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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-
guency 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, learnand storememoryrelieson synapticcon-
nectivity patternswhich arealteredthrough synapticplasticitymechanismsExperimen-
tally, suchplasticitiesvereevidencedhrough protocolsinvolving numerousrepetitive
stimulationsof agivensynapseandwereshownto besupportedoy multiple pathways.
Usingasimplebiologicallygroundedmathematicamodel,we showhow activationtime-
scalesndinactivationlevelsof eachpathwayinteractandalter plasticityin anintricate
mannerasstimuli arepresentedBuilding upon datafrom the synapséetweercortex
andstriatum,we showthat synapticchangesnayrevertor re-emergesstimuli arepre-
sentedandpredictspecificresponset changedn stimulusfrequencyor to distinct sim-
ulation patterns Our generamodelshowshat a givenplasticityprofile emergingn
responséo arepetitivestimulationprotocolcanunfold into variousscenariiuponvaria-
tions of the numberof stimuluspresentation®sr patternswhichtightly dependson the
underlyingactivatedpathwaysAltogether theseresultsarguethatin orderto better
understandearningand memory,singleplasticityresponsesbtainedthroughintensive
stimulationsdo not reveathe complexityof the responsefor smallemumberof presenta-
tions,which mayhaveastrongimpactin fastlearningof stimuli with low numbersof
presentations.

Introduction

Synaptiglasticity,oneof the paramountbiologicalmechanismsupportinglearningand
memoryin thebrain, hasbeenthe objectof awide literaturespanningfrom experimental
works[1+3]to computationalinvestigationg4+6].In 1949 DonaldHebb'spioneeringwork
postulatedhat long-termmaodificationsof the synapticefficacycanbeinducedin responseo
patternsof activity of the pre- and postsynaptimeurong[7]. Sincethen,manyexperimental
studieshaveconfirmedandextendedHebb'spostulateand havehighlightedthe complexityof
the signalingpathwaysandtheir neuromodulationleadingto synapticefficacychangesn
responseo pre- and postsynapti@ctivity patterng[1, 2,8, 9]. Numerousmathematicamodels
werealsodevelopedo emulatethis diversityandinfer their computationalkcapabilitieg4+6].

Spike-timing-depadentplasticity(STDP)is abiologicalphenomenorof activity-depen-
dentchangdn synapticconnectivitythatis viewedasa synapticHebbianlearningrule. STDP
hasbeenwidelystudiedin the lasttwo decadesnd experimentallyobservedit manysynapses
in variousforms,andthosewereclassifiedlependingon the mannerin whichtheyimplement
Hebb'spostulatd8, 9].

STDPis assessegkperimentallthroughrepetitivepairedactivationsof the pre-and post-
synapticsiteswith aprescribediming thatis denotedin this paperi. By convention,wecon-
sider i < Owhenthe postsynaptistimulationoccursbeforethe pairedpresynaptione (post-
prepairings),and i > 0whenthe presynapticstimulationoccursbeforethe postsynaptione
(pre-postpairings).Classicallythe samepairedstimulationis repeatedetweerB0and 150
timesataconstanfrequencybetweerD.1and5 Hz) [8+10].In manycaseshesepairing pat-
ternsinducelong-termplasticityexhibitingvariouspolarities(increaseor decreasef the syn-
apticweightasafunction of the signof 1) or magnitudesin thevastmajority, the expression
of STDPisrestrictedto anarrowintervalof valuedor T ; thus,whenpre-andpostsynaptic
activitiesareseparatedbyalarge i (| 1| > 50msin mostof the cases)o long-termplasticity
isobserved11,12].

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006184 August 14, 2018 2/32


https://doi.org/10.1371/journal.pcbi.1006184

®'PLOS

COMPUTATIONAL

BIOLOGY

Multiple activity-dependent pathways in STDP

In this study,weterm the plasticitiesvherebysequencesf presentationsf
apresynapticpikefollowedby apostsynaptispikeleadto Long-TermPotentiation(LTP)
whenrepeated specificnumberof times(denoted ) atacertainfrequencywhereas
reversesequencesducelong-TermDepressio(LTD). HebbianSTDPwasreportedin vari-
ousstructuressuchasthe hippocampug11, 13+15]the cerebrakortex[12,16+19Jandthe
striatum[20+23].Converselywewill term here(bidirectional) STDP theforms
of STDPexhibitingareversegolarity whencomparedo the aforementionedHebbianSTDP:
causapre-postpairingsinduceL TD andanti-causapost-prepairingsinduceL TP.Bidirec-
tional anti-HebbianSTDPwasalsoobservedfor instancen the striatum[24+28],in the
somatosensorgortex[29] or in the cerebellum-likestructureof the electricalfish [30]. Unidi-
rectionalanti-HebbianSTDP,i.e.LTD for both post-preand pre-postpairings,is another
main form of STDPobservedn theneocorteq31, 32],the dorsalcochleamucleug33], the
cerebellun{34, 35]andthe hippocampug36]. We underlinethat differentdefinitions of
(anti-)HebbianSTDPwereusedin theliterature;the presenttudyfollowsthe terminologyof
earlyexperimentaktudieq11,12],or Figure2 of thereview[8], but differs,e.g. from the defi-
nitions usedin [37].

Theseplasticitiesvereshownto bedependenuponthe parameter®f the stimulation
beyondspike-timing:for instanceyaryingthe frequencyatwhich pairingsarepresentecr
thetotal numberof pairings,presentingdistinct spikepatterns(triplets, singlespike theta
bursts,...) [17,38+41]or changingneuromodulatorytones[21] mayleadto distinctforms of
STDP.

Despitethe existencef multiplesformsof STDP[8, 9], all of themhavein commonthe
crucialrole playedby the calciumtransientsn the pre- and postsynapticompartmentgor
theinduction and maintenancef plasticity.PostsynapticalciuminfluxesthroughNDMA
receptordNMDAR) andvoltage-sensitivealciumchanneldhavebeendemonstratedo be
keyfactorsgoverningplasticityexpressiorand polarity [10]. RegardingHebbianplasticity,cal-
cium-dependenmechanismsctascoincidencedetectorsessentialo implementanytypeof
STDP.In addition, distinct signalingpathwaysappeato beinvolved,namely(i) calciumtrig-
geringdownstreancascadesodulatingcalcium/calmodulin-depedentkinasell (CaMKII)
[42] whichultimatelyregulateshe geneexpressiorand/or (ii) theendocannabinoideCB)sys-
tem,whosesynthesisandreleasés calcium-dependengctingretrogradelyon the presynaptic
elemenf43+45].Importantly, both of thesepathwaysareableto triggerLTP or LTD depend-
ing on the spatio-temporakineticsof the calcium[19,40,46]. Calciumdynamicshusconsti-
tute akeyfactorin synapticplasticityinduction andin selectingplasticityforms. Accordingly,
numerousmathematicamodelswerebasedn calciumtransientsand describedrarious
formsof STDP[5]. In particular,GraupnerandBrunel[47] proposedsimplecalcium-based
modelsableto accountfor awiderangeof experimentabbservation®n synapticplasticity.

However while calcium-basednodelssucceedn reproducingthe resultsof the&classical®
STDP(* 100pairings),theydo not takeinto accountthe dynamicsof the establishmenof
plasticityandthe varietyof timescalesnvolvedin plasticityinduction. Indeed,in computa-
tional neurosciencsdt is implicitly admittedthat the synapsegraduallyamplifiessynaptic
changessthe numberof stimuluspresentatiorincrease$o reachthefinal plasticityprofiles.
However plasticityoccursat vastlydistincttimescaleand protocolsbasedn onehundredtri-
als(i.e.,pairings),asclassicallperformedin STDPexperimentspnly revealan extremesteady
stateoutcome Actually,adozenof trials canbesufficientto induceplasticity,if not lessn the
caseof associativenemory[39,40,48,49]. Importantly, it wasrecentlyshownthat depending
on thenumberof pairings,STDPon the cortex-to-striatumsynapseécortico-striatalSTDP)
exhibitsthreedistinct forms of plasticity:an NMDAR-mediatedL TP andan eCB-mediated
LTD for 100post-preand pre-postpairings,respectively20,21,24,25,27],andaneCB-
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mediated. TP for 5-15post-prepairings[39, 40]. Note that at cortico-striatalsynapses; ABA
operatessaHebbian/anti-Heblian switch[27, 28] and that without the blockadeof GABA
transmissionananti-HebbianSTDPisinducedasobserved [26]. Thesegphenomena
werereproducedn abiophysicalmodelof the cortico-striatalsynapseccountingfor recep-
torsactivationdynamics(36 equationsand 150parameters)40]. However no simple
phenomenologicainodelreproduceshesephenomenaandin particularmodelsof plasticity
basedn the calciumhypothesidail to reproducesuchcomplexdynamicalemergencef
plasticity.

Here,weproposeanewmodelbuilt uponthe calciumhypothesisandtakinginto account
the existencef multiple signalingpathwaysat a givensynapsehat maybeactivatedat distinct
calciumlevelsWe instantiateonemodelto fit the datafrom cortico-striatalSTDP[39, 40],
andshowthat the modelaccuratelyeproduceshe experimenton the dependencef STDP
on both the numberandfrequencyof pairings.We usethis modelto predictthe responsef
the systemasthe stimulusfrequencyandnumberof presentationsrevaried,and extendthe
modelto showhowtriplet ruleswill dependon the numberof stimuluspresentationsOur
modelgoesdeyondthe caseof the cortico-striatalsynapsevith two signalingpathwaysand
wefurther explorethe diversityandlimited rangeof dynamicalplasticityestablishmentthat
canbeunfoldedfrom classicaHebbianSTDP.In the faceof this diversity,wefurther propose
experimentallymplementablerotocolsto differentiatethosescenarii.This studythusshedsa
newlight on theinterplayof multiple signalingpathwaysat singlesynapseandhow this mul-
tiplicity endowsthe synapsavith the capacityof encodingmultiple STDPprofilesdepending
on thenumberandfrequencyof stimuluspresentationandargueghat experimentdasedn
stereotypicastimuluspresentationsirenot sufficientto finely accountfor the complexityof
plasticity,evenin widely studiedsynapses.

