


andNa+ channels(Cavs,Navs)andNMDA receptors(NMDARs) thatcanamplify locally
suprathresholdelectricalsignalsandthus,generatedendriticspikesin manyneurontypes.
Theonsetof suchspikesoftenresultsin supralinearsummationwith respectto thearithmetic
sumof theindividual synapticpotentials;dendriticNavsalsofacilitatebackpropagationof axo-
nalactionpotentialsinto thedendritic tree.Sublinearsummationmayalsooccur,depending
on dendritic input impedance,thedensityof activeconductances,andthedistribution of syn-
apticinputs,both in thespatialandtemporaldomain[1, 2].

Forexample,corticalandhippocampalpyramidalcelldendritesarereportedto feature
modesof supralinearintegrationthatarebolsteredby theaforementionedactivedendritic
conductancesandregenerativemechanismsassociatedwith them,i.e.,dendriticCa2+-spikes,
dendriticNa+-spikes(termedD-spikesin thefollowing),andso-calledNMDA-spikes[3±8].
Conversely,sublinearintegrationisperformed,e.g.,byGABAergiccerebellarstellatecellden-
dritesviareductionsin driving forcefor largedendriticdepolarizations[9].

Asidefrom suchcomputationsthatultimatelyconvertanaloguesignalsinto binarycodeat
theaxoninitial segment,usingvariousmodesof information processing[10], anotherfunc-
tional outcomeof dendritic integrationis thereleaseof transmitterfrom thedendritesthem-
selves.Dendritic transmitterreleaseoccursin manybrain regionsandisparticularlywell
known from theretinaandtheolfactorybulb [11]. In thebulb,axonlessinhibitory granule
cellsreleaseGABAexclusivelyfrom spineson their apicaldendritethatcontainreciprocal
dendrodendriticsynapseswith theexcitatorymitral andtuftedcells.Mitral andtuftedcellsdo
not communicatedirectly(unlesstheybelongto thesameglomerularunit andinteractdirectly
viatheir apicaltufts [12,13]).Rather,their only interactionhappensvialateralinhibition
mediatedbygranulecellsandotherlocalinterneuronsubtypes,of whichgranulecellsarethe
mostnumerous[14]. Thus,thepropertiesof dendritic integrationin granulecellsareessential
for theonsetanddegreeof lateralinhibition.

Dendritic excitabilityin granulecellsalreadysetsin with single-spineactivation,becausea
singlemitral/tufted cellinput cantriggeralocalNa+-spikewithin thespine[15]. Thisspine
spikecancausereciprocalreleaseof GABAviagatingof high-voltage-activatedCavs[16]. Acti-
vationof largernumbersof spinesisobservedto resultin globallow-thresholdCa2+-spikes,
whicharemediatedbyT-typeCavs[17±19].SynapticallyevokeddendriticNa+-spikelets(D-
spikes)havebeenreportedfrom mouse,turtle, andfroggranulecells,causingregionalCa2+

entry[19±21].Finally,full-blown globalNa+-spikescanbeelicitedbystimulationof asingle
glomerulus,resultingin substantialCa2+ entrythroughoutthegranulecelldendrite,with
largeramplitudeandfasteronsetthanCa2+ entrymediatedbyCa2+-spikes[22,23].

Sofar, it isunknownhowmanycoincidingmitral/tufted cellinputsarerequiredto elicit
thesespiketypesÐandtherewithCa2+ entryalsoin nonactivatedgranulecellspines,possibly
invoking lateralinhibition: If Ca2+-spike-mediatedCa2+ entrysufficesto triggerlateralGABA
releasefrom at leastsomereciprocalspines,thenthethresholdfor dendriticCa2+-spikegener-
ation isequivalentto theonsetof lateralinhibition, whereasglobalNa+-spikesarelikely to
causelateralinhibition with greaterefficiency.PresslerandStrowbridge[24] havepredicted
thatat least20coactivemitral/tufted cellinputs(within atime windowof 1millisecond)are
requiredto achieveglobalNa+-spikegenerationwith 50%reliability, in line with therather
hyperpolarizedgranulecellrestingmembranepotentialVm = ± 80mV andmedianunitary
excitatorypostsynapticpotential(EPSP)amplitudes� 2 mV in our hands[15,17].

Another intriguing questioniswhetherthelocalspineNa+-spikescancontributeto den-
dritic integrationin granulecells.Is it conceivablethat thespinespikesacrossanactivated
spineclustercanteamup to ignite thelocaldendriticsegment,resultingin aD-spike?Conven-
tional sequential2-photonuncagingof glutamate(which involvesmovingthe2D xy-scanner
from oneuncagingspotto thenext)wouldprecludeobservationsof sucheffectsbecauseof the
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inactivationof Navsduring thesequence.Therefore,wesimultaneouslyactivatedspinesin 3D
with aholographicsystem[25]. Importantly, thisparadigmiscoherentwith physiologicalacti-
vation,becausethefiring of mitral andtuftedcellswithin aglomerularensembleisprecisely
lockedto thesniff phaseandthuscanbesynchronizedwithin 1millisecond[26]. Holographic
stimulationalsoenabledusto targetsufficientnumbersof inputs,aproblemin 2D becauseof
thelow granulecellspinedensity(1±2spinesper10μm; [27]) and,indeed,allowedusto inves-
tigatetheonsetof nonlocalspikingandultimatelyto elicit globalNa+-spikes.

Results
To studysynapticintegrationwithin granulecellapicaldendrites,wemimickedsimultaneous
mitral/tufted cellinputsto adefinednumberandarrangementof granulecellspinesin the
externalplexiformlayerby2-photonuncagingof 4-methoxy-5,7-dinitroindolinyl-cagedgluta-
mate(DNI, [15,28])atmultiple sitesin 3D usingaholographicprojector[25]. Cellsin juvenile
rat acutebrain sliceswerepatch-clampedandfilled with Ca2+-sensitivedyeOregonGreen
BAPTA-1(OGB-1,100μM) to recordsomaticVm andCa2+ influx into oneor severalstimu-
latedspinesandseveraldendritic locationsby2-photonCa2+ imagingwithin a2D plane(see
Materialsandmethods).

Subthreshold dendritic integration

To characterizesubthresholddendritic integrationin termsof somaticVm, wefirst consecu-
tivelystimulatedindividual spinesto obtainsingle-synapseuncaging-evokedEPSPs(single
uEPSP),followedbysimultaneousactivationof thesamespines,resultingin acompound
uEPSP.Thenumberof coactivatedspineswasincreaseduntil eithertheglobalNa+-spike
thresholdor theavailablemaximumwerereached(10±12spines,seeMaterialsandmethods).
Under thegivenexperimentalconditions,wesucceededto elicit globalNa+-spikesin 34out of
111granulecells.In therepresentativegranulecellin Fig1A,9coactivatedspinesgenerated
globalNa+-spikesin 4 out of 7 trials.Thisstochasticbehaviorat thresholdwasalsoobservedin
all otherspikingcellsin our sample.Asto thenumberof globalNa+-spikesperresponse,23
cellsfired 1spikeat threshold,6 cellsfired doublets(e.g.,Fig1A),and5 cellsfired yetmore
spikes,with variationsin spikenumbersacrosstrials in somecells.Theaveragelatencyof the
first spikewas42± 40milliseconds(average± SD);secondspikesoccurredatameanlatency
of 86± 70millisecondsfrom thefirst (n = 11).TheaveragesingleuEPSPamplitudeacrossall
spikinggranulecellspineswas1.4± 1.4mV (n = 272spines,distribution of individual uEPSP
amplitudes,seeS1AFig).Theintegrationof uEPSPsoriginatingfrom severalspineswasquan-
tified bycomparingtheamplitudeof thearithmeticsumof therespectivesingleuEPSPtraces
to theactuallymeasuredmultispinecompounduEPSPamplitudefor increasingnumbersof
coactivatedspines,yieldingasubthresholdoutput±inputrelationship(sO/I) for eachcell
(reviewedin [1]).

Theanalysisof sO/Is(Fig1B)indicatesthat (1) for low numbersof coactivatedspines,the
averagesO/I relationshipacrosscellswaslinear;(2) beyondacertainstimulationstrength,the
compounduEPSPamplitudeexceededtheamplitudeof thearithmeticsingleuEPSPsumby
anoutput/input (O/I) ratio of at least1.2in themajority of cells(n = 19of 29).Weclassified
thesesO/Isassupralinear.Thechoiceof thiscriterion (O/I ratio� 1.2)isbasedon thelarge
varianceof singleuEPSPamplitudesin our dataset(seeMaterialsandmethods,S1Fig).The
numberof cellsclassifiedassupralinearwasfound to behighly robustagainstaloweringof
thiscriterion (seeS1Table).In these19cells,supralinearitywasattainedatanaverageof
6.7± 2.6stimulatedspinesandalwaysmaintainedbeyondthis thresholduntil globalNa+-
spikegeneration(exceptfor onecellwherethelastaddedsingleuEPSPwasverylarge).(3)
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Persistentsublinearintegration(O/I ratio< 0.8)beyondathresholdwasobservedin only one
cell,whereastheremaining9 cellsdid not showanyconsistentdeviationsfrom linearbehav-
ior. In thissubsetof 10cells,theaveragesingleuEPSPamplitudewassignificantlylargerthan
for the19supralinearcells(2.1± 0.6mV versus1.1± 0.6mV, p< 0.001).

