsand1Hz.

Scenario1:Thesimplestplasticityframeworkleadingto symmetricLTD iscomposedof asin-
gleplasticitypathway.In thatcase,LTD establishesmonotonicallywithout LTPexpression
(seeFig9(a)andparametersin Table1).Variationsin thefrequencyof thestimuluspresen-
tation doesnot revealanypotentiation,andraisingfrequencyup to 30Hz leadsto acon-
stantLTD independentof spiketimings.

Thesituationismorecomplexwhentwo signalingpathwayscontributeto theestablish-
mentof thesymmetricanti-Hebbianplasticity.Multiple scenariicanbedesignedleadingto
unidirectionalLTD at100pairingsat1 Hz.Here,weconsidersituationswheretwo pathways
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Fig 9. Distinct mechanismsleadingto unidirectional LTD at 100pairingsand1 Hz. Synapticstrengthmodification
(numericalsimulations)asafunction of thenumberof pairingsand�ï� for asynapse(a) with asingleplasticitymechanism
(Scenario1), (b) relyingon two mechanisms,oneof whichinducinganearlyLTPinactivatingasthenumberof pairings
increases(Scenario2),or (c) relyingon two mechanisms,oneof whichinducingaHebbianSTDPandthesecondinducinga
pre-postLTD (Scenario3).

https://doi.org/10.1371/journal.pcbi.1006184.g009
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interact,oneof which(pathwayA) inducesLTD andLTPataprescribednumberof stimulus
presentation,andtheothermechanism(pathwayB) only leadingto LTD:

Scenario2:PathwayA leadsto anearlyemergenceof LTPthat inactivatesaspairingnumbers
areincreased.Thismechanismissimilar to thecaseof eCB-LTPin thecortico-striatalsyn-
apsestudiedabove.

Scenario3:PathwayA leadsto anenduringLTPnot inactivatedwhenthenumberof pairings
is increased,but which isdominatedby theLTD generatedbypathwayB.

In detail,weconsiderin Scenario2 thatpathwayA generatesanearlypost-preLTPthat
inactivatesasthenumberof pairingsincreases,andalate-appearingpre-postLTD. At thesame
time,pathwayBgeneratesaunidirectionalLTD arisingaftertheearlyLTPof pathwayA (see
S4(a)Figdepictingindividual plasticityprofilesfor eachmechanismwhentheotheris inhibited,
andparametersin Table1). In thissituation,LTPdisappearsaspairingnumbersincrease,and
LTD takesoverleadingto bilateralLTD at100pairings(seeFig9(b)).Whenpresentingstimuli
athigherfrequency,timing-dependencedisappearsin favorof aconstantLTD at100pairings,
andthusexperimentsbasedon thepresentationof afixedandlargenumberof pairingswill not
allowto distinguishScenario1 from Scenario2.However,theresponseof thesynapsein Sce-
nario 1 andScenario2 asafunction of thenumberof pairingsat30Hz isdistinct.Particularly,
at20pairings,Scenario2 leadsto aconstantbilateralLTP,vastlydistinct from theabsenceof
plasticityarisingat this frequencyandnumbersof pairingsin thesingle-mechanismcase.

In Scenario3, theplasticitypathwayB leadsto aunilateralpre-postLTD, whilepathway
A inducesaHebbianSTDPat100pairingsand1 Hz (LTPfor �ï� > 0,LTD for �ï� < 0,see
S4(b)Figdepictingtheplasticityinducedbyeachpathwayindependently,andTable1 for
parameters).WhentheLTD of mechanism! dominatestheLTPof mechanism", aunidirec-
tional LTD wasobservedat100pairings(1 Hz), andno significantregionof LTParisesat this
frequency(seeFig9(c)).However,increasingthepairingfrequencyyieldsvastlydistinct
results,andtheunderlyingLTP,invisiblefor presentationsof thestimuli at lowerfrequencies,
re-emergessignificantlyfor pre-postpairings,andthespike-timingdependenceof plasticity
strengthensanddisplaysaHebbianSTDPprofile locally.

TheseSTDPexamplesshowanovelphenomenon:multiple independentmechanismsnot
only affectemergentlong-termplasticityfor low numberof pairings,but theycanalsoleadto
non-trivial emergentplasticitieswhenstimulationprotocolsaremodified.Thesephenomena
cannotbepredictedfrom theobservationof theresultof stimulationprotocolswith afixed
andlargenumberof pairingspresentedat low frequency.