Results

A generalizedmodel for STDPwith multiple calcium-basednechanisms

We developedigenerakalcium-basednodelof the synapsallowingto takeinto accountthe
presencef multiple pathwaysand pastactivityin the establishmenof plasticity.Our develop-
mentsbuild uponthe Graupnerand Brunelmodel[47], andextendit by (i) introducing multi-
ple plasticitypathwaysand(ii) takinginto accountthe factthatreceptoractivationthresholds
maydependon pastactivity. We provide herethe detailsof the modelsandthe emergent
changedn synaptiowveight,aswell asatheoreticaformulathereof.

A heterogeneousynapsemodel. Motivatedby the varietyof biologicalsituationsin
whichmultiple pathwaydakepartin STDP suchasthe cortico-striatal[20,24+2839] or neo-
cortical[16+x19,33,50,51] synapsesyeintroducedanewsimplified calcium-basednodel
reproducingthe dynamicsof the establishmentf STDPin thesesituations.The calcium-
basednodelfor STDPintroducedin [47] describeghangesn theindividual synapticefficacy
asaone-dimensionaVariable, function of postsynapticalciumtransientsThis variablecan
bestabilizednto oneof two statespotentiatedor depressedijependingon the activationof
potentiationand depressioimechanismsriggeredwhenthe instantaneousgalciumconcen-
tration exceedspecificthresholdsAt long timescaleandfor experimentsnvolvinglarge
numbersof stimuluspresentationshis modelis ableto accuratelyeproducethe plasticity
rulesobservedxperimentallyHowever this modelwasnot designedo reproducethe precise
changesn plasticityfor variousnumbersof stimuluspresentationsand doesnot distinguish
therespectivémpactof distinct pathwaysMoreover,becausé considersauniqueplasticity
pathwaythe modelgenerateprogressivémonotonic) plasticityinductionsasthe numberof
pairingsincreaseg¢seeS1Fig for anexampleof monotonicHebbianplasticity). To accountfor
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non-monotonicplasticityinductions,wedefinehereanewmodelbasedn theassumptions
of [47], conservinghe samecalciumdynamics but expandedo incorporatemultiple signal-
ing pathwaysndhistory dependence.

Whenmultiple signalingpathwaysontributeto the establishmenof plasticity,calcium
activationthresholdsaredistinctin eachpathwayandthusthe contribution of eachpathway
maybedistributedovertime. Moreover the temporaldynamicsof the establishmenof plas-
ticity requirerefining the modelanddroppingthe assumptiorof [47] thatonly instantaneous
calciumtransientsplayarole. Indeed,althoughthe dynamicsof uptakeandreleasef calcium
arefast,L.TPandLTD activationthresholdsdlependupon the pastactivity of the cell. Thisis
dueto avarietyof phenomenaincluding thelimited resourceof cytoplasmiaalciumin the
vicinity of the synapséresultingin the decreasef calciumspikesamplitudeswith repeated
stimulation), pre- and postsynapticeceptordesensitizatiomnd saturationmechanismsTo
takeinto accountthesephenomenawe expandedhe modelintroducedin [47] to the plastic-
ity of aheterogeneousynapsevith plasticitypathwaysvhosestateis givenby synaptic
efficacieg ) ;1 ;. Weconserveatthelevelof eachindividual pathwaythe assumption
madein [47] andexperimentallymotivated[52], thatthe synapticefficaciesrein oneof the
two statespotentiatedor depressedjependingon the calciumtransientdollowing pre-and
postsynaptistimulationstriggeringbiochemicakascadeleadingeitherto LTP or LTD [53,
54]. Thedifferentsignalingpathwaysareassumedo beindependenfunctionsof (the same)
postsynapticalciumconcentration (), andindividual synapticefficaciesollow the systenof
stochastidifferentialequations:

{_La- rplortor rtfg..1r Y% y,.=1S "

ar.Y% .t y,.=t% a1

where~ ... ... oI isthepastvaluesof calciumconcentrationup to time . Thecalcium
concentrationis identicalto the modelof [47]. In detail,calciumconcentrationrelaxesexpo-
nentiallyto its equilibrium value(herechoserequalto 0 without lossof generality)with atime
constant  in theabsencef spikesEachpre- or postsynaptispike(occurringattimes
denotedrespectively and ), evokescalciumpeakwith amplitude  and respec-
tively:

. 1 X X

S S d.. i d. ot

< <

where modelstherelativedelaybetweertalciuminflux in responséo a post-andapresyn-
apticspike(notethatthis delaycanbepositiveor negativedependingon the respectiveproper-
tiesof pre- andpostsynapticalciumresponses).

In Eq(1), denoteghetime constantof the synapsevolution(on theorderof afewmin-
utesandslowerthanthe calciumdynamics)ijt is assumedo beidenticalfor eachpathway.
Thebistablenatureof eachsynapticefficacyis incorporatedin the modelthroughthe nonlin-
ear(cubic)term:the potentiatedcorrespondéo = 1andthedepressedtateto =0,and
the synapticefficacyconverges$o oneof thesewo statesafterastimulationprotocoldepend-
ing on whetherthe stimulushasbroughtthe individual efficacyrespectivelyhigheror lower
thanavalue .

Theindividual synapticefficacyvariesdependingon the calciumconcentrationthrough
LTPandLTD mechanismshatareactivatedvhenthe calciumconcentrationexceedspecific

thresholdsy, andy, intrinsic to eachsynapticpathwayandthat dependon pastcalcium
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concentration(seenextsection).In detail,assoonasthe calciumtracereachey, (resp.y.,),
therateof variationof theindividual synapticefficacyincreasesf intensityg, (resp. decreases
of g,). Thisphenomenoris modeledby the presencef the Heavisidestep-function 6() =0
if < 0or 6() =1otherwise Asnotedabovethethresholdfor LTPandLTD dependon
the calciumconcentrationdueto avarietyof homeostatior biochemicaldeactivation)
phenomena.

A noiseterm only activeduring the phasesvhereLTP andLTD occur,completeghe
model.Thesefluctuationsareintrinsic to eachpathwayand givenby a Gaussianwhite noise
with diffusion coefficient:

o °* -
ot SPT Y%ty =& Y% .y, =1SE,. .3t

with thenoiseintensityand( ()) 2n 3 acollectionof independentGaussiarwhite
noiseprocesses.

Heuristically this modelstateghat anindividual synapticefficacyswitchedrom apotenti-
atedto adepressedtateassoonasthe LTD termsexceedfor asufficientduration,the potenti-
ationterms,sothattheindividual synapticefficacyeventuallycrosseshe critical value .
Theseswitchesstronglydependon calciumconcentrationjn turn dependingon the precise
timing andorder of pre- and postsynapti¢racessee~ig 1(c).In responseo a pairedactivity
on eithersideof the synapsegachpairing cantriggerLTP and/or LTD, or haveno effect,
dependingon whetherthe calciumtransientsexceed TP/LTD thresholdsTherepetition of
this pairing ata certainfrequencyandafixed numberof times(on the order of 100)reinforces
theseeffectssummingup theseelementarysynapticchangesndpossiblyleadingto aswitch
betweerthe potentiatedandthe depressedtatesr conversely.

Activation thresholds. Theassumptiorof constantactivationthresholdor LTPand
LTD in [47], while beingsufficientto reproduceavarietyof plasticityprofiles,cannotaccount
for the variability observedasthe numberof pairingsvaried[17,39,40,55]. Thisdependence
on pastactivity likely is amultifarious phenomenonrelying for instanceupon homeostasic
mechanismandreversiblgbut durable)changen the propertiesof receptorsaftersustained
stimulation.Accountingfor thesephenomenaequireconsideringthresholddependingon the
pastcellactivity. To incorporatetheseeffectan our model,weassumehat LTPandLTD inac-
tivatewhenthe cumulativecalciumconcentrationexceedagiventhreshold We will consider
two suchmodels:

- theexponentiathresholdmodelin which theinactivationoccursin afinite (but brief) time
of order :
z

Yarrooen g THT Voo d T m

0
for eachplasticitypathway 2 {1, , }, with = or . In thisequationm denoteghecal-
cium levelsheyondwhich receptorsareno moreresponsivethussilencingthe LTP or LTD
of mechanism .

- thepiecewiseonstanthresholdcasecorrespondingo thelimit of the exponentiathresh-
old modelwhen isverysmallcomparedo the observatiortime:
8 Y4
2 .o T <0
~ ya;O I’Q
/NPT | S 0
i1
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Fig 1. Model for the cortico-striatal STDP.(a) Schemat representabn of the cortico-griatal synapsethreeindependenmechanismsf
plasticitycanbeinducedin responseo calciuminflux: eCB-LTDQ eCB-LTPandNMDAR-LTP.Thedynamicsof the NMDAR pathwayrely on
releasedlutamateactivatingNMDAR and AMPA receptordAMPAR), ultimatelyactingon calcium€admodulinreleaseglutamateactivating
NMDAR andAMPA receptor{AMPAR), ultimatelyactingon calcium-cadmodulinvoltagesensitivecalciumchannel{VSCC) TheeCBsynthesis
isunderthe control of metabotrgic glutamataeceptor{mGIuR) andcalciumconcentratim, andactsretrogradelyon CBlreceptos (CB1R)on
the presynafic element(b) Blockdiagramsof the reducedcalcium-baedmodelpropoedwhereeachblock correspondto adifferent individual
synapsevhoseefficiencysplitsinto individual efficacyof NMDAR andeCBpathwaysTheproportion of synapseshangingstatesarethen
computedandthe sigmoidfunction isthenapplied. Themacroscpic changes the productof the contribution of eachindividual pathway(c)
Calciumspikesandplasticitythreshdds for differentSTDPprotocok (segparameterén Tablel, threshold arethoseassociatedith theeCB
pathwayredfor LTD andgreenfor LTP).

https://doi.0g/10.1371§urnal.pcbL006184.g001
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The piecewiseonstantapproximationwill be particularlyusefulfor our analyticalcomputa-
tion of the solutionsof the systermbelow.