Becauseeachspikinggranulecellrequiredits individual spinenumberto reachthethresh-
old for globalNa+-spikegeneration(for therespectivestimulationpattern),wenextaligned
thesO/Isto theonsetof theglobalNa+-spikebeforeaveraging(Fig1C;seeMaterialsand
methods).TheensuingaveragedsO/I relationshipwaslinearuntil globalNa+-spikethreshold
(correspondingto thenumberof coactivatedspinesthat triggeredaglobalNa+-spikein a

Fig 1. Subthreshold dendritic integration in granule cells. a: Left:Z-projection of 2-photonscanof representativecell,top partshowsmagnified insetwith uncaging
spotslabeledbybluestars.Right:SomaticcompounduEPSPsandglobalNa+-spikesgeneratedbysimultaneousactivationof 1,3,5,7,and9spines(AP).Inset:Single
uEPSPsrecordedat thesoma(seeMaterials and methods). b: sO/I of n = 29individual experiments.Graylinesandcircles�: Sublinearto linearintegration.Blacklines
and�: Supralinear integration(solidcircles:datafrom a).Bluelinesand�: AveragedsO/I of 1 to 9coactivatedspinesacrossall GCs.Dashedline: lineary = x.Graylines:
Cut-off supra-andsublinear regimefor classificationof cells(y = 1.2x,y = 0.8x,seeMaterials and methods). 1datapoint of 1experiment exceedsthescale.c: sO/I
cumulativeplot of experimentsin b with dataarrangedfrom -9 to 0spinesrelativeto globalNa+-spikethreshold.Significancelevelsreferto O/I EPSPamplituderatio
distributionswith meansbeyondthelinearregime(0.8±1.2)testedagainstlinearity(seeinset,Materials and methods). Bluediamonds◆: averagesO/I of all experiments
(seealsoinset):Supralinear at−2 (p = 0.006)and0spines(p< 0.001,meanO/I ratio 1.53± 0.63).Blackdiamonds◆: averageof supralinearsO/Isonly (n = 19),
significantly exceedinglinearsummationbeyond−3spines:−2spines(p< 0.001),−1spine(p = 0.007),0spine(i.e.at threshold, p< 0.001,meanO/I ratio 1.86± 0.52).
Graydiamonds◆: averageof sublinear to linearsO/Isonly (n = 10),significantly belowlinearsummationbelow−3spines:−7spines(p = 0.027),−6spines(p = 0.008),
−5spines(p = 0.020),−4spines(p = 0.021,meanO/I ratio 0.79± 0.37).Inset:averageO/I ratiosof all experimentsversusspinenumberrelativeto globalNa+-spike
(AP) threshold. AP,actionpotential/globalNa+-spike;EPL,externalplexiformlayer;GCL,granulecelllayer;MCL, mitral celllayer;O/I, output/input; sO/I,
subthreshold O/I relationship; uEPSP,uncaging-evokedexcitatorypostsynaptic potential.In all figures, datameansarepresented± standarddeviation;�p< 0.05,��p<
0.01,���p< 0.001.

https://doi.org/10.1371/journal.pbio.3000873.g001
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subsetof stimulations),whereit turnedsupralinear.TheaveragedO/I ratiosbecamesignifi-
cantlysupralinearat−2spinesbelowthreshold(seeFig1Cinset;seeMaterialsandmethods).
For theaveragedsupralinearsO/Is(seeabove),theO/I ratio washighlysignificantlysupra-
linearfrom −2spinesbelowthresholdupwards.Theaverageof theremaininglinear/sublinear
sO/Iswasessentiallylinear,with atendencytowardsublinearityfor lowernumbersof coacti-
vatedspines.Thus,wefind thatdendriticVm integrationisbyandlargelinearat thegranule
cellsoma,with asupralinearincreasein Vm closeto globalNa+-spikethresholdin themajority
of cells.

Transition from local spine spikes to nonlocal Ca2+-spikes

Becausegranulecellsareknown to featureglobalCa2+-spikesandtheir generationhadbeen
associatedwith anincreasein EPSPamplitudeandduration [17], weinvestigatedwhether
theonsetof thesupralinearityin somaticVm observedin themajority of sO/Iscoincidedwith
Ca2+-spikegeneration.Wedetectedthetransitionfrom localspineNa+-spikes(whichdo not
causedetectabledendriticcalciumtransients;[15,17]) to Ca2+-spikegenerationviatwo-pho-
ton Ca2+ imagingin dendriticshaftsthatwereon average4.4± 3.3μm remotefrom thebaseof
thecloseststimulatedspine,thusnot directlyadjacentto thespines(e.g.,Fig2A;n = 52cells).
Dendritic Ca2+ transientswereconsideredto indicatethepresenceof aCa2+-spikeif their
amplitudewasabovenoiselevel(ΔF/F� 8%,seeMaterialsandmethods).Wealsoalways
imagedat leastonespinethatwasphotostimulatedthroughoutall spinecombinations(termed
spine1 in thefollowing),asexemplifiedin Fig2A,showingsomaticVm andconcurrentCa2+

transientswithin spine1 andatseveraldendritic locationswith increasingnumbersof stimu-
latedspines.ThesedendriticCa2+ transientsattenuatedsubstantiallywhilepropagatingfrom
theactivatedspinesetalongthedendritetowardsthesoma(Fig2B,n = 38locationsin 12
cells).Thus,theCa2+-spikereportedhereismostlyaregionalsignal.BeyondtheCa2+-spike
threshold,highernumbersof activatedspinesresultedin largerdendriticΔF/Fsignalswith
increasedextent(Fig2A and2B),whichcanbeexplainedby therecruitmentof additionalvolt-
age-dependentconductances(seeResults,Fig7).

Across28granulecellsthatcouldproducebothCa2+- andglobalNa+-spikesunderour
experimentalconditions,stimulationof,on average,5.5± 2.1spinessufficedfor Ca2+-spike
generation(atanaveragesomaticVm thresholdof −67.8± 7.6mV), whereasactivationof
9.0± 1.6spineswasrequiredto elicit aglobalNa+-spike(atasomaticthresholdof −60.2± 8.8
mV; bothspinenumberandVm threshold:p< 0.001Ca2+- versusNa+-spike,Fig2C).In cells
thatdid not yetfire aglobalNa+-spikeat themaximumnumberof stimulatedspines,the
thresholdspinenumbersfor Ca2+-spikeswerenot significantlydifferentfrom thosein spiking
cells(n = 25analyzedcells;5.3± 2.3spines,respectively;p = 0.82).Thelow somaticVm thresh-
oldsindicatedistalinitiation zonesfor bothspiketypes.

Thus,Ca2+-spikegenerationrequiredsubstantiallylowernumbersof coactivatedexcitatory
inputsthanglobalNa+-spikegeneration.However,whencompounduEPSPpropertieswere
alignedto theCa2+-spikethresholdspinenumberbeforeaveraging(Fig2D,2Eand2F),there
wasno discontinuousincreasein amplitudeor O/I ratio or kineticsat threshold(i.e.,no signif-
icantdifferencefrom thelinearfits to thesubthresholdregimeat threshold,seeMaterialsand
methods;seefigurelegendfor p-values).Thus,theonsetof aCa2+-spikeasreportedbyden-
dritic ΔF/F isnot substantiallyinvolvedin thegenerationof Vm supralinearity.Theregional
dendriticCa2+-spikeobservedherediffersfrom earlierobservationsof granulecellglobal
Ca2+-spikes(alsotermedlow-thresholdspikes)thatweregeneratedbyglomerularor external
electricalfield stimulation[17,19],andthatspreadevenlythroughoutthedendriteandalso
boostandbroadensomaticEPSPs(seeDiscussion).
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Fig 2. Dendritic Ca2+-spikes: A nonlocal mode of dendritic activation. a: Left:Scanof representativegranulecell(asin Fig1).Sp1andD1-D4indicateline scan
sites,andstarsindicateuncagingspots.Right,bottom:SomaticVm tracesof single-spineandmultisiteuncaging(globalNa+-spiketruncated).Right,top:Averaged
ΔF/Fin thespineuponactivationof 1,6,10,and10spinesat therespectivelocations. Right,middle:Averaged ΔF/Fin thedendritemeasuredat increasingdistance
from theactivationsiteuponsubthreshold activationof 6and10spines.Truncateduncagingartefactin fluorescencetraces.Gray:signalssubthresholdfor Ca2+-spike,
green:atCa2+-spikethreshold, black:EPSPsandassociatedΔF/Fsignalsjustsubthreshold for globalNa+-spikethreshold,magenta:suprathreshold for globalNa+-
spike.b: Dendritic Ca2+ signalsversusdistancefrom thecenterof thestimulatedspineset.Greencircles�: responsesatCa2+-spikethreshold,blackcircles�:
responsesfor EPSPsjustsubthreshold for theglobalNa+-spikethresholdor evokedbymaximalavailablespinenumber.Datafrom 12cellswith ΔF/Fdataimagedat
variousdistancesfrom thesetof stimulatedspines.Solidsymbols:Datafrom cellin a. Greenandblacklines:Exponential fits to respectivedatasets(atCa2+-spike
threshold:decayconstant± SD:λ = 61± 30μm,ΔF/F(200μm) = 0%,n = 38datapoints;ator closerto globalNa+-spikethreshold: λ = 69± 47μm,ΔF/F(200μm) =
8%,n = 44datapoints).c: Comparisonof spinenumbers(left) andsomaticthresholds(right; bothn = 28,p< 0.001,pairedt-test)for Ca2+-spikesandglobalNa+-
spikes.All error barsdenotestandarddeviation, alsoin panelsd, e, f. d: MeansomaticcuEPSPamplitudeswith spinenumbersalignedrelativeto Ca2+-spike
threshold([0]Ca2+-spike; n = 25).Differencebetween[−2/−1] and[0] not significantly differentfrom extrapolatedlinearfit (p = 0.29;Wilcoxontest,seeMaterials and
methods for detailsof thetest,seeS2AFigfor datapointsfrom individualexperiments).Graysymbols:subthresholdCa2+-spike,greensymbols: suprathreshold Ca2

+-spike, dashedline: linearfit of subthreshold meanamplitudes,alsofor e, f. e: MeanO/I ratiosalignedrelativeto Ca2+-spike,not significantly differentfrom
subthreshold (p = 0.78,n = 25).f: Kineticsof compounduEPSPs(n = 25granulecells,seeS2AFigfor datapointsfrom individualexperiments):No significant
increaseaboveextrapolatedlinearfits atCa2+-spikethresholdfor rateof rise(left,p = 0.52,n = 25)or risetime (middle,p = 0.49,n = 25)or halfdurationτ_1/2(right,
p = 0.42,n = 22).cuEPSP,compounduEPSP;EPL,externalplexiformlayer;GCL,granulecelllayer;MCL, mitral celllayer;n.s.,not significant; O/I, output/input;
uEPSP,uncaging-evokedexcitatory postsynapticpotential.

https://doi.org/10.1371/journal.pbio.3000873.g002
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Transition to supralinear behavior due to D-spikes

Becausethetransitionfrom linearto supralinearregimesin thecellswith supralinearsO/Is
couldnot beexplainedby theonsetof Ca2+-spikes,wenextinvestigatedthis transitionin
greaterdetail(in thecellswith supralinearsO/Is,n = 18).Wenoticedthat this transitionwas
alwayslinked to theoccurrenceof spikelets(e.g.,Fig3A) and/oranincreasein themaximal
rateof rise(e.g.,Fig3B),whicharebothknownto indicateD-spikes([3, 20,29±32]).Spikelets
wereobservedin 7 out of the18cells.Thetransitionto D-spikinghappenedatanaverageof
6.5± 2.7spines,significantlyhigherthanthespinenumberrequiredfor Ca2+-spikeonsetand
lowerthanfor Na+-spikes(Fig3C).Arrangementof thedatarelativeto thetransitionspine
number(Fig3D) showsahighlysignificantdiscontinuousincreasein compounduEPSP
amplitudesat threshold(i.e.,significantlydifferentfrom linearfit to subthresholdregime,see
Materialsandmethods),andtheconcomitantincreasein O/I ratios(Fig3E).Thisalignment
alsorevealedhighlysignificantincreasesof severalcompounduEPSPkineticparameters,
namely,maximalrateof rise,risetime,andhalfduration(Fig3F).