Hebbianplasticity. Wechoseto examinein theprevioussectionstwo typesof anti-Heb-
bianSTDPs,asymmetricSTDP[27,28]andsymmetricLTD [32,34].Themodelisalsoableto
reproducethewholespectrumof plasticitiesdescribedin [8], in theflavorof thesimulations
performedin [47]. AsymmetricHebbianplasticityiscommonlyobservedatvarioussynapses
[11±23,62],andcanbereadilystudiedalongthesamelinesastheanti-Hebbiancasedescribed
here,invertingLTPandLTD. Hebbiansymmetricplasitictyisobservedin thehippocampus
[36]. Weshowfor instancein S1Figthecaseof Hebbiansymmetricor asymmetricSTDP
usingparameterstakenfrom [47], supportedbyasingleplasticitypathway.Our presentsim-
plified mathematicalmodelis thusableto reproduceandpredictvariousformsof STDPat
playin neuralcircuits.

Discussion
Synapticplasticityisacomplexphenomenonrelyingon theactivationof anumberof recep-
torsandsignalingpathways[3, 10].A substantialdifficulty for experimentalistsis to
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characterizeplasticityin thelargevarietyof possiblesituationsoccurring�� ����. To reduce
thiscomplexity,aprotocoldesignedto revealplasticityconsistsin consideringchangesin syn-
aptictransmissionafterthereiteratedpresentationof afixedspikepatternalargenumberof
times(on theorderof onehundred)andataslowrate.Fromtheseexperiments,it remains
complexto decipherthemultiple signalingpathwaysinvolvedin theexpressionof plasticity,
andtheir complexinterplay,particularlyfor low numbersof stimuluspresentationsor for vari-
ouspairingfrequencies.

To disentanglethedistinctiveroleof multiple pathways,wedevelopedandstudieda
phenomenologicalmodelof theevolutionof synapticweightsandtestedits responsesin dis-
tinct situations.Themodelrelieson calciumtransientstriggeredby thespikingactivityof
neuronson bothsidesof thesynapses,andisbuilt uponprevioustheoreticalworks(see[47]
andreferencestherein).Whenplasticity(LTPandLTD) relieson multiple signalingpath-
ways[10], thetimescalesatwhich thesemechanismsactivateandinactivateuponrepetitive
stimulationcanleadto avarietyof behaviorsasafunction of thenumberandof thefre-
quencyof pairings,whichcannotbeinferredfrom experimentswherethosearefixed.Our
modelproposesageneralandminimal frameworkto integratemultiple signalingpathways
andtheir dependencesuponrepetitivestimulations.Wehaveinstantiatedthismodelwith
two specificpathways,NMDAR- andeCB-dependent,thatwasinspiredbyexperimentsat
cortico-striatalsynapseshowingvariationsof theemergentplasticityuponvariationof the
numberof pairings[39,40].Our modelreducesto two stochasticequationsEq(6) anda
smallnumberof parameters,andaccuratelyreproducedthedataobtainedin thatexperimen-
tal contribution.To our knowledge,this modelis themostparsimoniousmodelreproducing
STDPexperimentalresults,yetmanymodelsof theclassthatweintroducedcanbeproposed,
including for instanceNMDAR-LTD or pathwaysactivatedbydistinctmolecules.Wealso
usedthemodelto predicttheresponseof thesystemwhenthenumberof stimulations,the
pairing frequencyor thenumberof spikes,arevaried.This ledusto drawpredictionson the
modificationsof STDPprofileswhenthefrequencyof stimuluspresentationswasvaried.
Eventually,wehavemadenewpredictionson thedependenceof triplet rulesuponthenum-
berof stimuluspresentations,andshowedthatcomplexnon-monotonicSTDPprofiles
emergewith up to threedistinctphases.Our modelgoesbeyondtheparticularcaseof the
cortico-striatalsynapsefor whichdatawasavailable,andwepursuedour investigationsby
consideringdistinctmechanismsthatcouldunderlieanothertypeof plasticity,symmetric
anti-HebbianLTD (with LTD for pre-postandpost-prepairings).In thiscase,weinvesti-
gatedthreedistinctpossiblescenariiinvolvingup to two distinctpathways,andshowedthat
unexpectedphenomenamayariseuponvariationsof thenumberandfrequencyof pairings,
andin particulartheemergenceof anLTPat100pairingsfor high frequencies.Overall,these
resultshighlight thefactthatelectrophysiologicalexperimentsatafixedfrequencyandapre-
scribednumberof pairingsmaynot besufficientto extrapolateto othersituationswith
smallernumbersof pairingsor presentationfrequencies.