This history-dependenthresholdss evocativeof the earlyworkson homeostasis) alearn-
ing rule for thevisualcortex,in particularby BienenstockCooperand Munro [56,57]. This
BCM modelintroducedsuchadependencatthelevelof agivencell'sfiring ratethrougha
modulationof F-I curvesuponthe averagdiring ratereceivedThe history-dependenthresh-
oldsusedin our modelthusdescribedistinct phenomenahataremorelocal(asinglesynapse

vsheuralassembliesgnd probablyfaster(desenzitisatiomr homeostasisia calciumconcen-
trationsvsslowermodulationof firing rates).

Computation of the macroscopicsynapticstrength. Themodeldescribedn the previ-
oussectiongepresentshe dynamicsof onegivensynapseubjectto multiple plasticitypath-

ways Biologicalexperimentgyenerallystimulatealargenumberof synapsesn the order of

hundredsto thousandseachbeingsubjectto its own intrinsic fluctuations.To accountfor

theemergingchangan synapticweightresultingfrom thesenteractionsweconsiderech

systencomposedf synapsedescribedasabove47], whoseinitial stateis uniformly dis-

tributed betweerthe potentiatedand depressedteadystatesand sincetheyrespondto the

samestimulations theyperceivehe samecalciumconcentration The effectivechangan
synaptictransmissionis computedasthe proportion of synapsethat changedstateduring

the protocol,andthis quantityis directly comparedo electrophysiologicaxperimental

measurements.

In detail,the modification aftera stimulationparadigmis
relatedto the collectionof individual synapticefficacies..ft.,  throughtheproportion of
synapsethatgotpotentiated ,~ 3...0 1j ,ffor pathway , andthe proportion of
depressedynapses,” 3...1 0j ,T,bothdependingontheproportion ¢of synapsem
thedepressedtateprior to the stimulation.Asthis proportion is not controllableexperimen-
tally, we proposehereanewmethodto extractthe synapticstrengthwhosefit with experimen-
tal datadoesnot requireto makean assumptiorof asymmetryof the initial stateTo thisend,
weassumehatthe changan the macroscopisynapticstrengthis anon-decreasingunction

oftheratio / (conservingherelevantmonotonicityin thosetwo variables)yith
beingsuchthat:

- (1) = 1:if theproportion of potentiatedsynapseis equalto the proportion of depressed
synapseshe macroscopisynapticefficacyremainsasbefore;

. (0) =LTD? themaximaldepressiovalue observedxperimentallyreachedvhenno
individual efficacyis potentiated =0, > 0).Indeed,in thatcaseregardlessf theini-
tial proportion of potentiatedsynapsesll synapsewill in thelongrun getdepressednd
remainin that statefor subsequentmes.

(1) =LTP’themaximalpotentiation,observedxperimentallyreachedvhenno depres-
sionoccurs( =0, > 0).

In our model,weconsiderthe following sigmoidalfunction:

where isaslopeparametelandthe only freeparameteto befitted to the dataoncethevalues
LTP’ andLTD? areextractedIndeed the aboveconditionsimposethe following formulaefor
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the coefficients:

with 1= (LTP? LTD)/(LTP? 1).

When experimentallowactivatingthe distinct pathwayseparatelythe parametersf the
map canbespecifiedor eachpathway 2 {1 }; theassociatettansform isderived
specificallyevaluatinghevalueof 7, ?and associatetb that pathway Sincein most
casesvedo not haveaccesto this data,weshallconsiderherethatall pathway$aveanidenti-
calmap whoseparametergareevaluatean theresultingdynamicsGivenapostsynaptic
calciumtrace the efficaciegrom differentpathwaysaremutuallyindependentsincetheyare
drivenbyindependenrandomfluctuations(seeEq(1)). Thereforetheresultingmacroscopic
synapticstrengthmodificationdueto all pathwayss givenby:

~ Y a
. .5t

a’l a

In our resultswewill comparethis variableto the changean macroscopisynapticstrength
estimatedexperimentallyasthe relativechangan EPSGsizeafterthe stimulationprotocolis
applied.

Mean-field approximation andtheoretical solution. Thenonlineardynamicalsystem
describedaboves well-posedandits solutionscanbe computednumericallyusingsimula-
tions basedn the Euler-Maruyamaiumericalschemeln orderto finely understandhe
structureof the systemand obtainextensiveandrapid simulations we deriveherean approxi-
mateexplicitanalyticalsolutionof the systemyalid underthe assumptionshat:

1. Thenumberof synapsets large( 1):in that casesinceelementanefficienciesare
independentealizationsof the sameprocessthe proportion of synapsegettingpotenti-
atedor depresseds well approximatedoy the probability that one givenefficiencyperforms
theassociatedwitch,asaresultof thelaw of largenumbers Moregver the centrallimit

theoremimpliesthatthis approximationis accuratdo orderO...1= t;

2. Thresholdsarepiecewiseonstantandonly dependon pastactivity throughthetotal num-
berof pastpre- andpostsynaptispikesThis hypothesiss relevantherebecaus¢heinte-
gralcalciumdoesnot dependjn first approximation,on the preciseiming betweerthe
pre-andpostsynaptispikes;

3. asinglecalciumtransientinducesasmallchangen individual synapticefficacyduring one
pairingandthe cubicterm canbeneglected.

Undertheseassumptionsthe stochastiequationEq (1) reducego alinear Eq(7), whosesolu-
tion is givenby an Ornstein-Uhlenbeclprocesswith switchingcoefficient{varyingasastep
function). Theseprocessesanbefully characterize@nalyticallyandprovideaveryefficient
wayto computesynapticchangesesultingfrom astimulationprotocol,asmadeexplicitin the
MethodssectionWe notethat this approximationonly modelstransientdynamicsoccurring
during the protocol;afterthe endof stimulation,the calciumconcentratiorwill decayandthe
dynamicsbecomedeterministic(the standarddeviationof the noisetermis equalto O assoon
as islesghanthe potentiationanddepressiornthresholdssee=q(3)). Becauséhe dynamics

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006184 August 14, 2018 9/32



®'PLOS

COMPUTATIONAL

BIOLOGY

Multiple activity-dependent pathways in STDP

becomesleterministicandbistableafterthe protocol,the probabilities and computedat
the endof the protocolarethe sameasthe steadystateprobabilities.

NMDAR- and endocannabinoid-dependenplasticity at cortico-striatal
synapses
Themodelwebuilt in the previoussectionis generabindis thusableto reproduceavarietyof
synapseand plasticitymechanismselyingon calciumdynamics We studyin this sectionthe
caseof STDPatthe cortico-striatalsynapsewhich wasstudiedexperimentallywith varying
[39,40].In thesecontributions,it wasshownthat STDPatthe cortico-striatalsynapse
reliedbothon NMDAR andendocannabinoighathwaygsee~ig 1(a)),andthat synaptic
changesfterpairedpre-andpostsynapticspikesnot only dependedn thetiming between
the pre- andpostsynaptispikeshut alsovariedwith the numberandthe frequencyof the
pairingspresentedNamely it wasshownthatfor pre-postpairings(0< i < +40ms),an
eCB-LTDprogressivelappearedsthe numberof pairingswasincreasedyhile for post-pre
pairings( 30 ms< 1 < 0ms),abiphasicSTDPemergedvith aneCB-LTPfor alow number
of pairings(5 15pairings),anabsencef plasticitybetweer25and50pairings,leavingroom
for NMDAR-LTP athighernumbersof pairings( 75pairings).A schematigepresentation
of the biologicalpathwaysnvolvedis providedin Fig 1(a)togetherwith the biophysicaimech-
anismsand proteinscascadeglescribedn moredetailin [40]).
A minimal modelof cortico-striatalplasticitythusrequirestakinginto accounttwo differ-
entandindependentalcium-dependenpathwayg = 2),aneCB-dependennhechanism
( =) whichinducesboth LTPor LTD dependingon the specifictiming 1 of the pairings,
andanNMDAR-dependen{ = ) associatetb LTP only. Thisyieldsto thefollowing system
of stochastidifferentialequationgseeschematidiagramin Fig 1(b)):

% t r.lrt.r rttg...1rtY% I y.=tS

TR
t— "~ r.1rt.r rt

gr Y% .. y.=t%& .1
...671
tg.1rtY%i y.=1& LT
The completesynapsenodelis madeof lindependenpairs...r;r T,  satisfying