Althoughtheincreasedmaximalrateof riseÐasmentionedpreviouslyÐisahallmarkof D-
spikes,howcanD-spikesbeconsistentwith theobservedincreasein compounduEPSPrise

Fig 3. D-spikes in approximately two thirds of granule cells: Spikelets and/or increased rate of rise associated with onset of supralinearity in O/I plot. a:

Examplesof somaticspikeletsrecordedfrom 2differentcellsatdifferentnumbersof coactivated spines.Greentracesandspinenumbers:Ca2+-spikethreshold. Black
tracesandnumbers:Na+-spikelets. Magentatracesandnumbers:Full-blownglobalNa+-spikes,truncated(Na+-spike:shortfor globalNa+-spike,alsoin c). b: Example
cuEPSPVm recording in risingphase(top) andfirst derivative(bottom).Colorsasin a, blackhere:D-spike,indicatedby increasein rateof rise.c: Comparisonof
spinenumberssufficientto elicit Ca2+-spike,D-spikeandglobalNa+-spikein thesamegranulecell(n = 18cells;F(2,53)= 20.75,p< 0.001,Ca2+-spike:5.1± 1.4,D-
spike:6.5± 2.7,globalNa+-spike:8.9± 1.7Holm±Sidakposthoc:Ca2+-spikeversusD-spike:p = 0.027,Ca2+-spikeversusglobalNa+-spike:p< 0.001,D-spikeversus
globalNa+-spike:p< 0.001).d: MeansomaticcuEPSPamplitudeswith spinenumbersalignedrelativeto D-spikethresholdfor granulecellswith supralinearsO/Is(n
= 18;x-axisasin panelbelow).Differencebetween[−2/−1] and[0] highlysignificantly differentfrom extrapolatedlinearfit (p< 0.001;Wilcoxontest,seeMaterials
and methods, seeS2BFigfor datapointsfrom individual experiments).Graysymbols:subthreshold D-spike,blacksymbols:suprathreshold D-spike, dashedline:
linearfit of subthreshold meanamplitudes, alsofor e, f. e: MeanO/I ratiosalignedrelativeto D-spike(x-axisasin panelbelow).Increasefrom 1.03± 0.13to
1.77± 0.54,not tested,becausetheonsetof supralinearO/I ratioswasthecriterion for theselectionof cellsandthesettingof theD-spikethreshold. f: Kineticsof
cuEPSPs(n = 18cells):Highly significantincreasesbeyondextrapolatedlinearfits atD-spikethresholdfor rateof rise(left,p = 0.002,n = 18),risetime (middle,p<
0.001,n = 18)andhalfdurationτ_1/2(right, p = 0.009,n = 16).SeeS2BFigfor datapointsfrom individualexperiments.Amp,amplitude; D-spike,dendritic Na+-
spike;O/I, output/input; rel, relative;cuEPSP,compounduncaging-evokedexcitatorypostsynaptic potential.

https://doi.org/10.1371/journal.pbio.3000873.g003
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time?Previously,wehadobservedthatsingleuEPSPrisetime evenincreaseduponNav block-
ade,becauseof theblockof thespineNa+-spike[15].

Thisapparentdiscrepancycanbeexplainedby thesubstantiallatencyof D-spikes,asevi-
dentfrom thelatencybetweenuncagingonsetandthepeakof spikelets,whichwas21± 19
milliseconds(median10milliseconds;n = 7 cells;seeFig3A bottomandDiscussion).Further-
more,our pharmacologicalexperiments(seenext)provethat theobservedchangesin com-
pounduEPSPkineticsin supralinearcellswereindeeddueto theactivationof dendriticNavs.

In conclusion,thesupralinearityobservedin thesO/Isof themajority of granulecellsis
dueto theonsetof aD-spike.

Additional Ca2+ influxes into the spine mediated by Ca2+-, D-, and global

Na+-spike

Next,weaskedwhetherdendriticsignalssuchasCa2+-spikes,D-spikes,andglobalNa+-spikes
canboostCa2+ influx into spinesthatarealreadyactivatedby localinputs.Suchsummationhad
beenobservedpreviouslyfor bothsynapticallyevokedglobalNa+- andCa2+-spikes[17,22].

An exemplarytransitionfrom localspineactivationto Ca2+-spiketo D-spiketo full-blown
Na+-spikeisshownin Fig4A,andin Fig4Band4C,all normalizedCa2+ signalsarearranged
relativeto globalNa+-spikethresholdin theimagedspine1 (number1 with respectto the
entiresetof spines)anddendrite.Becausefor low numbersof coactivatedspines(1±4,not
alignedto anythreshold),therewasno significantdifferencein thespine1Ca2+ signal,wenor-
malizedΔF/Ffor eachspine1 to its meanof (1±4)to reducevariance(seeMaterialsandmeth-
ods).From5 coactivespinesbelowglobalNa+-spikethresholdonwards,bothaveragespine1
anddendriticΔF/F increasedcontinuously.

Arrangementof thedatarelativeto theCa2+-spikethresholdspinenumber[0]Ca2+-spike(as
detectedin thedendrite,Fig4Eleft;notethatat [0]Ca2+-spike, therewasalwaysadendriticCa2+

signal,differentfrom theglobalNa+-spikethreshold,whereEPSPsandNa+-spikesoccurred
stochastically)revealedthatbelowthresholdspine1ΔF/Fwasratherconstant,whereasat
threshold,ahighlysignificantincreasein ΔCa2+ occurred(by,on average,±SD:1.44± 0.80,
[0]Ca2+-spikeversus[−1/−2]Ca2+-spike, n = 26spines,Fig4D left).Similarly,arrangementof the
datarelativeto theD-spikethresholdspinenumber[0]D-spikealsorevealedahighlysignificant
step-likeincreasein spine1ΔF/F(by 1.75± 0.85,[0]D-spikeversus[−1/−2]D-spike, n = 18spines,
Fig4D right) andasignificantincreasein dendriticΔF/F(by1.76± 0.74,[0]D-spikeversus[−1/
−2]D-spike, n = 9,Fig4Eright; again,thesechangesalwaysoccurredat [0]D-spikewith no sto-
chasticvariation).Finally,globalNa+-spikegenerationleadto yetmoresubstantial,highlysig-
nificant additionalCa2+ influx into both thespine(2.03± 1.11increasefor Na+-spikeversus
EPSPat theglobalNa+-spikethresholdspinenumber[0]Na+-spike, absolute84%± 59%ΔF/F,
n = 18spines,Fig4B)andthedendrite(2.03± 1.12increasefor Na+-spikeversusEPSPat
[0]Na+-spike, absolute41%± 20%ΔF/F,n = 11,Fig4C).Comparedwith thelocalsynapticinput
andits ensuingspineNa+-spike,globalNa+-spikesincreasedspineCa2+ entryby3.08± 1.32
(Fig4B),thuscoincidentlocalinputsandglobalNa+-spikessummatehighlysupralinearly(see
Discussion).

Weinfer thatall 3 typesof nonlocalsignals,Ca2+-spike,D-spike,andglobalNa+-spikes,can
mediatesubstantialadditionalCa2+ influx into thespineon top of thecontribution of thelocal
synapticinput. Thus,agranulecellspineªknowsºaboutits parentdendrite'sgeneralexcitation
level.Similarstep-likeincreasesbetweennonlocalsignalswill occurin dendritescloseto the
activatedspinesetandalsoin nearbysilentspines(not receivingdirect inputs,not investigated
here),becausethosewerefoundpreviouslyto respondwith similarΔCa2+ to nonlocalspikes
asdendrites[17,22,33].
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Fig 4. Additional ΔCa2+ in spine and dendrite caused by nonlocal spikes. a: Left:Scanof representativegranulecell.Sp1
andD indicateline scansites,starsindicateuncagingspots.Right:Somatic Vm recordings(top) andline scansin spine(Sp1)
anddendritic location(D) for increasingspinenumbers(bottom).Graytraces:belowCa2+-spike,greentraces:atCa2+-spike
threshold;blacktraces:atandaboveD-spikethreshold;magentatraces:suprathreshold for globalNa+-AP.Na+-AP truncated
for clarity.b: SpineCa2+ signalsΔF/Fnormalizedto Sp1-4(seeMaterials and methods) andalignedto Na+-AP threshold(n =
33spinesin 16GCs);Graycircles�: individual spines,solidblack●: mean;openblack�: spinefrom a, openmagenta�: AP
datafrom individualspines;solidmagentawith blackoutline●: meanglobalNa+-spikedata(responseswith morethan1AP
werenot takeninto account).Gradualincreasefrom −6spinesonwardsof spineΔF/Fwith highlysignificant additional
increaseuponAPgeneration (n = 20pairs,Wilcoxon,p< 0.001).c: Dendritic Ca2+ signalsΔF/Fnormalizedto meanabove
Ca2+-spikethresholdandbelowglobalNa+-spikethreshold(seeMaterials and methods; n = 19cells).Symbolsasin right
panel,with squaresinsteadof circles.Gradualincreasefrom −5spinesonwardswith significant additionalincreaseupon
globalNa+-spikegeneration (n = 12pairs,Wilcoxon,p = 0.001).d: SpineΔF/Fnormalizedasin b,arrangedrelativeto
Ca2+-spikethreshold(left panel,n = 26in 14cells,Wilcoxontest,p< 0.001,seeMaterials and methods) andrelativeto D-
spikethreshold(right panel,n = 19in 10cells,p< 0.001).SeeS2AandS2BFigfor individualdatapoints.Graysymbols:
subthresholdCa2+-spike/D-spike,greensymbols: suprathreshold Ca2+-spike,blacksymbols:suprathreshold D-spike, dashed
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Molecular mechanisms of integration: Navs

Weobservedpreviously[15] thatsingle-granulecellspineactivationresultedin alocalNav-
dependentspinespike.Althoughmostof thepostsynapticCa2+ entrywasmediatedby
NMDARsthatwereunblockedalreadyby theAMPA receptor(AMPAR)-mediatedEPSP,the
spinespikecontributedadditionalCa2+ bygatingof high-voltage-activatedCavs.Notably,
somaticallyrecordedsingleuEPSPswerenot reducedin amplitudebyNav blockade,but slo-
weddown,indicativeof astrongfiltering effectby thespineneckandpossiblythedendrite
[15]. Nevertheless,couldspinespikesthemselveseventuallyoccursimultaneouslyacrossafew
clusteredspinesandthusengendernonlocalspiking?

Forall pharmacologicalinterventionsrelatedto dendritic integrationmechanismsbelow
theglobalNa+-spikethreshold,westimulated1,2,4,6,8,and10spinesbeforeandafterwash-
in of thedrug(seeMaterialsandmethods).WeblockedNavsbywash-inof 0.5±1μM tetrodo-
toxin (TTX, n = 12cells).Amplitudesof singleandcompounduEPSPswereunaltered(Fig5A
and5B).However,thesignificantincreaseof averageO/I ratiosfrom 6 to 8coactivatedspines
in control wasblockedin thepresenceof TTX (Fig5C).4of the12cellsfired aglobalNa+-
spikeuponstimulationof 10spines,whichwasalwaysabolishedbywash-inof TTX.

Acrossall 12cells,thespine1Ca2+ signalanddendriticCa2+ signalsweresignificantly
reducedin TTX for all numbersof activatedspines(Fig5D).