To our knowledge,thepresentmodelis thefirst to takeinto accountdistinct signaling
mechanismsinvolvedin plasticityin asimpleandcompactframework.Thesimplicityof the
presentmodelallowsto envisiontheimplementationof this typeof synapseat thelevelof a
neuralnetwork,openingthewayto theoreticalstudiesof information processingcapacityof
networksendowedwith complexactivity-dependentplasticityrules.In addition to thedevel-
opmentof aframeworkintegratingmultiple pathways,oneof themain noveltiesof this
modelcomparedto othercalcium-basedmodelsis thatwehaveexplicitly incorporatedactiv-
ity-dependentthresholdsallowingto recovertheresponseof plasticitymechanismson the
pastactivityof cells.In thepresentmodel,wesimplyassumedthat this history-dependence
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is parameterizedbyacumulativecalciumconcentration.Explicitly incorporatingthisdepen-
denceallowstakinginto accountin themodelmultifariousexperimentalfactsincluding
finitenessof thecalciumpool in thepostsynapticcompartment,desensitizationof synaptic-
receptorsandhomeostasicmechanisms[63]. Thepresentmodelproposingthat thisdepen-
denceon pastactivityrelieson cumulativecalciumconstitutesafirst step,andcouldbe
refinedin severaldirections,for instanceincorporatingaslowdecayof past-activitydepen-
dencewith time (consideringintegratedcalciumspikeswith anexponentiallydecaying
kernelfor instance),movingaveragesin theflavorof slidingthresholdsin theclassicalBien-
enstock-Cooper-Munro(BCM) rule [56,57].In our case,theaverageactivityof theneuron
wouldbesimplymodeledbypostsynapticcalciumconcentration(areasonableproxyof neu-
ral activity),or with morerefinedmodelsinvolvingdistinctmolecularspeciesandtheir
timescales.

Despiteagoodqualitativeagreementandanimprovedaccuracyon thedynamicsof the
expressionof plasticity,wefound thatour modelshowsaslightmismatchin thetimescalesat
whichplasticityemerges:first, althoughexperimentsatcortico-striatalsynapsesshowasignifi-
cantplasticityarisingasearlyas5 pairingsandreachingamaximumat10pairings,wedid not
find in themodelsignificantplasticityat5 pairingsandthemaximalplasticityoccurredaftera
slightlylargernumberof 12pairings.Moreover,aunidirectionalLTPin thecortico-striatal
plasticityat100pairingswasobservedexperimentallywhenthefrequencyof pairingpresenta-
tionsreached4 Hz,while themodelreproducesthisphenomenonslightlyabove30Hz.We
believethat thisslowerresponseof thepresentmodelrelieson thebistablenatureof the
model,following[47]. Thisbistabilitymakesthesystemquiterigid andresistantto rapid
changes,andadirectperspectivewouldbeto implementamoreflexiblemodeldroppingthe
bistablemodelbut conservingthelong-termstabilityof macroscopicsynapticstrength
ensuredby thebistablepotential.Thepresentmodelwouldbealsousedin futureworksfocus-
ing on theimplementationof thecortico-striatalSTDPin largestochasticneuralnetworks,
with severalclassesof interneurons,aimedatunderstandingthepossibleroleof implementing
distinctcortico-striatalplasticity,in particularLTP,arisingatvarioustimescalesandtheir pos-
siblerole in information processingin striatum.

All in all, thepresentmodelsuggeststo reconsideracurrentwidelyadmittedimplicit
hypothesisin models,andquestionstheusualviewof STDPin modelsthatconsiderafixed
curvesolelydependenton thespiketiming (�ï�). Indeed,in mostneuralnetworkmodelswith
STDP,it isconsideredthatsynapticcoefficientsareprogressivelyincrementeddependingon
spiketimingsandaccordingto toy-modelsof STDP(e.g.,double-exponentialcurves).This is
implementedin variousmanners,includingadditiveor multiplicativechangesdependingon
all spikepairingsor on thenearest-spike(seee.g.[64]).