Eq(6),andasynapticchangededucedrom the proportion of synapsethat switchfrom being
potentiatedto depressedr reciprocally throughthe sigmoidalmap of Eq(4). Asdescribed
abovejn responséo pre-andpostsynaptispike-timing(1 = ), the calciumdynam-
ics undergoesumpsfollowedby exponentiatelaxationasdescribedn Eq(2), activating
eCB-LTPeCB-LTDandNMDAR-LTP assoonas exceedspecificLTP or LTD thresholds
(seeFig1(c),wherethe LTPandLTD thresholdsarerepresentedby the greenandredlines
respectivelyyvith both thresholdgakenfrom the adjustecharametersf Tablel for theeCB
pathwayWhenonly onepresynapticspike(thuswithout postsynaptispike)is evokedthe
calciumconcentrationamplitudeexceedshe LTP thresholdfor ashortamountof time, and
remainsbelowthe levelof LTD induction: repeatinghis protocol doesnot leadto significant
plasticity.Forapre-poststimulation(i > 0),the summationof the pre-andpostsynaptical-
cium spikedriggersbothLTPandLTD. Thesamesvalidfor i < 0,buttherelativetime
spentabovethe LTP andLTD thresholdsvould besignificantlydifferentdependingon T,
underliningtheimportanceof thetiming andorderbetweerthe spikesn theresultingplastic-
ity: in the exampledepictedin Fig 1(c)andparametergy, from Tablel, apre-poststimulation
yieldsLTD whereas post-prestimulationyieldsL TP, consistentvith anti-HebbianSTDPat
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Tablel. Default parameters

Cortico-striatal STDP
Figs1+8,S2and S3and M1

LTP’
LTD?

https://da.org/10.1371durnal.pbi.1006184001

=1for Figs2 and S2
7
17.1
18ms
10ms
0.5
165
1
3,475
0.55
0.7
6
290

13.5

250

+1

5.8

50

32
1000
102000

Scenario

LTP’
LTD?

Symmetic anti-Hebbian LTD

Hebbian STDPfrom [47]

Figs9and S4 S1Fig
1 2 Scenario Asymmetric Symmetric
7 7 1 2
7 15 15 2 2
17ms 17ms 17ms 20ms 20ms
0 10ms ms 13.7ms 0
0.5 0.5 0.5 0.5 0.5
280 280 280 150 150
1 1 1 2.8284 2.8284
4 4 4 LTP? 4 4
0.5 0.5 0.5 LTD? 0.5 0.5
0.5 0.5 0.5 0.5 0.5
6 11 Yio 1,3 1,3
430 420 g 321.808 257.447
8 +1 m +1 +1
6 10 10 Yio 1 1
190 220 360 g 200 160
+1 29 +1 m +1 +1
5.8 14
100 550
25 25
1000 1000 1000 1000 1000
204000 204000 204000 102000 102000

cortico-striatalsynapses
[26].

[27,28]in theabsencef GABA, receptorantagonisiand

Dependencef the different thresholdson the calciumtrace. To completethe defini-
tion of the model,wedefinedthethreethresholdsy ,y andy andtheir variationsasa
function of the calciumintegral.To this purpose wehavecomparedhe modelresultsto

electrophysiologicakcordingsobtainedat cortico-striatalsynapsef39, 40].

Basedn thefactthateCB-LTPdisappeararound25pairingsin cortico-striatalSTDP,
wedefinedthe LTP activationthresholdto switchfrom activatedo inactivatedatavalue
evaluatecasm ~ 6 which corresponddo 14 pairings(the LTP lingersfor sometime before
disappearing)Homeostaticand saturationmechanismsakeplaceto overcomeunlimited
potentiation,whichwasmodeledconsideringconsistentlywith the electrophysiologicalata
[39,40],thatNMDAR-LTP inactivatesabovea specifidevelof cumulatedcalcium,setto
74pairings,correspondingom ~ 32.eCB-LTDwasconsideredactiveduring thewhole
STDPpairings.We did not addan additionalhomeostasis-and-satuiah mechanisnfor

eCB-LTDin our minimal model,to avoidintroducing additionalparameterandtherisk of
overfitting.

Thesethresholdghusdefinethreedistinct regimesof cumulatedcalciumconcentration
with specificactiveplasticitieqseerig 2):

- Regimd (0-14pairings):botheCB-LTPeCB-LTDandNMDAR-LTP areactive,
- Regimdl (15-74pairings):eCB-LTDandNMDAR-LTP areactive eCB-LTHsinactive,

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006184 August 14, 2018
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Fig 2. Activity-d ependentthresholds (a) Cumulativecalciumconcentraion asafunction of time for 100pairingsat 1Hz (1 =0). (b)
Thresloldsfor eCB-LTP(green)eCB-LTD(red) andNMDAR-LTP (blue)asafunction of the cumulaive calciumconcentration(dottedlines:
piecewise€onstantmodel,solidlines:exponetial threshold, = 1). Threetypicalregimesof plasticityemergedependingon which pathwayis
activatedseeext).

https:/Hoi.org/10.137/journal.pcbi.206184.g002

- Regimdll (75+pairings):only eCB-LTDis active.

Analytical solution for cortico-striatal STDP. Wefitted this modelto the dataof the
cortico-striatalsynapseBecausef the numberof systenparametergomparedo the experi-
mentalpoints,wedeveloped multi-stepfitting algorithm consistentvith the underlyingbio-
logicalsystemWefitted independentlythe parameteref NMDAR- andeCB-dependent
mechanismsisingthe dataof [39,40] andaddingthe constraintthatfor large| i | (> 40ms)
no plasticityoccurs.Theseparametersvereusedto calculateahe total changen macroscopic
synapticstrength,usingthe analyticaformula,and we depictthe resultof this calculationasa
function of T andthe numberof pairingsin Fig 3(a).This calculationallowsoneto uncover
the continuousprofile of the synapticstrengthchangeasa function of the numberof pairing
presentationsandwe confirmedthatthe theoreticakalculationisin goodagreementvith
simulationsof thefull nonlinearsystenfor = 1000synapsessshownin Fig 3(b)+3(d)(and
S2(a)Figfor thefull heatmap).

Theseesultsalsoshowedagoodqualitativeagreementvith the experimentatiata.ln
particular,wefoundthatfor i < 0,LTPappearsapidly afterafewstimuluspresentations
(Fig 3(b)), disappearsasthe numberof pairingsincreasegaround25stimuluspresentations,
Fig 3(c)),beforere-emergingoeyonds0pairings(Fig 3(d)). Thefastemergencef eCB-LTP
followedby aslowerNMDAR-LTP pointstowardsthe factthatthe potentiationeffectsof the
eCBpathwayaresignificantlylargerthanthoseof the NMDAR pathway Analyzingthe quan-
titative valuesof thefit parametergseeTablel), weindeedobservahatg isapproximatelyé
timeslargerthang . For i > 0,LTD progressivelgstablishefecomingsignificantaround
40pairingsandstrengtheningn amonotonicway.TypicalSTDPprofilesillustrativeof this
Fig 3(b)+3(d)for threesamplepairing numbershighlightingthe presencef threemain
regimessingle-sided. TP betweerl0and 25 pairings(representedherefor 13 pairings),no
significantplasticityaround40pairings,andanti-HebbianSTDPat 100pairingsasobserved
experimentallyin [24,27,28]. TheseSTDParisedueto the calciumtransientsgeneratedy a
singlepairing,andtypical configurationsof calciumconcentrationandthresholdgor one
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Fig 3. Cortico-striatal STDPand its dependerewith pairing number. (a) Changan macrosceic synapticstrengthasafunction of the numberof
pairings andspiketiming i computedwith the analyticaformuladerivedin the Methodssectionshowsanon-monotonic LTP induction for
i < 0andmonotonicLTD establishrentof i > 0.Therespectiveole of eCBandNMDAR pathwayss investigatd in Fig5(b)+5(d)SampleéSTDP
profilesfor 13(b), 40(c) and100(d) pairings(top), with calciumtracesassociatedith 7 = 10 ms(left)and i =+10ms(right). Analytical solution
(Egs(16)and(17),brownline) andnumericalsimulationsof Eq (6) (bluecrossesgareboth representedor comparison

https://abi.org/10.1371durnal.pbi.1006184003
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Fig 4. Cortico-striatal modeland experimenrtal data. Changdan macroscopisynapticstrength(numericalsimulations)asafunction
of thenumberof pairingsin the simplified modelshowagoodagreenentwith experimeatal pointsfrom [39,40]. Eachexperimatal
point is markedby anemptycircle,togethemwith the associatedchean(filled circle)and standarddeviation(error bar),for pre-post
(red) and post-pre(black)pairings.For the model,we performedthemeanfor +5ms< 1 < +40msand 40 ms< i < 5 ms.

https://doi.org/1A.371/journal ¢hi.1006184.g04

givenpairingat 1 = 10 msin Fig 3(b)+3(d)showhow activity-dependenthresholdselate
to the changesletailedaboven synapticplasticity.

Thenumericalresultsshowa goodagreementvith the data,asshownin Fig4. In this fig-
ure,wesuperimposeexperimentatiatapoints andstatistic§rom [39, 40] togethemwith the
numericalsimulationsof the changdan macroscopisynapticstrengthfor post-preand pre-
postpairingspredictedby the model. The only noticeabledeviationarisedor lesghan 10pair-
ings,wherethe modelshowano significantplasticitywhile experimentshowarapid establish-
mentof plasticity.This maybeexplainedoy therigidity of the bistability hypothesisequiring
asignificantchangdn theindividual synapticefficacyto inducea switchfrom onepotential
wellto the otherand,in turn, avariationin the macroscopisynapticstrength.

Finally,wenotethat our resultsderivedin the caseof piecewiseonstantthresholdsper-
sistwith our morerealisticexponentiathresholdamodel(seeS2(b)Fig)illustrating the sta-
bility of our modelandtherelevancef piecewise&onstantapproximationsof the STDP
thresholds.