In 7 out of these12cellssummationwassupralinearandthus,asshownabove,associated
with theoccurrenceof D-spikes.In thissetof cells,TTX applicationsignificantlyreducedboth
theincreasesin compounduEPSPrisetime andmaximalrateof riseatsupralinearitythresh-
old (Fig5Eand5F).Notethatbelowthresholdcompound,uEPSPrisetimeswereindeedslo-
wedin TTX, in line with our previousobservationson singleuEPSPs[15].

Moreover,thesignificantincreasein ΔCa2+ within activatedspinesassociatedwith thetran-
sition to theD-spike(seeFig4D) wasalsosensitiveto Nav blockadein theseexperiments(5G
and5H). Thisobservationfurther provesthepresenceof aNav-mediatedD-spike,because
dendriticNav activationwill recruit both low- andhigh-voltage-activatedCavs,further aug-
mentingCa2+-spikes[33,34].

In summary,Nav blockadehadonly subtlebut significanteffectson somaticVm summation
on average(seeDiscussion).Dendritic Nav activation,however,underliestheD-spikeandthe
additionalCa2+ entry into spinesassociatedwith it.

Molecular mechanisms of integration: Key role of NMDARs

NMDARshavebeenshownto contributesubstantiallyto localpostsynapticsignalingin gran-
ulecells[15,17,35]andto fosterthegenerationof globalCa2+-spikes[17]. NMDARsarealso
knownto boostdendritic integrationin corticalpyramidalcells(viaso-calledNMDA-spikes;
[4]).

To investigatethecontribution of NMDARsto dendritic integration,weblockedNMDARs
bywash-inof APV (25μM) in n = 8experiments(Fig6A).ThecompounduEPSPamplitude
wassubstantiallyreducedfrom 4 activatedspinesonwards(Fig6B).Althoughundercontrol
conditions,weobservedsupralinearintegrationfrom 4spinesonwards,blockingof NMDARs
switchedtheaveragesO/I relationshipto linearintegration(Fig6C).In 2experiments,cells
fired aglobalNa+-spikeuponstimulationof 10spinesundercontrol conditions,andin oneof

line: linearfit of subthreshold meanamplitudes,alsofor e. e: DendriteΔF/Fnormalizedasin c,arrangedrelativeto
Ca2+-spikethreshold(left panel,n = 17,significancenot tested,becauseincreasein dendriticΔF/Fabovenoiselevelwas
criterion for onsetof Ca2+-spike)andrelativeto D-spikethreshold(right panel,n = 12,Wilcoxon,p = 0.015,seeS2BFigfor
individual datapoints).Symbolsasin d, with squaresinsteadof circles.AP,actionpotential;D-spike,dendriticNa+-spike.

https://doi.org/10.1371/journal.pbio.3000873.g004
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Fig 5. Molecular mechanisms of subthreshold integration: Navs. a: ExampleNav blockadeexperiment. Top left:Stimulated spinesetwith line scansitesSp1,D, and
uncagingspots.Topright: SomaticVm recordingof compounduEPSPs,belowspineSp1anddendriteD ΔF/Ffor 1and10spines.Graytraces:control.Bluetraces:
TTX (0.5±1μM). b: Effect(n = 12cells)of 0.5±1μM TTX on somaticcompounduEPSPamplitudeuponactivationof 1,2,4,6,8,and10spines.Repeatedmeasures
2-wayANOVA (Materialsandmethods,alsoin d,f,h): no interaction effect(spine#x TTX): F(5,119)= 2.54,p = 0.091;no TTX effect:F(1,119)= 0.97,p = 0.352.c:

Cumulativeeffect(n = 12cells)of Nav blockadeon averagedsO/I.No interactioneffect(spine#x TTX): F(5,99)= 1.60,p = 0.195;no TTX effect:F(1,99)= 0.84,p = 0.385
(n.s.above).Linesandgreyasterisksasin Fig1C.TheaverageO/I ratio for 8spineswashighlysignificantly supralinearin control (�� abovedatapoints,p< 0.01)and
significantly increasedversus6spines(� in inset,p< 0.05,Wilcoxontest).In TTX, O/I ratioswerestill significantly supralinear(� belowdatapoints,p< 0.05for all),
but theincreasefrom 6 to 8spinesdisappeared(inset,n.s.below).d: Effectof Nav blockadeon averageΔF/Fin spine1 (Sp1,left,n = 25spinesin 11cells)anddendrites
(D, right, n = 12)uponactivationof 1±10spines.No interactioneffecton spine1ΔF/F(spine#x TTX): F(5,239)= 1.69,p = 0.145;TTX effect:F(1,239)= 15.16,average
reductionto 0.89± 0.54of control, p< 0.001.No interactioneffecton dendriteΔF/Ffrom 4spinesonwards(spine#x TTX): F(3,79)= 0.46,p = 0.715;TTX effect:F(1,79)

= 9.29,averagereductionto 0.75± 0.28of control, p = 0.014.Asterisksaboveerror bars:significanceof differenceTTX versuscontrol.e: Examplefor effectof TTX on
compounduEPSPkineticsbelowandatD-spikethreshold(4 and6coactivated spinesin thisgranulecell,respectively).Left traces:Vm, right traces:dVm/dt. Gray/black
traces:control.Bluetraces:TTX (0.5±1μM). Thin lines:4spines,thick lines:6spines.Notethereductionin maximalrateof riseabovethresholdbut not subthreshold.
f: Cumulativedatafor effectof TTX (n = 7cellswith supralinearsO/Is)on compounduEPSPrateof rise(left) andrisetime (right). Repeatedmeasurestwo-way
ANOVA (seeMaterialsandmethods,alsobelow):no interactioneffecton rateof rise(spine#x TTX): F(3,55)= 3.06,p = 0.055;TTX effect:F(1,55)= 8.25,p = 0.028.
Interaction effecton risetime (spine#x TTX): F(3,55)= 12.49,p< 0.001.Asterisksindicatesignificanceof differencesbetweenTTX andcontrol (�p = 0.028,��� p<
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these,thereweresomaticspikeletsuponstimulationof 8 and10spines.All wereabolishedby
wash-inof APV.

APV alsohighlysignificantlyreducedspine1 Ca2+ signalsfor all stimulationstrengths,
effectivelyblockingthelinearcontrol increasein ΔCa2+ (e.g.,at8 costimulatedspines,spine
ΔF/F:0.25± 0.18of control,p< 0.001;Fig6D).Moreover,APV stronglyreduceddendritic
ΔCa2+ andthuspreventedCa2+-spikegeneration(Fig6D;e.g.,at8 spines,dendriteΔF/F:
0.14± 0.15of control,p = 0.003).APV reducedthehalfdurationof compounduEPSPsfrom 4
spinesonwards(interactioneffect[spine# x APV]: F(5,95)= 3.20,p = 0.017,absolutemeanval-
uesat8 coactivatedspines:τ_1/2control 90± 53milliseconds,APV 37± 21milliseconds,see
datarepository)but did not interferewith fastkinetics,e.g.,themaximalrateof riseof the
compounduEPSP(no interactioneffect[spine# x APV]: F(5,95)= 1.62,p = 0.182;no APV
effect:F(1,95)= 2.26,p = 0.176,n = 8 cells,seedatarepository).

0.001).Asterisksatbottomindicatesignificanceof differencesof parameterincreasesfrom -2 to 0betweencontrolandTTX (Wilcoxon test;rateof rise:p< 0.05
[W = 17,nsr = 6], risetime:p< 0.01[W = 28,nsr = 7]). SeeS2CFigfor individual datapoints.g: Examplefor effectof TTX on spine1anddendriteΔF/Fbelowand
aboveD-spikethreshold(4 and6coactivatedspines,respectively;samecellasin e, samecolorcode).Notethereductionin spine1ΔF/FbyTTX at thresholdbut not
subthreshold.h: Cumulativedatafor effectof TTX (n = 7cellswith D-spike)onΔF/Fin spines(left,n = 13)anddendrite(right, n = 7).Full symbols:control,open
symbols: TTX. Repeatedmeasures2-wayANOVA (seeMaterialsandmethods): interactioneffecton spineΔF/F(spine#x TTX): F(3,103)= 3.20,p = 0.035.No
interactioneffecton dendriteΔF/F:F(3,55)= 0.66,p = 0.588;no TTX effect:F(1,55)= 5.10,p = 0.065.Asterisksaboveindicatesignificanceof differencesbetweenTTX and
control. Asterisksatbottomindicatesignificanceof differencesofΔF/Ffrom −2 to 0betweencontrolandTTX (Wilcoxon test;spineS:p = 0.029[W = 55,nsr = 13],
dendrite:not significant [W = −2,nsr = 5]). SeeS2CFigfor individual datapoints.arith.,arithmetic;D-spike,dendriticNa+-spike;n.s.,not significant; sO/I,
subthreshold output/input; TTX, tetrodotoxin;uEPSP,uncaging-evokedexcitatorypostsynaptic potential.

https://doi.org/10.1371/journal.pbio.3000873.g005

Fig 6. Molecular mechanisms of subthreshold integration: NMDA receptors. a: ExampleNMDAR blockadeexperiment with strongNMDAR component. Top
left:Stimulated spinesetwith line scansitesSp1,D, anduncagingspots.Top right: SomaticVm recordingof uEPSP,belowspine(Sp1),anddendrite(D) ΔF/Ffor 1
and10spines.Graytraces:control.Yellowtraces:APV (25μM). b: Cumulativeeffect(n = 8cells)of 25μM APV on somaticcuEPSPamplitudeuponactivationof 1,
2,4,6,8,and10spines.Interaction effect(spine#x APV):F(5,95)= 8.08,p< 0.001.Blackasterisks:significanceof differenceAPV versuscontrol.c: Effectof NMDAR
blockadeon averagedsO/I uponactivationof 1±10spines.Interaction effect(spine#x APV):F(5,95)= 3.37,p = 0.014,n = 8.Blackasterisksabovedatapoints:
significanceof differenceAPV versuscontrol.Linesandgreyasterisksasin Fig1C.Control O/I ratiosfrom 4spinesupwardsweresupralinear, whichall became
linearin APV.d: Effectof NMDAR blockadeon averageΔF/Fin Sp1(left,n = 15spines)andD (right, n = 8) uponactivationof 1±10spines.Interaction effecton
spineΔF/F(spine#x APV):F(5,179)= 6.36;p< 0.001.Interaction effecton dendriteΔF/F(spine#x APV):F(5,95)= 8.34,p< 0.001.Asterisks:significanceof difference
APV versuscontrol; arith.,arithmetic;comp.,compound; cuEPSP, compounduncaging-evokedexcitatorypostsynapticpotential; sO/I,subthreshold output/input.

https://doi.org/10.1371/journal.pbio.3000873.g006
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Thus,on top of thestrongNMDAR contribution to localpostsynapticCa2+ entry,all types
of nonlocalgranulecellspikesandtheir associatedCa2+ influxesarehighlyNMDAR-depen-
dent,eventhoughNMDAR activationhappensin theelectricallyisolatedspineheads(see
Discussion).