At thelevelof networks,anumberof stochasticmodelsweredevelopedto studytheinflu-
enceof STDPasasynapticplasticityrule (seethereview[4]). In particular,earlyworksshowed
theinfluenceof classicalHebbianandasymmetricSTDPin thedynamicsof neuronalnet-
works[65±67].Theroleof STDP-basedrulesin theemergenceof structuresin recurrentneu-
ral networkswasalsostudiedin aseriesof papers,highlightingfor instanceapossiblekey
impacton theself-organizationof microcircuits[68±70].More recently,thedistribution of
synapticweightsandits stabilityin randomlystimulatednetworkswith differenttriplet rules
hasbeenextensivelystudied[37]. Theactivity-dependentruleweproposedhere,reproducing
variablesynapticchangesasafunction of thenumberof stimulations,mayleadto significant
changesin theresultingconnectivityanddynamicsof neuralnetworks.Our modeloffersan
avenueto revaluatethepossiblemodificationsof theresultingdynamicsemphasizingtherole
of timescalesin thesesystems[71].
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Methods

Numerical methodsandparameters
Simulationswereperformedwith acustomcodeimplementedin Python2.7or 3.5,developed
within the�����
 environmentof the!������� suite(!������� ��(�)�
� 
���
��&����. Com-
putersoftware.Vers.2-2.4.0.ContinuumAnalytics,Nov.2015.Web.<https://continuum.
io>). Themainmodulesused�&���, ����%��%��, ����, �����. Elementarysimulationsof the
modelwererun on aMacbookPro(Intel Corei5 processorand16RAM) andmoredemanding
simulationswereexecutedon theInria Paris-Rocquencourtcomputercluster.Figuresandplots
wererealizedusing����%��%�� moduleof PythonandIllustrator/Photoshopof theAdobeseries.

Unlessspecifiedotherwise,weusedtheparametervalueslistedin Table1.Theseparameters
wereoptimizedstartingfrom initial guesseschosenfor consistencyof themodelwith thedata
usingtheextensiveanalysisof [47,Fig2]. Foradjustingour parametersto thecortico-striatal
plasticity,weusedaglobaloptimizationalgorithm,the��((�
�����%����%&���� function from
�����$������*� moduleto obtainqualitativefits.

Simulationsof themodelwererealizedeitherfrom thetheoreticalexpressionscomputed,
or with numericalsimulationsof thesystemof stochasticequationsEq(6).Weusedtemporal
discretizationusinganEulerschemeon � = �1. . .101swith � ���
 steps(seeTable1) andrun
thesimulationfor asetof � = 1000individual efficacies.To computethechangein macro-
scopicsynapticstrengthfor thedifferentpairings,werun thesimulationfor � ���
���� = 100
pairingsandstoretheresultsfor all thepairingsduring theSTDPprotocol.Therefore,for each
fixed�ï�, theresultsobtainedfor differentpairingsarenot independent,whichhastheinterest
of uncoveringtheevolutionof onegivensynapse,andhasno impacton theglobaloutcomeof
thesimulationsascanbeseenwhencomparedwith analyticalresults.Exceptfor Fig3 where
theanalyticalmean-fieldsolutionsarerepresented,all thefiguresshowthenumerical
simulations.

ForFig6,wehavereproduced30independentsimulationsin parallelto obtainthestatisti-
calmeansandstandarddeviationsdepicted.All heatmapsusedalogarithmiccolorbarto rep-
resentchangesin synapticstrength.Theclassificationin mono-,bi- or tri-phasicregimesin
Fig7(c)wasdonethroughavisualinspectionof theSTDPcurvesassociatedto eachof the20
�ï� 1 and�ï� 2.

TheOrnstein-Uhlenbeckapproximation
Themodelwestudiedisnonlinear,andassuch,it wascomplexto derivetheexplicit form of
theprobabilitydistribution of thesolutions.Followingtheapproachproposedin theAppendix
of [47], wederivedtheprobabilitydistribution of thesolutionof anapproximatemodelvalid
whenthesystemremainsin thelinearpartof thecubicbistableterm.Themodelinvolvesalin-
earOrnstein-Uhlenbeckwith deterministictime-dependentcoefficients��(�) and��(�) thatwe
computedasfollow.Thesolutionof linearstochasticdifferentialequationsof type[72] (with "
astandardBrownianmotion):