Pathwayinactivation in the cortico-striatal synapse. To testthevalidity of the cortico-
striatalsynapséuilt uponeCBandNMDAR signalingpathwayswe computedthe plasticity
predictedwhenoneof the two mechanismss inactivated Experimentallyjt wasshownthat
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Fig 5. Respectierolesof eCBand NMDAR signaling pathways.eCB-(left) and NMDAR- (right) dependat plasticityonly
computednumericallyasafunction of thenumberof pairingsand 1, togethemwith experimentapointsobtainedfrom [39,40] by
pharmalograllyimpairing, respectivelNMDAR- or eCB-depedentplasticities.

https://doi.0g/10.1371§urnal.pcbL006184.g005

wheneCBsystenwasimpaired,the synapselisplayd TP for post-prepairings( 30 ms<

i < 0ms)arisingafterhigh numbersof stimuluspresentationg > 70).Blocking
NMDAR pathwaydeadso post-preL TP for low numbersof pairingsprogressivelgisappear-
ing aspairingsarepresentedandapre-postLTD (i > 0)for largenumbersof pairings(> 75)
[40]. In our model,blockingeCBpathwayss equivalento computingthe synapticchanges
through only,andblockingNMDAR-dependenpathwayseducesynapticchangeso
only. In thesetwo caseswe obtainedaverygoodagreemenbf the modelsimulationswith
theseobservationsasshownin Fig 5. We notein our modelthe emergencef aweak
NMDAR-LTP on the pre-postsidefor largenumbersof presentationsThisis inconsistent
with the experimentallata,andrelatedto our choiceof consideringho NMDAR-LTD to keep
aminimal modelwith alimited setof freeparameterseproducingthe mostprominentaspects
of the cortico-striatalSTDP.This effectcould bereadilyavoidedby addingNMDAR-LTD.

Overall,the modelappearshusnot only consistentvith experimentatiataon the com-
bined effectof multiple pathwaygo which it wasfitted, but alsoto the responsef the synapse
in pharmacologicasituationswherebyoneof the pathwayss blocked validatingthe hypothe-
sisthat the presentdependencen numbersof presentationselieson distinctandindepen-
dentmechanisms.

Influence of the frequencyof stimulus presentation. To further testthe stabilityandto
harnesghe predictivepowerof the model,weconsideredhe change$n macroscopisynaptic
strengthandits dependencen the pairing frequencyTheanalyticafformuladerivedin the
Methodssectionis only valid whenthe pairing frequencyis sufficientlysmallto ensurethat
the calciumconcentrationgoesackto its baselindetweertwo pairings;at higherfrequen-
ciesderivingasimilar formularemainspossibleput becomesnuch moreintricate becausef
theinteractionsbetweermultiple pairings.Indeed,for pairingspresentedat high frequency,
the synapticchangeassociatetb apairinginteractswith the previousandthe following repeti-
tions of the stimulationprotocol.For instancean STDPprotocolwith pre-postpairings
(7 > 0) presentedhatafrequency# will resultin achangedependingoothon 1, but alsoto
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post-prepairingsat i °= 1/# + i < 0 (with thefollowing stimulation),anegligibleeffectfor
smallfrequenciegwhen i %is significantlylargerthan i), but becomingprominentfor rapid
stimuli andtendingto overwhelmtiming-dependencéwhen i °and i areof the sameorder
of magnitude) As expectedin responseo pairingswith increasingrequencya periodicpat-
tern appeargwith aperiodidenticalto that of the stimulation),andthusthe rangeof valueof
relevanti decrease® theinterval( 1/2#, 1/2#).

Fig 6 representsherespons®f the modelfor STDPprotocolswith variousstimulationfre-
quenciesWe first observedor 10Hz and30Hz (Fig 6(a)),the appearancef periodicpatterns
aspredictedabove At 10Hz, the STDPprofile seemsot to bedifferent(exceptor the peri-
odic pattern)from the oneat 1 Hz. We observedhatincreasingpairing frequencyalteredthe
plasticityprofile in severalays At higherfrequencie$30Hz), plasticitytendsto loseits
dependenc the spiketiming. At 30Hz pairing frequencyand 100pairings,L TP tendsto
dominatesinceLTD hasdisappearedn the pre-postsideand LTP startsemerging.Thisis
illustratedin Fig6(b)whereis depicteda plasticityoccurringat 100pairingsfor asmallrange
of T, highlightingthe progressivestablishmenof aunidirectionalLTP asfrequency
increasesThis modelpredictionis qualitativelyconsisteniwith experimentabbservations
[17]. At 30Hz, the modelpredictsthatan LTD independenof the spiketiming ( $ $ate-based
LTD) shouldappeabetweertOand60pairings.From the modelviewpoint,thisis dueto an
almostflat unidirectionalLTD arisingin this rangeof numberof pairings,but to datethis
remainsan openquestionandrequiresexperimentalalidation.

A limit of the presentmodelis reachedvhenthe frequencyis sufficientlyhigh for the cal-
ciumtraceto remainabovel TP andLTD threshold=during the wholestimulationprocedure.
Dependingon therelativevalueof the LTP andLTD thresholdseitherLTP or LTD endsup
dominatingathigh frequencyFor higherfrequencieg> 55Hz) in our casethe calciumcon-
centrationremainedabovel TP andLTD thresholdsafterasmalltransition period.In this
regime the resultingSTDPchieflyrelieson the choiceof parameter$ TD? andLTP’. This
effectcanbeseerfor 40Hz Fig6(b),wherewehaveaLTD independenbf thetiming of the
spikesWe limited our studyup to 30Hz pairing frequencysincefor higherfrequencyour
modelstartslosingbiologicalrelevance.

Triplets of spikes. Experimentakvidenceaswellasthe model'spredictions,suggesthat
the presencef multiple pathwaysnducesa dependencef resultingplasticityon the number
of stimuli presentedThe modelallowsto predictthosedependencedn this sectionwechar-
acterizethe predictionsthe modelprovidesregardingplasticitieanducedby triplets of spikes.
Suchplasticitiesarisingafterrepeategresentation®f two presynapticspikesand onepost-
synapticspikeor converselyweredescribedexperimentallyin [38,55,58], butto dateno
experimenthasshownthedependencefthose % &% uponvariationsof the numberof
stimuluspresentations.

Severaimodelsof triplets havebeendevelopedecently aiming atreproducingtheinterac-
tion of three(or more) spikesin particular,amodelof triplets groundedon plasticitydata
from pyramidalcellsof layer2/3 of rat visualcortexwasdevelopedndcapturedtheinfluence
of the pre-andpostsynaptispikegprecedinga pairedstimulation [38](60-80stimuluspresen-
tations).Another modelof interactionsbetweerspikeds developpedn [59] to reproducehip-
pocampabatafrom [58] at 60pairings.In [60], voltage-basetulesof STDPareusedto study
triplets of spikesat 60 pairingsspecificallySimulationswith tripletswerealsoperformedfor a
calcium-basednodelin [47], for two differentnumberof pairings(30and 100).Finally,a
modelbasedn NMDAR kinetics[61] wasdevelopedn [37] to studythe stabilityof the
weightdistributionsthrough numericalsimulationof apopulationof synapsesonnectedo
oneneuron.All thesemodelsfocuson Hebbianplasticityanddo not includelong time influ-
enceof theinactivationof the differentsignalingpathwaysThe modelsproposedn [59, 60]
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Fig 6. Impact of stimulation frequercy. (a) Synapticstrengthmodification (numerical simulatins) asafunction of the numberof
pairingsandspiketiming i whenstimuli arepresentedit L0Hz and 30Hz. (b) Averaggand standarddeviation)of the synapticstrength
modificationasafunctionof i for 100stimuluspresentationsndvariousfrequencies.

https://abi.org/10.137Aournal.pchi.106184.9g006

consideredafixed numberof pairings,excep{4 7] wheresimulationswith two differentnum-
bersof pairings(30and 100)showeda monotonicappearancef the plasticitiesevenfor trip-
letsprotocols.

Our model,incorporatingalong-timedependencef inactivationthresholdshighlights
newpatternsof STDPthat stronglydependon the numberof triplet presentationsin Fig 7(a)
aredepictedthe changesn synapticstrengthasafunction of (i) thetypeof stimulus(number
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Fig 7. Predictionsof the dependencef triplet rulesupon numbersof pairings. (a) Synapticstrengthmodification (numerical
simulationg asafunction of the numberof pairingsfor differenttriplets protocok. Eachsquareepresentthe changen synaptic
strength(whichintensityis color coded)asa function of the numberof pairings for aprecisei ; and 1 ,. Insets(right) providean
alternativerepresentaon of the samequantityin the monophasicD (up), biphasicPD (middle) andtriphasicPPD(down) case(b)
Schemati representatn of the differenttripletsconfigurationsn (a) with i = . for pre-post-prestimulationsand i =
for post-pre-posstimulaions. (c) Different phasegmono-, bi- andtriphasic)of STDPobservedn protocok of tripletsasafunction

of i ;and i ,. PandD codefor potentiation (LTP) anddepressiofLTD).
https://da.org/10.1371¢urnal.pbi.1006184007
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of spikesof the pre- or postsynapticeuron), (ii) the timing betweerspikesand (iii) thenum-
berof stimulations.Stimulationswith two pre- andone postsynapticspikesaredepictedn the
upper-lefttriangleasafunction of thetiming of the presynaptispikeselativeto the postsyn-
apticspike i 1 < T ,, andthosewith onepre-andtwo postsynaptispikesaredepictedin the
lower-righttriangleasafunction of thetiming of the postsynaptispikeselativeto the presyn-
apticspikewith T 1> 1 ,(seeFig7(b)).In Fig7(a),for eachvalueof T ; and i 5, aheatmap
describeshechangen synapticstrengthasafunction of the numberof pairingsin the caseof
the cortico-striatalsynapseatudiedabove This diagramshowscomplexnon-monotonic
dependencegf plasticityasafunction of the numberof pairings,with vastlydistinct profiles
dependingon thetiming.