Molecular mechanisms of integration: Contribution of both low- and high-

voltage-activated Cavs to dendritic Ca2+ entry

To verifywhetherdistallyevokedCa2+-spikesin granulecelldendritesaremediatedbyT-type
Cavsasobservedearlierfor globalCa2+-spikesevokedbyglomerularstimulation[17], we
investigatedtheir contribution to multispinesignalsin n = 11cells(Fig7A).Wash-inof 10μM
mibefradil(IC50: T-typeCavs2.7μM, L-typeCavs18.6μM [36]) did not altercompound
uEPSPsuponactivationof up to 8spines.For10spines,compounduEPSPswereslightlybut
significantlyreducedbyon average0.8± 1.4mV (p = 0.01,Fig7B).Coactivationof 10spines
alsoleadto supralinearVm summationin control (Fig7C),whichwasreducedbyblockadeof
T-typeCavs.CompounduEPSPkineticswereunaltered(seedatarepository).In oneexperi-
ment,aglobalNa+-spikewasgenerateduponstimulationof 10spinesundercontrol condi-
tions,whichwasabolishedbymibefradil.

Ca2+ signalsin spine1 anddendritesweresignificantlyreducedfor all spinenumbers
(spine1:average± SD0.74± 0.31of controlΔF/F,p< 0.001;dendrite:0.74± 0.38of control,
p = 0.003,Fig7D).However,mibefradildid not entirelyblockdendriticΔCa2+ uponstimula-
tion of 4spinesandbeyond(remainingsignal16± 9%ΔF/Fat10coactivatedspines).

To identify thesourcefor theremainingdendriticΔF/F,weadditionallywashedin 100μM
Cd2+ to blockhigh-voltage-activatedCavs[34] in asubsetof 4cells(Fig7E±7G).Cd2+ effec-
tivelyabolishedthedendriticCa2+ signalandsubstantiallyfurther reducedthespine1 Ca2+

signalto 0.52± 0.26of mibefradilor 0.41± 0.22of control (n = 8 spines),leavingthecom-
pounduEPSPunaltered.

WeconcludethatT-typeCavssubstantiallycontributeto Ca2+ entry into thespineandden-
drite during dendritic integrationandmediatetheonsetof theCa2+-spike,but thathigh-volt-
age-activatedCavsalsocontribute,mostlikely involvingadditionalCa2+ entryviaL-typeCavs
or otherchanneltypesthatareactivatedbyD-spikes.Bothlow- andhigh-voltage-activated
Cavsdid not substantiallyinfluencesomaticΔVm in our stimulationparadigm.

Limited influence of morphology on nonlocal spike generation

To determinewhetherthespacingof stimulatedspines,theaveragespinenecklengthand
othermorphologicalvariablesinfluencedtheefficacyof activatedsubsetsof spinesto elicit
nonlocalspiking,weanalyzedthepositionsof thestimulatedspinesrelativeto thegranule
cells'dendritic treeasreconstructedin 3D andcheckedfor correlations(Fig8A±8E,seeMate-
rialsandmethods).Table1 showsthatonly 2out of 12variablescorrelatedwith Ca2+-spikein
termsof coactivatedspinenumbers,whereasbothD-spikeandglobalNa+-spikeinitiation
thresholdspinenumbersdid not correlatesignificantlywith anytestedvariable,with aweak
trend for apositivecorrelationbetweenspinedistribution andglobalNa+-spikeinitiation (Fig
8C).Ca2+-spikegenerationwasfacilitatedbyclosepackingof spinesthatwerelocatedon the
sameand/oraratherlow numberof branches(Fig8Cand8E).Finally,developmentaleffects
might influencesynapticdensityandexcitabilityin earlyborn granulecellswithin theage
rangeusedhere[37,38];however,therewereno correlationsbetweenthresholdspinenum-
bersandanimalage(Fig8F).

Within theexperimentallyaccessiblerangeof variables,individual spinesetshave,byand
large,anequalimpacton localandglobalNa+-spikegeneration,independentfrom granule
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cellmorphologyor their relativelocationon thedendritic tree,whichindicatesahighlycom-
pactdendriteandstrongisolationof thespines.Clusteredspines,however,facilitateCa2+-
spikegeneration.

Fig 7. Molecular mechanisms of subthreshold integration: Low- and high-voltage-activated Cavs. a: Examplelow-voltage-activatedCav blockadeexperiment. Top
left:Stimulatedspinesetwith line scansitesSp1,D, anduncagingspots.Topright: SomaticVm recordingof uEPSP,belowspine(Sp1)anddendrite(D) ΔF/Ffor 1and
10spines.Greytraces:control.Greentraces:mib, 10μM. b: Cumulativeeffect(n = 11cells)of mib on somaticcompounduEPSPamplitudeuponactivationof 1,2,4,6,
8,and10spines.Repeatedmeasures2-wayANOVA (seeMaterials and methods): interactioneffect(spine#x mib) F(5,131)= 3.88,p = 0.010.Asterisks: significanceof
differencemib versuscontrol.c: Cumulativeeffect(n = 8cells)of LVA Cav blockadeon averagedsO/I uponactivationof 1±10spines.Interaction effect(spine#× mib)
F(4,69)= 4.69,p = 0.006.Linesasin Fig1C.Blackasterisksaboveerror barsindicatesignificanceof differencesbetweenmib andcontrol.Grayandgreenasterisks/
significancelevelsaboveerror barsreferto O/I ratio distributionswith meansbeyondthelinearregime(0.8±1.2)testedagainstlinearity(�p< 0.05,asin Fig1C).
Integration wassignificantlysupralinearat10spinesfor bothcontrolandmib. Theincreasein O/I ratiosbetween8and10spineswasalsosignificant but significantly
smallerin mib versuscontrol (inset�, Wilcoxontest).d: Effectof LVA Cav blockadeon averageΔF/Fin Sp1(left,n = 26spinesin 11cells)andD (right, n = 11)upon
activationof 1±10spines.No interactioneffecton spineΔF/F(spine#x mib): F(5,311)= 0.26,p = 0.933;mib effect:F(1,311)= 60.16,p< 0.001.No interactioneffecton
dendriteΔF/F(spine#x mib): F(3,87)= 1.11,p = 0.359;mib effect:F(1,87)= 15.84,p = 0.003.Asterisks:significanceof differencemib versuscontrol.e: Examplefor
subsequentblockadeof low- andhigh-voltage-activated CavsonΔF/Fin spine(Sp1)anddendrite(D) for 1and10spines.Top left inset:Scanof stimulatedspineset
with indicatedline scansitesSp1,D anduncagingspots.Graytraces:Control.Greentraces:mib (10μM). Dark green:addedCd2+ (100μM). f: Effectof subsequentlow-
andhigh-voltage-activated Cav blockadeon somaticcompounduEPSPamplitudeuponactivationof 1,6,and10spines(n = 4cells).g: Effectof subsequentlow- and
high-voltage-activated Cav blockadeuponactivationof 1,6,and10spinesonΔF/Fin Sp1(left,n = 8spinesin 4cells)anddendrite(right, n = 4).No interactioneffectof
Cd2+ wash-inaftermib on spineΔF/F(spine#× Cd2+): F(2,47)= 1.51,p = 0.254;Cd2+ effect:F(1,47)= 14.02,p = 0.007.Asterisks:significanceof differencemib + Cd2+

versusmib only.arith.,arithmetic;Cav, voltage-gatedCa2+ channel;LVA, low-voltage-activated;mib, mibefradil; O/I, output/input;uEPSP,uncaging-evokedexcitatory
postsynaptic potential.

https://doi.org/10.1371/journal.pbio.3000873.g007
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Discussion

High excitability of granule cell apical dendrites

Upon simultaneousmultispinestimulation,granulecelldendritescangenerateCa2+-spikes,
D-spikes,andglobalNa+-spikesalreadyat ratherlow input numbers(Ca2+-spike,approxi-
mately5 inputs;D-spike,approximately7 inputs;globalNa+-spike� 9 inputs,Fig9).Thus,
granulecelldendritesarehighlyexcitable.In corticalpyramidalcells,wehadpreviously
observedthatglobalNa+-spikegenerationrequiredasimilarspinenumberusingthevery
sameholographicsystem(10± 1,n = 7 spinesetsin 4 pyramidalcells;[25]), eventhoughtheir
restingVm wasdepolarizedby� +10mV versusgranulecells.Thehighgranulecellexcitabil-
ity isnot dueto excessivephotostimulation,becausetheaveragesingleEPSPamplitudewas

Fig 8. Impact of morphological variables on threshold spine number for Ca2+-spike and global Na+-spike generation. Ca2+-spikedata(n = 47spinesets)are
denotedbygreencircles� andglobalNa+-spikedata(n = 31spinesets)bymagentatrianglesΔ. D-spikedatanot includedfor clarity (but seeTable1anddata
repository).Linearcorrelation indicatedbycorrelationcoefficientr. SeeTable1 for powerof regressions.a: Influenceof meanspinedistancefrom theMCL on spine
# to elicit Ca2+-spikes(r2 = 0.02,p = 0.17)andglobalNa+-spikes(r2 = 0.00,p = 0.89).b: Influenceof themeanspinenecklengthof activatedspinesetson spine# to
elicit Ca2+-spikes(r2 = 0.03,p = 0.12)andglobalNa+-spikes(r2 = 0.00,p = 0.35).c: Influenceof thespatialdistribution of activatedspineson spine# to elicit
Ca2+-spikes(r2 = 0.26,p< 0.001)andglobalNa+-spikes(r2 = 0.08,p = 0.06).d: Influenceof themeanspineheadsize(estimated diameter)that thespinesetis
distributedacrosson spine# to elicit Ca2+-spikes(r2 = 0.00,p = 0.75)andglobalNa+-spikes(r2 = 0.00,p = 0.86).e: Influenceof numberof differentdendriticbranches
that thespinesetisdistributed acrosson spine# to elicit Ca2+-spikes(r2 = 0.31,p< 0.001)andglobalNa+-spikes(r2 = 0.00,p = 0.91).f: Influenceof ageof animalPND
on spine# to elicit Ca2+-spikes(r2 = 0.00,p = 0.83)andglobalNa+-spikes(r2 = 0.00,p = 0.58).MCL, mitral celllayer;n.s.,not significant;PND,postnatalday.

https://doi.org/10.1371/journal.pbio.3000873.g008
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slightlysmallerthanin earlierreportson mitral/tufted cellto granulecellsynaptictransmis-
sion[15,24].Thus,activedendriticmechanismscanbeexpectedto alsoplayasubstantialrole
in granulecellprocessingin vivo,similar to whathasbeenobservedrecentlyfor corticalpyra-
midal cells[39,40].