� r…�†ˆ …a…�†r…�†‡ b…�††�� ‡ s…�†�"…�† …7†

with initial condition � 0 canbeeasilyexpressedin closedform as:

r…�†ˆ r 0 ���
Z �

0

a…�†��
� �

‡
Z �

0

���
Z �

&

a…�†��
� �

b…&†�&

‡
Z �

0

�� �
Z �

&

a…�†��
� �

s…&†�"…&†:

…8†
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Asindicatedin themain text,thesynapticchangeisobtainedusingasigmoidtransformof the
proportion � of synapsesthat,aftertheprotocol,havecrossedupwardsthethresholdvalue� � ,
overtheproportion 
 of thosethatcrosseddownwards.SincetheabovedescribedOrnstein-
UhlenbeckprocessisGaussian,theseprobabilitiesarefully characterizedby themeanandsin-
gle-timevariancefunctionsof �, whichhavethefollowingexpressions:

�(‰r…�†jr0Š̂ r 0 ���
Z �

0

a…�†��
� �

‡
Z �

0

���
Z �

&

a…�†��
� �

b…&†�& …9†

and

���‰r…�†jr0Š̂
Z �

0

��� 2
Z �

&

a…�†��
� �

s2…&†�& …10†

Wethusderivethetime-varyingcoefficients�� and�� arisingin theapproximatedmodel,for
theeCBpathway(theothercanbedealtwith in thesameway).Thesearecomputeddescribing
thetime spentabovethevariousthresholdsof themodel.WedenotebyZ�

� theaveragetime
spentabovethethresholdy�

� : thisquantityonly dependson thecalciumdynamicscanbeeasily
computedanalyticallyfor eachgivenapairingprotocol.Similarly,wedefine�� = 	 � � thetime
atwhichtheeCB-LTPis inactivatedat thecortico-striatalsynapse,with 	 beingtheduration
betweentwo pairingsand� � thepairingnumberatwhicheCB-LTPis first inactivated.

DenotingG�
� ˆ g�

� Z
�
� , wehavethefollowingcompactformulaefor thecoefficientsof the

Ornstein-Uhlenbeckprocesses��� , ��� and� � :
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Becauseof thesimple,piecewiseconstantform of thecoefficients,wehave,for determin-
istic initial conditions:
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and

���‰r � Š̂

s2
1 1 � ��� � 2
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Theprobabilitythataninitially depressedsynapsebecomespotentiatedis thusgivenby:
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1
2
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andtheprobabilityof aninitially potentiatedsynapseto becomedepressedby:
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allowingdirectlyto obtainthechangein synapticweightassociatedas� � � …�	 †

 � …�	 †

� �
.

A comparisonof theOrnstein-Uhlenbeckapproximationwith thenumericalsimulations
of thenonlinearsystemisprovidedin Fig3(a)andS2(a)Fig,showingagoodagreementfor
theparametersetchosen.

Experimentaldatapoints
Thedatausedto fit andvalidateour resultswerepreviouslypublishedin [39,40].Wereferto
thesepapersfor morespecificinformation on theexperimentalprotocol.

Supporting information
S1Fig.HebbianSTDP.Changein thesynapticstrength(numericalsimulations)asafunction
of thenumberof pairingsand�ï� for asymmetric(a) andsymmetric(b) HebbianSTDP.
(TIF)

S2Fig.Piecewiseconstantthresholdsareagoodapproximation of exponentialthresholds.
Changein thesynapticstrength(numericalsimulations)asafunction of thenumberof pairing
andspiketiming �ï� for (a) piecewiseconstantthresholdsor (b) exponentialthresholds(� = 1)
showagoodqualitativeandquantitativeagreement.
(TIF)

S3Fig.Roleof eCBandNMDAR pathwaysin triplet rules.Changein synapticstrength
(numericalsimulations)for thesamepairingnumbersasin Fig8 andwith thesameconven-
tion of representationasin Fig7(b).
(TIF)

S4Fig.SymmetricLTD induction. Changein thesynapticstrength(numericalsimulations)
inducedbyeachindividual mechanismin Scenario2 (a) andScenario3 (b) asafunction of
thenumberof pairingsandspiketiming �ï�.
(TIF)

S1Movie.STDPvarying asa function of the number of pairings in a triplet protocol. Time
correspondsto thenumberof pairings,with arateof 3 framespersecond;thenumberof
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pairingsis indicatedon thetop of thegraph.Sameconventionasin Fig7(b).
(AVI)
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