Indeed,only asmallportion of the diagramshowsamonophasiestablishmenof plasticity
with only LTD (20% bluesquaresn Fig 7(c)),asit would bethe casewith asingleSTDP
mechanisninvolved(notethat, evenfor thosestimuli, the establishmenof plasticitymaynot
bemonotonic,asshownin the monophasidnset). The majority of the stimulationstherefore
yieldanon-monotonicestablishmenof STDPasafunction of the numberof presentations.
We distinguishediour main profilesof plasticityestablishment:

- biphasicpotentiation-depreden plasticity(PD), characterizedby an earlypotentiationof
the synapsdollowedby depressior{greensquaresn Fig 7(c),arisingfor *32% of the sti-
muli considered)characterizedby a phaseof earlyeCB-LTPfollowedby the establishment
of astableeCB-LTD;

- biphasicpotentiation-potentation plasticity(PP),characterizeégainby anearlyeCB-LTP
followedby anabsencef plasticityandthe re-emergencef a potentiationrelyingon
NMDAR pathwaysasstimuli arepresentedred squaresn Fig 7(c),arisingfor 20%of the
stimuli considered);

- triphasicpotentiation-potentiaion-depressiormplasticity(PPD),(yellowsquaresn Fig 7(c),
arisingfor *24% of the stimuli considered)distinct from biphasicPD casesvith anearly
establishmenof eCB-LTPfollowedby theemergencef an NMDAR-LTP eventuallyover-
comeby eCB-LTD;

- triphasicpotentiation-depressiopotentiationplasticity(PDP),(orangesquaresn Fig 7(c)),
arisingonly for afewstimuluspatterns(*4% of the stimuli considered)¢correspondingo
anearlyeCB-LTPdisappearingrogressivelyleavingroom for eCB-LTDeventuallyover-
comeby NMDAR-LTP (this tight competitionbetweereCB-LTDandNMDAR-LTP
explainghe smallrangeof parametersvherethis occurs).

Thereforethe dependenceponthe numberof triplet presentationdighlightsthe complex
interplayof the multiple pathwaysn the establishmenof plasticityfor stimuli more complex
thanspikepairs.In particular,Fig 7 showshat vastlydistinct STDPsmergdor fixednumbers
of stimuluspresentationsWe observedhat the map of synapticefficacychangeslependson
thenumberof stimuluspresentations-ig 8.

Becausef the earlyactivationof eCB-LTPweobserveatlow numbersof triplet presenta-
tions (see~ig 8(a))thatonly LTPis expressedindis particularlyprominentfor post-pre-pre
presentationgupper-lefttrianglewith 7 ;< Oand i » < 0),andsmallerplasticityregionsfor
post-post-preand post-pre-postripletswith respectivelyi , sufficientlynegativeor i ; suffi-
cientlylarge.This LTPrelieson the eCBpathwayonly, asshownin the S3Fig. Thelatter plastic-
itiescanactuallybeunderstoodrom spikepairing:indeed whenoneof thetimings i ;or 7 »
is sufficientlylarge the synapticchangéollowsspikepair rules,leadingto the observecdkarly
eCB-LTP Similarly,this effectis enhancedvhenadoubletof postsynaptispikegprecedes
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Fig 8. Triplet rules(numerical simulations)for 10,25,50and 100pairings. (sameconventionasin Fig 7(b)).

https://doiorg/10.1371§urnal.pcb1006184.908

presynapticspike At 25presentationsf spikedoubletsywehaveseerin Fig 3 thatno significant
LTD waspresentandonly eCB-LTPwasexpressedlhisis not the casdor spiketriplets.
Indeed triplets havethe ability to revealweakeCB-LTD(Fig 8(b)), particularlyin the pre-post-
postregimewherethe doubletof postsynaptispikesncreaseshe associatedalciumpeakand
leadgo the expressiorof the eCB-LTDsignificantlyearlierthanfor spikepairs.eCB-LTPper-
sistsfor post-pre-prestimulations but no significantL TP wasfound for post-pre-posbr pre-
post-poststimulations for which the calciumspikedoesnot exceedheincreasedhreshold
anymoredueto pastcalciumtransientsFor 40triplets (not shown),theeCB-LTPin the post-
pre-preregimeis significantlyreduced andeCB-LTDinfluencebroadenswhile NMDAR-LTP
emerged the post-post-prepost-pre-posand pre-pre-postegions significantlyearlierthan
the NMDAR-LTP arisingfor doubletsof spikesThis emergencés evenmore visiblefor 50trip-
let presentationgFig 8(c)),togetherwith the appearancef the NMDAR-LTP in the post-pre-
preregion.A newpocketof LTP arisesalsoin the pre-post-preregionwith 7 1< T », wherethe
NMDAR-LTP inducedby the post-prepairingsof spikesovercomeshe eCB-LTDof the pre-
postpairingsof spikeslnterestingly this newregimedisappearasthe numberof stimulus
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presentationss increasedarisingtogethemwith the full expressiorof eCB-LTDfor 100pairings
(Fig 8(d)). The post-pre-preNMDAR-LTP reachesargervalueghanin the caseof doubletsat
100pairingsFig 8(d). A movieof the variationof synapticefficacyasa function of the number
of pairingsis providedin Supplementarjvlovie M1.

Variety and diversity of plasticity ruleswith multiple signaling pathways

STDPatthe cortico-striatalsynapsestudiedin the previoussection providesarealisticexam-
ple of plasticitywith multiple pathwaysOur model,relyingon only two equationsandasmall
numberof biologicallyinterpretableparameter&mulatingNMDAR- andeCB-dependent
pathwaysreproducesll the phenomenaeportedat the cortico-striatalsynapseandallowed
to draw predictionson plasticityfor more complexstimuli suchastriplet rules.The present
modelis howevermuchmore generathanthe caseof the cortico-striatalsynapset can
indeedemulatesynapsewith more thantwo signalingpathwayswith arbitraryindependent
plasticityrules,andthusallowsunravelingthe dynamicsof plasticityexpressiorin avarietyof
synapsewith distinct plasticity.Interestingly while beingquite versatilethe repertoireof
behaviorghat canbereproducedyivenafixed numberof pathwaysemainslimited, andthe
modelthusalsoprovidespredictionson the minimal numberof pathwaysnvolvedgivena
plasticityprofile. Indeed,a singlepathwayshallinducea monotonicestablishmenof plasticity
if thereis no inactivationof the pathwaywhereasituationswith two pathwaysanleadto
four change®f plasticity(LTP andLTD inactivationfor eachof the two pathways)possibly
with periodsof non-significantsynapticchangesMore generallyplasticitywith  pathways
mayleadto upto 2 change®f monotonicity, possiblyinterspersedvith periodsof non-sig-
nificant plasticity.

Weinvestigatén the nextsectionsafewpossiblescenariirelying on at mosttwo signaling
pathwayghat couldleadto Hebbianor anti-Hebbianplasticityand suggesexperimentghat
coulddistinguishdistinct situations.

Symmetricanti-Hebbian LTD. In neocorticalexcitatorysynapseento inhibitory inter-
neurons60pairingsat 1 Hz leadgo an anti-HebbiansymmetricLTD [32]. Anotherexample
of anti-HebbiansymmetricLTD hasbeenfound atthe synapsebetweerparallelfibersand
Purkinje-like cellsof the electrosensoripbeof mormyrid electricfish for aprotocol of 60pair-
ingsat0.5Hz [34]. It remainsunknown how the establishmenof this plasticitydependson
thenumberof presentation®f the stimulusor on the frequencyof presentationsandthose
canhavedramaticeffectsf multiple pathwaysontributeto this phenomenorasin the caseof
the cortico-striatalsynapsedndeed,anti-HebbianLTD canunfold into diverseprofilesasa
function of the numberof pairings,andweexploreapart of this diversityhere limiting our
explorationto the simplestinon-trivial caseof plasticitiegrelyingon up to two signalingpath-
waysWe focuson threepossiblescenariiconstrainedo reproducesymmetricLTD at100
pairingsand1 Hz.

Scenariol: Thesimplestplasticityframeworkleadingto symmetricLTD is composef asin-
gleplasticitypathwayIn thatcasel TD establishemonotonicallywithout LTP expression
(seeFig9(a)and parametersn Tablel). Variationsin the frequencyof the stimuluspresen-
tation doesnot revealany potentiation,andraisingfrequencyup to 30Hz leadsto acon-
stantLTD independenbf spiketimings.

Thesituationis more complexwhentwo signalingpathwaysontributeto the establish-
mentof the symmetricanti-Hebbianplasticity.Multiple scenariicanbedesignedeadingto
unidirectionalLTD at 100pairingsat 1 Hz. Here,we considersituationswheretwo pathways
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Fig 9. Distinct mechanismdeadingto unidirectional LTD at 100pairingsand 1 Hz. Synapticstrengthmodification
(numericalsimulatins)asafunction of the numberof pairingsand 1 for asynapséa) with asingleplasticitymechatism
(Scenariol), (b) relyingon two mechanismspneof whichinducingan earlyL TP inactivatingasthe numberof pairings
increase¢Scenario?), or (c) relyingon two mechanismspneof whichinducinga HebbianSTDPandthe secondnducinga
pre-postLTD (Scenario3).

https://doi.org/10.371/journal ¢hi.1006184.909
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interact,oneof which (pathwayA) inducesLTD andLTP ataprescribechumberof stimulus
presentationandthe othermechanism(pathwayB) only leadingto LTD:

Scenario2: PathwayA leadso anearlyemergencef LTP thatinactivatesaspairing numbers
areincreasedThis mechanisnis similarto the caseof eCB-LTRin the cortico-striatalsyn-
apsestudiedabove.