Our dataalsodemonstratethat thefull setof activedendriticmechanismsknownfrom
otherneurons[1] canbetriggeredsolelyby inputsto theapicalgranulecelldendrite.Thecells
in our samplewerelocatedcloseto themitral celllayerandthusbelongto superficialgranule
cells[14], whicharereportedlymoreexcitablethandeepgranulecells[21]. Thus,our results
might not generalizeto all granulecellsubtypes,possiblyexplainingthediscrepancywith ear-
lier excitabilityestimates(seeIntroduction, [24]).

TheglobalNa+-spikethresholdspinenumberreportedhereisalowerlimit, sincein
approximatelytwo thirds of cellsin our samplefull-blown somaticNa+-spikescouldnot yetbe
elicitedat themaximalnumberof 10±12activatableinputs(seeMaterialsandmethods).Mor-
phologicalvariablesdid not influenceNa+-spikethresholds,indicatingthat thesuperficial
granulecell'sdendritic treeiselectrotonicallycompact.

Thelow-thresholdspinenumberseemsto matchpreviousobservationsthatuniglomerular
stimulationcanalreadyfire granulecells[22,41,42].Becausein totalapproximately20mitral
andtuftedcellsareestimatedto belongto aglomerularcolumn,with aslightlylowershareof
tuftedcells[43±45],andthereleaseprobabilityat theseinputsisapproximately0.5[17], a
givengranulecellisunlikely to befired solelyfrom intracolumnardendrodendriticinputs,
requiringadditionalactivationperhapsviamitral/tufted cellaxonalcollaterals[46]. However,
uniglomerularinputsÐif clusteredÐmightsufficeto elicit localCa2+-spikes,andmitral/tufted
cellthetaburstsasobservedin vivo [47] couldalsotriggerfiring of intracolumnargranulecells
from thedistalapicaldendrite.

Table 1. Regression between coactivated threshold spine numbers for Ca2+-spike, D-spike, and global Na+-spike and various morphological variables and input pat-

terns (see Materials and methods).

Influence on generation of

Ca2+-spike (n = 47) D-spike (n = 20) global Na+-spike (n = 31)

Parameter r2 p COF power r2 p COF power r2 p COF power

Spine distribution 0.257 <0.001 0.092 0.970 0.000 0.389 0.049 0.134 0.077 0.064 0.051 0.457

Distance from MCL 0.019 0.173 −0.008 0.274 0.000 0.888 −0.002 0.034 0.000 0.844 −0.001 0.039

Distance from soma 0.022 0.156 −0.007 0.293 0.000 0.868 0.002 0.036 0.000 0.763 −0.002 0.048

# of different branches 0.310 <0.001 1.713 0.993 0.000 0.824 −0.178 0.041 0.000 0.914 0.035 0.032

# of preceding bifurcations 0.000 0.988 0.004 0.026 0.000 0.548 −0.310 0.086 0.000 0.366 0.259 0.144

Spine neck length 0.030 0.120 −0.510 0.343 0.000 0.424 0.559 0.121 0.000 0.355 0.361 0.149

Spine head size 0.002 0.748 0.642 0.050 0.000 0.849 0.731 0.038 0.001 0.862 −0.373 0.037

Diameter of proximal dendrite 0.000 0.895 −0.058 0.034 0.017 0.266 0.864 0.196 0.037 0.140 0.597 0.313

Distance first branchpoint from MCL 0.000 0.923 0.001 0.031 0.000 0.565 −0.010 0.080 0.073 0.070 −0.013 0.443

Distance first branchpoint from soma 0.000 0.462 −0.005 0.110 0.000 0.828 0.003 0.040 0.046 0.122 −0.009 0.339

Single-spine uEPSP amplitude 0.000 0.718 0.172 0.055 0.074 0.130 −1.683 0.326 0.000 0.406 −0.333 0.128

Age (PND 11–18) 0.000 0.833 0.033 0.040 0.000 0.578 −0.178 0.077 0.010 0.577 −0.087 0.080

Statisticallysignificant valuesarehighlightedin yellow.If applicable,parameter valuesalwaysreferto theensembleof spinesat threshold(for Ca2+-spike,D-spike,and

globalNa+-spike,respectively).Thus,thevalueof thespinenecklengthfor theD-spikefor agivencell is theaveragenecklengthof all its spinesthatwereactivatedatD-

spikethreshold. p-valueis 2-tailedsignificancelevelof regression.

COF,coefficientconstant;D-spike,dendriticNa+-spike;MCL, mitral cell layer;n, numberof analyzedspinesets;PND,postnatalday;r2, adjustedcoefficientof

determination; uEPSP,uncaging-evokedEPSP.

https://doi.org/10.1371/journal.pbio.3000873.t001
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Dendritic spiking: D-spike and localized Ca2+-spike

In themajority of granulecells,wedetectedD-spikescorrelatedwith theonsetof supralinear
integrationat thesoma,eitherasdistinctspikelets,or if theseweremaskedbyelectrotonicfil-
tering,bystep-likeincreasesin thecompounduEPSPrateof rise,risetime,decay,andspine
ΔF/F(Fig3).Na+-spikeletswerenot reportedfrom juvenilerat granulecellsbeforeandproba-
bly emergedherebecauseof clusteredstimulation.Increasesin theEPSPrateof riseandden-
dritic ΔCa2+ alsoindicatedD-spikesin CA1pyramidalcellsandmouseandfrog granulecells
[3, 20,21].Theunexpectedincreasein granulecellcompounduEPSPrisetime byalmost
approximately10millisecondsobservedherecanbeexplainedby thesubstantiallatencyof
spikeletsof approximately10±20millisecondsafterstimulationonset.Thisdelayindicatesthat
D-spikesarenot spatiallyexpandedspinespikes,implying thatspinespikeswill not invadethe
dendriteevenunderconditionsof clusteredspineactivation.Thisnotion is further supported
by thelackof acorrelationbetweenspatialclusteringandD-spikeor globalNa+-spikethresh-
old spinenumbers.

Rather,singleEPSPsarestronglyattenuatedandalsotemporallyfilteredacrossthespine
neckbecauseof its high resistance[15], resultingin slowedintegration.A-typeK+ currentsare
knownto delaygranulecellfiring [48] andthus,mayalsocontributeto thedelayof D-spikes

Fig 9. Summary of findings: Active signal types in granule cell dendrites upon simultaneous stimulation of apical dendritic spines. Graphicalsummary of main
results.Left:Spine#:numberof coactivatedspines.SomaticVm: somaticmembranepotential response; no shapechangesobservedherefor regionaldendriticCa2+

spikes.Channels/mechanisms: components involvedin generatingtherespectiveCa2+ andVm signals,locatedin theexcitedspinesand,for all nonlocal signals,excited
dendriticsegments. Right:Colorscalefor ΔCa2+ entry.AMPAR,AMPA receptor;AP,actionpotential;D-spike,dendriticNa+-spike;GC,granulecell;HVA, high
voltageactivated;LVA, low voltageactivated;NMDAR, NMDA receptor.

https://doi.org/10.1371/journal.pbio.3000873.g009
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andtheyetlongerlatencyof globalNa+-spikesat threshold(approximately40milliseconds).
Initiation of D-spikesmostlikely happensatdendriticNav hot-spots[49], whereastheexis-
tenceof adedicatedglobalNa+-spikeinitiation zonein granulecellapicaldendritesseems
probable,with its preciselocationamatterof speculationat thispoint (but see[18]).

All granulecellsin our samplefeaturedCa2+-spikes(in termsof dendriticCa2+ entry),
which,at threshold,wereregionalanddid not influencesomaticVm. AlthoughCav densities
areapparentlylowerin theproximalapicaldendrite[33], theCa2+-spikesevokedbyglomeru-
lar stimulationin our previousstudy[17] occurredin anall-or-nonefashionthroughoutthe
entiredendritic treewith aconcomitantincreaseandbroadeningof somaticEPSPsthat
werenot observedhere.Thedistribution of glomerularinputsacrossthegranulecellden-
drite is not yetknown but might well bemoredispersedthanthemaximalaccessible
extentin this studyandratherlikely alsoinvolvesmitral cellaxonalinputs to thebasal
dendrites[46,50,51].Somaticdepolarizationof granulecellscangeneratetheclassicalT-
typeCav-mediatedhumpsin Vm [33,52].Therefore,themain initiation zonefor such
globalCa2+-spikesevokedby glomerularstimulationis probablynot locatedin thedistal
apicaldendritic tree(seealso[18]). Thus,if input to denselypackedspinescancause
regionalCa2+-spikes,thesemight provideasubstratefor locallateralinhibition, assug-
gestedearlier[35,53,54]. In anycase,localCa2+-spikesbecamemoreglobalcloseto the
globalNa+-spikethreshold,alongwith recruitmentof high-voltage-activatedCavs.Thus,
granulecelldendritesfeaturemultiple levelsof compartmentalization.

In contrastto globalNa+-spikegeneration,Ca2+-spikegenerationwasstronglyinfluenced
by input distribution, in line with electrotonicattenuationof subthresholdEPSPsalongthe
dendrite[1]. BecausetheCa2+-spikeprecedestheD-spikeandglobalNa+-spikeandits space
constantof at least60μm coversthemaximumspatialextentof spinesetsin our experiments,
its presencecanreducepassiveattenuationandthus,explaintheobservedindependenceof D-
spikeandglobalNa+-spikegenerationfrom spatialinput distributions(within theaccessible
spatialregimeinvestigatedhere).

NMDA-spikes and role of NMDARs in granule cell synaptic processing

NMDARscontributesubstantiallyto supralinearintegrationin granulecells,bothat thelevel
of Vm andΔCa2+. Theyarerequiredfor Ca2+-spikegeneration,andtheir blockadehadamuch
strongereffecton Vm supralinearitythanNav or Cav blockade.Thishigherefficiencyisproba-
bly relatedto theslowerkineticsof theNMDAR current,which is filteredmuchlessbothby
thespineneckandalongthedendritic treecomparedwith Nav or Cav-mediatedcurrents[55].
Thesubstantialimpactof NMDARson granulecelldendritic integrationischaracteristicfor
NMDA-spikes[56,57].Accordingly,granulecellglobalNa+-spikesevokedbysynapticstimu-
lation arefollowedbyNMDAR-dependentplateaupotentials[22,23].In mostcellsinvesti-
gatedhere,compounduEPSPhalfdurationsextended>50millisecondsfor higherspine
numbers,thusdendriticCa2+- andNa+-spikesarecloselyintertwinedwith NMDA-spikes.

Asanoteof caution,holographicuncagingmight overemphasizetheroleof NMDARs,
because(1) APV blocksuncaging-evokedspineΔF/FslightlymorethansynapticΔF/F(to 65%
versus50%of control; [15]) and(2) theaxialpoint spreadfunction of our multisiteuncaging
systemisextendedto 2.7μm from 1.1μm [25], possiblycoveringyetmoreextrasynaptic
NMDARs.However,theeffecton APV on single-spineuncaging-evokedΔF/Fwassimilaras
in Bywalezandcolleagues[15].

NMDARsarepredictedto enablesupralinearsummationof ΔCa2+ atpositiveHebbian
pairing intervalsof single-spinespikeandglobalNa+-spikes[58]. TheglobalNa+-spikelatency
at thresholdof 40millisecondsobservedherematchesthesimulatedregimeof maximally
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supralinearsummationefficiency,whichexplainsthestrongincreaseof ΔCa2+ in spinesupon
globalNa+-spikegeneration.In conclusion,NMDARsareessentiallyinvolvedin all aspectsof
granulecellreciprocalsynapticprocessing,including releaseof GABAfrom reciprocalspines
[16] andsynapticplasticity[59,60].

Functional implications for olfactory processing

Dendritic spikesandtherewithpossiblylateralinhibition canbeinvokedalreadyatverylow
numbersof coactivatedgranulecellspines.Thestepwiseincreasesin spineanddendriteΔCa2+

at the3 spikethresholdsobservedhereandin earlierwork [17,22] imply that thefairly low
releaseprobabilityfor GABA(Pr_GABA, approximately0.3for localstimulation[16]) might
alsobeincreasedin astepwisefashionviathesummationof localspinespikesandnonlocal
spiketypes.Suchcoincidentactivationcouldrenderboth lateralandrecurrentinhibition
moreeffectiveandis likely to representthestandardscenariofor granulecell±mediatedlateral
inhibition, accordingto our recenthypothesis[16].

In anycase,granulecell±mediatedlateralinhibition is thoughtto implementcontrast
enhancementandsynchronizationof gammaoscillationsacrossglomerularcolumnsrespond-
ing to thesameodorant[61±64].Fastgammaoscillationsin thebulbaregeneratedat therecip-
rocalsynapsebetweengranulecellsandmitral/tufted cells,independentlyof globalNa+-spikes
[65,66],andrequireafastexcitatory±inhibitoryfeedbackloop[62,67] that is likely to involve
bothreciprocalandlateralprocessing.D-spikescouldbepoweringsuchfastoscillatorylateral
andrecurrentoutputbecauseof their shorterlatenciesversusglobalNa+-spikes.Zellesandcol-
leagues[20] alreadyproposedaninteractionof D-spikesandback-propagatingglobalNa+-
spikesin granulecellsat intervalsasshortas5milliseconds,andalsoPinatoandMidtgaard[19]
couldelicit spikeletsatafrequencyof 150±250Hz,whereasthemaximumfrequencyof global
Na+-spikeswasmuchlower(10±30Hz). In vivo,granulecellglobalNa+-spikefiring wasfound
to besparseunderanesthesia[68,69]andincreasedin awakeanimals[69,70],albeitnot up to
thegammarange,whereasspikeletshavebeenfrequentlyobserved[71±74].Similarly,D-spikes
areassociatedwith sharpwave-associatedripples(120±200Hz) in hippocampalCA1pyramidal
cells[75±77].Althoughgranulecellsareunlikely to driveslowbulbarthetaoscillations[62],
excitatoryinputsto granulecellscanbecoupledto therespiratoryrhythm with variablephases
[78]. Therefore,similar to thethetaburstsobservedin mitral andtuftedcells,thefiring of gran-
ulecellD-spikesmight alsooccurin aspacedfashion.At thelevelof thelocalfield potential,the
respiratoryphasecouldcoupleto theamplitudeof thesefastevents(asillustratedin Fukunaga
andcolleagues2014[62], their supplementaryFig1),which,in turn, might bemodulatedby
olfactorylearningandallowto encodecontextat thelevelof thebulb [79].

Accordingto our observations,granulecellspineanddendriteCa2+ entrywerenot necessar-
ily correlatedwith changesin somaticVm amplitude(both for thelocalizedCa2+-spikeandthe
attenuatedD-spike),allowingfor multiplexedsignals,asproposedfor cerebellargranulecells
[80], which,in bulbargranulecells,might implement,e.g.,independentplasticityinduction
acrossreciprocalspines[59]. On ayetmorespeculativenote,differentgranulecellspiketypes
might encodedifferentaspectsof odor information.Suchmultiplexingof odor information was
alreadydescribedfor mitral cellsin zebrafish,in whichgammaoscillationsandtightly phase-
lockedspikingwereobservedto betied to odorcategoryandodor identity, respectively[81].

Materials and methods

Ethics statement, animal handling, slice preparation, and electrophysiology

All experimentalprocedureswereperformedin accordancewith theruleslaid downby theEC
CouncilDirective(86/89/ECC)andGermananimalwelfarelegislation.Accordingto this
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legislation(§4Absatz3TierSchG),thepreparationof acutebrain slicesfor in vitro experi-
mentsbycertifiedpersonnel(whichappliesto bothMM andVE) ismonitoredby theinstitu-
tional veterinarianof RegensburgUniversityanddoesnot requireapprovalbyanethics
committee.Rats(postnatalday11±21,Wistarof eithersex)weredeeplyanaesthetizedwith iso-
fluraneanddecapitated.Horizontalolfactorybulbbrain slices(thickness300μm) werepre-
paredandincubatedat33ÊCfor 30minutesin ACSFbubbledwith carbogenandcontaining
(in mM): 125NaCl,26NaHCO3, 1.25NaH2PO4, 20glucose,2.5KCl, 1 MgCl2, and2 CaCl2.
Recordingswereperformedat room temperature(22ÊC).Patchpipettes(pipetteresistance
5±7MO) werefilled with anintracellularsolutioncontaining(in mM): 130K-methylsulfate,
10HEPES,4MgCl2, 2.5Na2ATP,0.4NaGTP,10Na-phosphocreatine,2 ascorbate,0.1OGB-1
(Ca2+ indicator,Invitrogen),0.04±0.06AlexaFluor594(Life Technologies)(pH 7.3).Thefol-
lowingpharmacologicalagentswereaddedto thebathin someexperiments:TTX (0.5±1μM,
Alomone),D-APV (25μM, Tocris),mibefradil(10μM, Tocris),andcadmiumchloride(Cd2+,
100μM, Sigma).After control recordings,drugswerewashedin for at least10minutesbefore
restartingrecordings.Electrophysiologicalrecordingsweremadewith anEPC-10amplifier
andPatchmasterv2.60software(bothHEKA Elektronik).Granulecellswerepatchedin
whole-cellcurrentclampmodeandheldneartheir restingpotentialof closeto ±75mV [33]. If
granulecellsrequired>25pA of holdingcurrent,theywererejected.In orderto provideopti-
malopticalaccessto thegranulecellapicaldendritic tree,patchedcellswerelocatedcloseto
themitral celllayer(meandepth14± 12μm,n = 63cells).

Combined 2-photon imaging and multisite uncaging in 3D

Imaginganduncagingwereperformedon aFemto-2D-uncagemicroscope(Femtonics).The
microscopewasequippedwith a60×water-immersionobjectiveusedfor patching(NA 1.0W,
NIR Apo,Nikon) anda20×water-immersionobjectiveusedfor 2-photonimaginganduncag-
ing (NA 1.0,WPlan-Apo,Zeiss).Greenfluorescencewascollectedin epifluorescencemode.
ThemicroscopewascontrolledbyMESv4.5.613software(Femtonics).Two tunable,verdi-
pumpedTi:Salasers(ChameleonUltra I andII, respectively,Coherent)wereusedin parallel,
setto 835nm for excitationof OGB-1andto 750nm for uncagingof 4-methoxy-5,7-dinitroin-
dolinyl-cagedglutamate(DNI, Femtonics;[82]). DNI wasusedat0.6mM concentrationin a
closedperfusioncircuit with atotal volumeof 12ml andwaswashedin for at least10minutes
beforeuncaging.To visualizethespinesandfor Ca2+ imaging,wewaitedat least20minutes
for thedyesto diffuseinto thedendritebeforeimaging.

Imaginganduncaginglaserbeamsweredecoupledbeforetheentranceof thegalvanome-
ter-based2D scanningmicroscopeto relaytheuncagingbeamto aspatiallight modulator
(SLMX10468-03,Hamamatsu).Next,wepositionedthemultiple uncagingspots/fociin 3D at
adistanceof 0.5μm from thespineheads,usingcustom-writtensoftware(basedon Matlab).
Theholographicprojectormoduleandsoftwarearedescribedin detailin Goandcolleagues
[25]. Theavailablelaserpowerat thesampleof our systemallowedfor amaximumnumberof
12spotsin avolumeof 70×70×70μm3. Usuallyspinesno deeperthanapproximately30μm
wereimaged,becauseotherwiseuncaginglaserpowerwastoo muchattenuated.Theposition-
ing wascheckedbeforeeachmeasurementand,if necessary,readjustedto accountfor drift.
Theuncagingpulsedurationwas1±2milliseconds,andthelaserpulsepowerwasadjusted
individually for eachexperimentto elicit physiologicalresponses[15]. Forsimultaneousmulti-
sitephotostimulation,thetotaluncagingpowerandthenumberof uncagingspotswerekept
constant.ªSuperfluousºfoci, i.e.,foci thatwerenot neededasstimulationspotsatagiventime
of anexperiment,wereexcludedbypositioningthemjustoutsidetheholographicfield-of-
view,suchthat theywould fall off theopticsandnot beprojectedonto thesample[25].

PLOS BIOLOGY Dendritic integration upon simultaneous multispine activation

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000873 September 23, 2020 20 / 29

https://doi.org/10.1371/journal.pbio.3000873


Imagingof uncaging-evokedCa2+ signalsin selectedspinesanddendriticpositionswithin one
2D planewascarriedout asdescribedearlier[15]. During simultaneousCa2+ imagingand
photostimulation,imagingwasstarted700millisecondsbeforetheuncagingstimulus.During
uncaging,thescanningmirrors werefixed.

In eachexperiment,singlespineswereconsecutivelyactivatedandsomaticsingle-spine
uncagingEPSPs(uEPSPs)wererecordedfor eachspineseparately.Next,successivelyincreas-
ing numbersof thesespinesweresimultaneouslyactivated,andsomaticcompounduEPSPs
wererecordeduntil thecellfired anactionpotential(AP,globalNa+-spike)or, in theexperi-
mentswith focuson subthresholdintegration,until amaximumnumberof 10activatedspines
wasreached.A subsetof spinesanddendritic locationslocatedwithin thesamefocalplane
werechosenfor 2-photonline-scanningto gatherCa2+ imagingdata.At leastonespine,
termedspine1 in thefollowing,wasalwayslocatedin this imagingplaneto gathercomplete
ΔF/Fdatasetsfrom theactivationof only thissinglespineto theadditionalactivationof more
andmorespinesuntil themaximalnumber.Becauseof thespinedensitybeinghigherin distal
regionsandCa2+ imagingbeingrestrictedto 1 focalplane,mostdendriticmeasurementsata
distancefrom thecenterof thestimulatedspineset(Fig1B)werestill proximalto thestimula-
tion site.Thesequenceof theadditionalsuccessivelyactivatedspineswith respectto their posi-
tion on thedendritic treewaschosenrandomly.However,thelow spinedensity(see
Introduction) andtherestrictionto avolumeof 70× 70× approximately30μm3 mostlydeter-
minedthechoiceof activatedspines.Bothsingle-spinestimulationsandthedifferentcombi-
nationsof multisiteuncagingwere,if possible,performedat leasttwice,andrecordingswere
averagedfor analysis.