Scenario3: PathwayA leadgo anenduringLTP not inactivatedwvhenthe numberof pairings
isincreasedbut whichis dominatedby the LTD generatedby pathwayB.

In detail,weconsiderin Scenario2 that pathwayA generatean earlypost-preL TP that
inactivatesasthe numberof pairingsincreasesandalate-appearingre-postLTD. At the same
time, pathwayB generatea unidirectionalLTD arisingafterthe earlyL TP of pathwayA (see
S4(a)Figdepictingindividual plasticityprofilesfor eachmechanismwhenthe otheris inhibited,
andparameterén Tablel). In this situation,LTP disappeargspairing numbersincreaseand
LTD takesoverleadingto bilateralLTD at100pairings(see~ig 9(b)). When presentingstimuli
athigherfrequencytiming-dependencelisappear favorof aconstantLTD at 100pairings,
andthusexperimentdasedn the presentatiorof afixed andlargenumberof pairingswill not
allowto distinguishScenariol from Scenario2. However the responsef the synapsén Sce-
nario 1 and Scenario2 asafunction of the numberof pairingsat 30Hz is distinct. Particularly,
at20pairings,Scenario2 leadso aconstantilateralL TP, vastlydistinct from the absencef
plasticityarisingatthis frequencyand numbersof pairingsin the single-mechanisroase.

In Scenario3, the plasticitypathwayB leadso a unilateralpre-postLTD, while pathway
A inducesaHebbianSTDPat 100pairingsand1 Hz (LTPfor 7 > O,LTD for i < 0,see
S4(b)Fig depictingthe plasticityinducedby eachpathwayindependentlyand Tablel for
parameters)WhentheLTD of mechanism dominateghe LTP of mechanisni, aunidirec-
tional LTD wasobservedit 100pairings(1 Hz), andno significantregionof LTP arisesatthis
frequency(seerig 9(c)).However increasinghe pairing frequencyyieldsvastlydistinct
resultsandthe underlyingLTP,invisiblefor presentation®f the stimuli atlowerfrequencies,
re-emergesignificantlyfor pre-postpairings,andthe spike-timingdependencef plasticity
strengthensnddisplaysa HebbianSTDPprofile locally.

TheseSTDPexampleshowanovelphenomenonmultiple independenimechanismsot
only affectemergentong-termplasticityfor low numberof pairings,but theycanalsoleadto
non-trivial emergenplasticitiesvhenstimulation protocolsaremodified. Thesephenomena
cannotbe predictedfrom the observatiorof the resultof stimulationprotocolswith afixed
andlargenumberof pairingspresentedtlow frequency.

Hebbian plasticity. We choseto examinen the previoussectiongwo typesof anti-Heb-
bian STDPsasymmetricSTDP[27, 28] andsymmetricLTD [32, 34]. Themodelis alsoableto
reproducethe wholespectrumof plasticitiedescribedn [8], in the flavor of the simulations
performedin [47]. AsymmetricHebbianplasticityis commonlyobservedit varioussynapses
[11+2362],andcanbereadilystudiedalongthe samdinesasthe anti-Hebbiancasedescribed
here,inverting LTPandLTD. Hebbiansymmetricplasitictyis observedn the hippocampus
[36]. We showfor instancen S1Figthe caseof Hebbiansymmetricor asymmetricSTDP
usingparametersakenfrom [47], supportedby asingleplasticitypathway Our presentsim-
plified mathematicamodelis thusableto reproduceandpredictvariousformsof STDPat
playin neuralcircuits.

Discussion

Synaptiglasticityis acomplexphenomenorrelyingon the activationof anumberof recep-
torsandsignalingpathwayg3, 10]. A substantiablifficulty for experimentalistss to
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characterizelasticityin the largevarietyof possiblesituationsoccurring . Toreduce
this complexity,aprotocoldesignedo revealplasticityconsistsn consideringchangesn syn-
aptictransmissiorafterthe reiteratedpresentatiorof afixed spikepatternalargenumberof
times(on the order of onehundred)and at a slowrate.From theseexperimentsit remains
complexto decipherthe multiple signalingpathwaysnvolvedin the expressiorf plasticity,
andtheir complexinterplay,particularlyfor low numbersof stimuluspresentationsr for vari-
ouspairingfrequencies.

To disentanglehedistinctiverole of multiple pathwayswedevelopednd studieda
phenomenologicainodelof the evolutionof synaptioweightsandtestedts responsem dis-
tinct situations. Themodelrelieson calciumtransientgriggeredby the spikingactivity of
neuronson both sidesof the synapsesndis built upon previoustheoreticalworks (se€47]
andreferencesherein).Whenplasticity(LTP andLTD) relieson multiple signalingpath-
ways[10], thetimescaleatwhichthesemechanismsctivateandinactivateuponrepetitive
stimulationcanleadto avarietyof behaviorsasafunction of the numberand of thefre-
quencyof pairings,which cannotbeinferred from experimentsvherethosearefixed. Our
modelproposes generabnd minimal frameworkto integratemultiple signalingpathways
andtheir dependencegponrepetitivestimulations We haveinstantiatedthis modelwith
two specifigpathwaysNMDAR- andeCB-dependenthat wasinspiredby experimentsat
cortico-striatalsynapseshowingvariationsof the emergenplasticityuponvariationof the
numberof pairings[39, 40]. Our modelreducedo two stochastiequations=q (6) anda
smallnumberof parametersandaccuratelyeproducedhe dataobtainedin that experimen-
tal contribution. To our knowledgethis modelis the mostparsimoniousmodelreproducing
STDPexperimentalesults yetmanymodelsof the clasghat weintroducedcanbeproposed,
including for instanceNMDAR-LTD or pathwaysactivatedy distinctmoleculesWe also
usedthe modelto predicttheresponsef the systemwhenthe numberof stimulations the
pairing frequencyor the numberof spikesarevaried.Thisled usto draw predictionson the
modificationsof STDPprofileswhenthe frequencyof stimuluspresentationsvasvaried.
Eventuallywe havemadenewpredictionson the dependencef triplet rulesuponthe num-
berof stimuluspresentationsand showedhat complexnon-monotonicSTDPprofiles
emergewith up to threedistinct phasesOur modelgoesbeyondthe particularcaseof the
cortico-striatalsynapsédor which datawasavailableandwepursuedour investigationdy
consideringdistinct mechanismshat couldunderlieanothertypeof plasticity,symmetric
anti-HebbianLTD (with LTD for pre-postandpost-prepairings).In this caseweinvesti-
gatedthreedistinct possiblescenariiinvolving up to two distinct pathwaysand showedhat
unexpectegphenomenanayariseupon variationsof the numberand frequencyof pairings,
andin particulartheemergencef anLTP at 100pairingsfor high frequenciesOverall these
resultshighlightthefactthat electrophysiologicaxperimentsat afixed frequencyandapre-
scribednumberof pairingsmaynot besufficientto extrapolatgo other situationswith
smallemumbersof pairingsor presentatiorfrequencies.

To our knowledgethe presentmodelis thefirst to takeinto accountdistinct signaling
mechanisménvolvedin plasticityin asimpleand compactframework.The simplicity of the
presentmodelallowsto envisiontheimplementationof this typeof synapseatthelevelof a
neuralnetwork,openingthe wayto theoreticalktudiesof information processingapacityof
networksendowedwith complexactivity-dependenplasticityrules.In additionto the devel-
opmentof aframeworkintegratingmultiple pathwayspneof the main noveltiesof this
modelcomparedo othercalcium-basednodelsis that wehaveexplicitlyincorporatedactiv-
ity-dependenthresholdsallowingto recoverthe responsef plasticitymechanism®sn the
pastactivity of cells.In the presentmodel,wesimplyassumedhat this history-dependence
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is parameterizedby a cumulativecalciumconcentration Explicitly incorporatingthis depen-
denceallowstakinginto accountin the modelmultifariousexperimentafactsincluding
finitenessof the calciumpoolin the postsynapticompartmentdesensitizatiof synaptic-
receptorsand homeostasicechanism$63]. The presentmodelproposingthatthis depen-
denceon pastactivity relieson cumulativecalciumconstitutesafirst step,andcouldbe
refinedin severatlirections,for instanceincorporatinga slowdecayof past-activitydepen-
dencewith time (consideringintegratedcalciumspikeswith an exponentiallydecaying
kernelfor instance)movingaveragem theflavor of slidingthresholdsn the classicaBien-
enstock-Cooper-MunrgBCM) rule [56,57].In our casethe averagectivity of theneuron
would besimply modeledby postsynapticalciumconcentration(areasonabl@roxy of neu-
ral activity),or with morerefinedmodelsinvolving distinct molecularspeciesndtheir
timescales.

Despiteagoodqualitativeagreemenandanimprovedaccuracyon the dynamicsof the
expressionf plasticity,wefound that our modelshowsa slightmismatchin thetimescalest
which plasticityemergesfirst, althoughexperimentsat cortico-striatalsynapseshowa signifi-
cantplasticityarisingasearlyasb pairingsandreachingamaximumat 10 pairings,wedid not
find in themodelsignificantplasticityat 5 pairingsandthe maximalplasticityoccurredaftera
slightlylargernumberof 12 pairings.Moreover,aunidirectionalLTPin the cortico-striatal
plasticityat 100pairingswasobservedxperimentallywhenthe frequencyof pairing presenta-
tionsreached! Hz, whilethe modelreproduceshis phenomenorslightlyabove30Hz. We
believethatthis slowerresponsef the presentmodelrelieson the bistablenatureof the
model,following [47]. This bistabilitymakeghe systenquiterigid andresistanto rapid
changesandadirect perspectivavould beto implementamoreflexiblemodeldroppingthe
bistablemodelbut conservinghe long-termstabilityof macroscopisynapticstrength
ensuredy the bistablepotential. The presentmodelwould bealsousedin future worksfocus-
ing on theimplementationof the cortico-striatalSTDPin largestochastimeuralnetworks,
with severatlassesf interneuronsaimedat understandinghe possibleaole of implementing
distinct cortico-striatalplasticity,in particularLTP,arisingat varioustimescalesndtheir pos-
siblerolein information processingn striatum.

All in all, the presentmodelsuggestto reconsidela currentwidelyadmittedimplicit
hypothesisn models andquestionghe usualviewof STDPin modelsthat considerafixed
curvesolelydependenbn the spiketiming (7). Indeed,in mostneuralnetworkmodelswith
STDP,it is consideredhat synapticcoefficientsareprogressivelyncrementeddependingon
spiketimings andaccordingto toy-modelsof STDP(e.g. double-exponentiaturves) Thisis
implementedn variousmannersjncluding additiveor multiplicativechangeslependingon
all spikepairingsor on the nearest-spikéseee.g.[64]).

At thelevelof networks,anumberof stochastianodelsweredevelopedo studytheinflu-
enceof STDPasasynapticplasticityrule (seethereview[4]). In particular,earlyworksshowed
theinfluenceof classicaHebbianandasymmetricSTDPIin the dynamicsof neuronalnet-
works[65+67].Therole of STDP-basedulesin the emergencef structuresn recurrentneu-
ral networkswasalsostudiedin a serief papershighlightingfor instancea possiblekey
impacton the self-organizatiorof microcircuits[68+70].More recently the distribution of
synapticweightsandits stabilityin randomlystimulatednetworkswith differenttriplet rules
hasbeenextensivelstudied[37]. Theactivity-dependentule we proposecdhere,reproducing
variablesynapticchangessafunction of the numberof stimulations mayleadto significant
changeén theresultingconnectivityand dynamicsof neuralnetworks.Our modeloffersan
avenudo revaluateghe possiblamodificationsof the resultingdynamicsemphasizingherole
of timescalei thesesystemg$71].
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Methods
Numerical methodsand parameters
Simulationswereperformedwith acustomcodeimplementedn Python2.7or 3.5,developed

within the environmentof the! suite(! O & . Com-
putersoftwareVers.2-2.4.0Continuum Analytics,Nov. 2015 Web.<https://continuum.
i0>). Themain modulesused & % %, . Elementarysimulationsof the

modelwererun on aMacbookPro (Intel Corei5 processoand 16 RAM) and moredemanding
simulationswereexecutedn the Inria Paris-Rocquencoudomputercluster Figuresandplots
wererealizedusing % % moduleof Pythonandlllustrator/Photcshopof the Adobeseries.

Unlessspecifiebtherwiseweusedthe parametewnaluedistedin Tablel. Thesegparameters
wereoptimizedstartingfrom initial guesseshoserfor consistencyf the modelwith thedata
usingthe extensiveanalysiof [47,Fig 2]. For adjustingour parametergo the cortico-striatal
plasticity,weusedaglobaloptimizationalgorithm,the (( % %& function from

$ = moduleto obtainqualitativefits.

Simulationsof the modelwererealizedeitherfrom thetheoreticalexpressionsomputed,
or with numericalsimulationsof the systenof stochastiequations=q (6). We usedtemporal
discretizatiorusingan Eulerschemeon = 1. ..101swith stepqseerablel) andrun
thesimulationfor asetof = 1000individual efficaciesTo computethe changen macro-
scopicsynapticstrengthfor the different pairings,werun the simulationfor =100
pairingsandstoretheresultsfor all the pairingsduring the STDPprotocol. Thereforefor each
fixed T, theresultsobtainedfor differentpairingsarenot independentwhich hastheinterest
of uncoveringthe evolutionof onegivensynapseandhasno impacton the globaloutcomeof
the simulationsascanbeseenwhencomparedwith analyticalresults Exceptfor Fig 3 where
theanalyticaimean-fieldsolutionsarerepresentedall the figuresshowthe numerical
simulations.

For Fig 6, wehavereproduced30independensimulationsin parallelto obtainthe statisti-
calmeansandstandarddeviationsdepicted All heatmapsisedalogarithmiccolorbarto rep-
resentchangesn synapticstrength.The classificatiorin mono-, bi- or tri-phasicregimesn
Fig 7(c)wasdonethroughavisualinspectionof the STDPcurvesassociatetb eachof the 20
Tiand i ,.

The Ornstein-Uhlenbeckapproximation

Themodelwestudiedis nonlinear,andassuch,it wascomplexto derivethe explicitform of
the probability distribution of the solutions Followingthe approachproposedn the Appendix
of [47], wederivedthe probability distribution of the solutionof an approximatemodelvalid
whenthe systenremainsin thelinear part of the cubicbistableterm. Themodelinvolvesalin-
earOrnstein-Uhlenbeckvith deterministictime-dependentoefficients () and () thatwe
computedasfollow. The solutionof linear stochastialifferentialequationsof type[72] (with "
astandardBrownianmotion):

r.t” ateti bt fs.ttT e
with initial condition o canbeeasilyexpresseth closedorm as:
z z z
r.t”r, a..t % a..t b.&t&
0 0 £ 7 ...81
t a...t s..&t"..&f:

0 &
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Asindicatedin the maintext, the synapticchanges obtainedusinga sigmoidtransformof the
proportion of synapsethat, afterthe protocol,havecrossedipwardsthethresholdvalue
overtheproportion of thosethat crossedlownwards Sincethe abovedescribedOrnstein-
Uhlenbeckprocesss Gaussiantheseprobabilitiesarefully characterizedby the meanandsin-
gle-timevariancefunctionsof , whichhavethefollowing expressions:

Y4 y4 Y4
(%or.Tjr S 1, a..t t a..t b..&t& ..ot
0 0 &
and
Y4 z
%or ... Tir,S 2 a.t s’.&té& ...10t
0 &

Wethusderivethetime-varyingcoefficients and arisingin the approximatednodel,for
theeCBpathway(the othercanbedealtwith in the sameway). Thesearecomputeddescribing
thetime spentabovethe variousthresholdof the model. We denoteby Z the averagdime
spentabovethethresholdy : this quantity only dependsn the calciumdynamicscanbeeasily
computedanalyticallyfor eachgivenapairing protocol. Similarly,wedefine = thetime
atwhichthe eCB-LTPis inactivatedatthe cortico-striatalsynapsewith  beingtheduration
betweertwo pairingsand the pairingnumberatwhich eCB-LTRisfirst inactivated.

DenotingG ~ g Z,wehavethefollowing compactformulaefor the coefficientof the
Ornstein-Uhlenbeclprocesses, and

8
% G fG. 1
- <
t t,
a.ft” A1t
g 6. 1
. — — <
t t,
8
2 E" ﬁ <
~ t t
b..rf S 1 .12t
; 0 -
8 r 00000000000000
Z¥Z . s,
S p—m <
t t,
s . [ osee ...131
E Y4 s° S, <
' t P
Becausef the simple piecewiseonstantform of the coefficientsywe have for determin-
isticinitial conditions:
8
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and
8
%sf 1 2— <
~ tl
%or S E ...15%
2 2 1 2— 21 2 <
> s8] 0 t ¥ s? 0
Theprobabilitythataninitially depressedynapséecomepotentiateds thusgivenby:
Il
o .
St rsrr .ot ot L o1t N L) LTS 22 SO T
2 % S...T
andthe probability of aninitially potentiatedsynapséo becomedepressedy:
Il
St r<rr o0ttt L1 r el A7t
2 %r S...T

allowingdirectlyto obtainthe changen synapticweightassociateds ~—— .

A comparisonof the Ornstein-Uhlenbeclapproximationwith the numericalsimulations
of thenonlinearsystenis providedin Fig 3(a)and S2(a)Fig,showingagoodagreementor
theparameteisetchosen.

Experimentaldatapoints

Thedatausedto fit andvalidateour resultswerepreviouslypublishedin [39,40]. Wereferto
thesepaperdor more specifidnformation on the experimentaprotocol.

Supporting information

S1Fig. Hebbian STDP.Changen the synapticstrength(numericalsimulations)asafunction
of thenumberof pairingsand 7 for asymmetriqa) andsymmetric(b) HebbianSTDP.
(TIF)

S2Fig. Piecewiseconstantthresholdsare a goodapproximation of exponentialthresholds.
Changén the synapticstrength(humericalsimulations)asafunction of the numberof pairing
andspiketiming 1 for (a) piecewiseonstantthreshold=or (b) exponentiathresholdq = 1)
showagoodqualitativeand quantitativeagreement.

(TIF)

S3Fig. Roleof eCBand NMDAR pathwaysin triplet rules. Changen synapticstrength
(numericalsimulations)for the samepairing numbersasin Fig 8 andwith the sameconven-
tion of representatiorasin Fig 7(b).

(TIF)

S4Fig. SymmetricLTD induction. Changen the synapticstrength(numericalsimulations)
inducedby eachindividual mechanisnin Scenario2 (a) and Scenario3 (b) asafunction of
thenumberof pairingsandspiketiming 7.

(TIF)

S1Movie. STDPvarying asafunction of the number of pairingsin atriplet protocol. Time
correspondso the numberof pairings,with arateof 3 framespersecondthe numberof
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pairingsisindicatedon thetop of the graph.Sameconventionasin Fig 7(b).
(AVI)
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