Becausesuchexperimentswereperformedwith up to 40differentstimulationconditions,
wedecidedto increasethespinenumbersby incrementsof +2 for someexperiments(in par-
ticular, for pharmacology)in orderto limit theexperimentdurationandthusto ensureagood
recordingquality.

Data analysis

Changesin Ca2+ indicator fluorescenceweremeasuredrelativeto therestingfluorescenceF0 in
termsofΔF/F,asdescribedpreviously[17]. ElectrophysiologicalandCa2+ imagingdatawere
analyzedusingcustommacroswritten in IGORPro(Wavemetrics).Asin our previousstudies,
spontaneousactivitywashigh in general,andtracescontaminatedbysuchactivityduring base-
line justbeforeuncagingor during therisingphaseof theuEPSPwerediscarded.Multiple (2 or
more)recordingsof thesamestimulationtypewereaveragedandsmoothed(boxsmoothing)
for analysis.uEPSPandΔF/Frisetimeswereanalyzedin termsof theintervalbetween20%and
80%of totaluEPSP/ΔF/Famplitude;uEPSPsandΔF/Fhalfdurations(τ_1/2)wereanalyzedin
termsof theintervalbetweenthepeakand50%of thetotalEPSPor ΔF/Famplitude.The
uEPSPmaximumrateof risewasdeterminedbythepeakof thefirst derivativeof theuEPSPris-
ing phase.TheglobalNa+-spikethresholdwasdetectedviathezeropoint of thesecondderiva-
tiveof therisingphaseof theactionpotential.

Integrationwasquantifiedbyplotting theamplitudeof thearithmeticsumof therespective
singleuEPSPtracesversustheactuallymeasuredmultispinecompounduEPSPamplitudefor
increasingnumbersof coactivatedspines,yieldingansO/I (from [1], wheretheseplotsare
termedsI/O). If thecompounduEPSPamplitudeconsistentlyexceededstheamplitudeof the
arithmeticsumof thesingleuEPSPtracesbeyondacertainstimulationstrengthbyat leasta
factorof 1.2,weclassifiedthesesO/I patternsassupralinear.If thefactorfell consistently
below0.8,weclassifiedthesesO/I patternsassublinear,andthepatternsfallingbetweenthese
categorieswereconsideredto belinear.Thefactorsweresetat0.8and1.2to exceedpotential
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undersamplingerrorsin uEPSPamplitudes(seenextsection).Thesupralinearitycriterion was
empiricallyconfirmedbyconcurrentcharacteristicchangesin compounduEPSPkinetics
(increasein rateof risedueto theD-spike,seeFig3) andfurther validatedbyvariation(seeS1
Table).

Ascriterion for thepresenceof aCa2+-spike,dendriticCa2+ transientamplitudesΔF/Fhad
to exceedavaluewellabovenoiselevel(� 8%ΔF/For factor1.5abovenoiselevelof 5%ΔF/F)
andbedetectableateverydendritic line scanlocatedwithin thesectionof thedendritecarry-
ing stimulatedspines(Fig2,Fig4E;[17]).

Data sampling, normalization, and alignment

Becausefor anyparticularnumberof coactivatedspineswecouldusuallyperformno more
than2stimulationsin theinterestof finishingexperimentswithin theaveragelife time of gran-
ulecellrecordings,theindividual compounduEPSPmeasurementsmight differ from the
meanfor thatparticularspinenumberdueto undersampling.ForsingleuEPSPs,aprevious
datasetof spineswith highernumbersof samplings(from [15], obtainedon thesameexperi-
mentalrig exceptfor theaddedspatiallight modulator)allowedto estimatethevarianceat the
averageuEPSPamplitudeof 1.40mV in theexperimentsin thisstudyas0.39mV (n = 18
spines,S1BFig)andalsoto determinethenumberof samplingsrequiredto properlydetect
thevariancebetweenuEPSPmeasurementsfrom agivenspine(n = 6).Thus,asamplingnum-
berof 2 peruEPSPasin thecurrentdatasetwill increasethegeneralvariancebyafactorof
approximately

p
(6/2) =

p
3 [83]. On theotherhand,stimulationsof largernumbersof spines

Nspinewill reducethissamplingproblembyafactorof
p

Nspine, similar to theeffectof averag-
ing acrossrepeatedstimulationsof thesamespine[83]; thesameargumentholdsfor thearith-
meticsummationof theinvolvedNspinesingleuEPSPs.S1CFigshowstheresultingprediction
of thevariancesin theEPSPamplitudefor linearsummation,assumingthatall singleuEPSPs
areof similarsize,becauseadifferencein sizeshouldnot affectlinearity.Basedon thisesti-
mate,weexpectto beableto detectdeviationsfrom linearbehaviorbymorethan±0.2beyond
approximately5 costimulatedspines.

Similarly,thevariancein single-spineΔF/F ison theorderof 6%ΔF/For approximately0.2
of thetotal signal(againderivedfrom [15]). To comparespine1ΔF/Famplitudemultispine
activationdataacrossexperimentsrelativeto solelylocalactivationof spine1,weintendedto
normalizetheseto thespine1ΔF/Famplitudefor unitary activation.Becauseof theundersam-
pling problem,wetestedfor up to whichspinenumbertherewasno significantincreasein
ΔF/F,whichyielded4 spines(FriedmanrepeatedmeasuresANOVA on ranks:Χ2

F(3) = 4.80,
p = 0.187).Therefore,weaveragedspine1ΔF/Ffor (co)stimulationsof 1,2,3,and4 spines
andusedthemeanasbasalunitaryΔF/Ffor normalization.Thus,undersamplingof spineΔF/
Fcouldbecompensatedfor by thismeans.

BecausedendriticΔF/Fwasusuallynot detectablefor low numbersof stimulatedspines,
normalizationto theaveragedendriticΔF/F in responseto stimulationof spines1,2,3,and4
wouldhaveintroducedaveryhighvariance.Instead,ΔF/F in thedendritewasnormalizedto
themeanof all responsesfrom theonsetof thedendriticCa2+-spikeuntil belowglobalNa+-
spikethreshold.

Becauseeachgranulecellrequiredits individual spinenumberto reachthethresholdsfor
thenonlocaleventsCa2+-spike,D-spike,andglobalNa+-spike(for therespectivepatternof
stimulation),wealignedthedatain relationto theonsetof thenonlocalevent(e.g.,Fig2D and
2Erelativeto Ca2+-spike).Suchrealignmentsallowusto revealeffectsacrossthesampledcells
thatotherwisewouldbesmearedout becauseof cell-specificthresholds,suchasrecruitmentof
activeconductancesnearthresholds[3].
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Morphological analysis

Granulecellapicaldendriteswerereconstructedfrom 2-photonfluorescencez-stacksgatheredat
theendof eachexperiment,usingNeurolucida(MBFBioscience).Distancesweremeasuredalong
thedendrite.Meandistancesof aspinesetfrom thesomaor themitral celllayerwereanalyzedin
termsof theaveragedistanceof allstimulatedspinesfrom thesomaor crossingof theapicaldendrite
into themitral celllayer,respectively.Thedistribution of astimulatedspinesetacrossthedendrite
wasanalyzedin termsof themeandistanceof eachspinefrom allotherstimulatedspinesalongthe
dendrite.Becausethedegreeof z-resolutionin our 2-photonstacksdid not allowfor properdecon-
volution,spinenecklengthsandspineheadsizeswereestimatedasdescribedbefore[15,84].

Statistics

Statisticaltestswereperformedin Sigmaplot13.0(SystatSoftware,Inc) or on vassarstats.net.To
assessstatisticalsignificancelevelsacrossspinenumbersor thresholdVm valuesfor Ca2+-spike
versusglobalNa+-spike(Fig2C),datasetswerecomparedusingpairedt-testsfor dependent
datasets.Not normallydistributeddatasets(Shapiro-WilkNormality Test)werecompared
usingWilcoxonsignedrank tests.To assessstatisticallysignificantdifferencesfrom linearsum-
mationin sO/I relationdatasets,thedistribution of ratiosof themeasureduEPSPamplitudes/
arithmeticsums(O/I ratio) wastestedagainstahypothesizedpopulationmean/medianof 1.0
(correspondingto linearsummation),using1-samplet-testsor 1-samplesignedrank testsfor
not normallydistributeddata.To assessvariationin repeatedmeasuredatasets(Fig3C)
repeatedmeasuresANOVA togetherwith all pairwisemultiple comparisonprocedure(Holm±
Sidakmethod)wasperformed.Forpharmacologyexperiments(e.g.,Fig5D) repeatedmeasures
2-wayANOVA togetherwith all pairwisemultiple comparisonprocedure(Holm±Sidak
method)wasperformed.Forstatisticalanalysisof dendriticΔF/Fbeforeandafterpharmacolog-
ical treatment,juststimulationsof�4spinesweretakeninto account,becausefor lowernum-
bersof spines,usuallyno signalwasdetectableundercontrol conditions.

Becauseof theincreaseof spinenumbersby incrementsof 2 in someexperiments,averaged
datapointsfor agivenspinenumberacrossexperimentsdo not containthesamen of individ-
ualmeasurementsasfor otherspinenumbers.Evenmoresowhenthedatawerealignedrela-
tive to individual spikethresholds(e.g.,alignmentrelativeto Ca2+-spikethresholdin Fig2D
and2E),becausenot all experimentscontaineddatapointsfor themoreremotespinenumbers
[+2] or [−3] relativeto threshold.In addition,in experimentswith datagapsjustbeforea
globalspikethresholdatspinenumber[x], it isnot possibleto knowwhetherthespikethresh-
old couldhavealreadybeenreachedat [x-1] spines(e.g.,alignmentrelativeto Ca2+-spikein
Fig2D and2E).Weaccountedfor thisuncertaintybyaveragingthedatain thecontinuous
experimentsfor [−2] and[−1] andusedtheseaverageddatatogetherwith thedatafrom exper-
imentswith gapsfor pairedcomparisonof parametersbelowandat threshold(nonparametric
Wilcoxontest).S2 Fig showstheindividual datapointsfor all thesecomparisonsnormalized
to [−2/−1]. If therewasasignificantlinearincreaseor decreasewith spinenumberin the
parameterin thesubthresholdregime(greydashedlinesin Fig2D and2E;Fig3D and3E;Fig
4C±4F),theexpectedincrementbasedon thischangewassubtractedfrom theparameterval-
uesat thresholdbeforestatisticaltestingfor adifference.

To assessstatisticalsignificancefor linearincreaseanddecrease(Table1) weperformeda
linearregressionanalysis.Givenr2 valuesareadjustedr2 values.

Supporting information
S1 Fig. Distribution of single uEPSP amplitudes, variance of single uEPSPs and estimate

of variance for compound and summated uEPSPs. a: Bluehistogram:amplitudedistribution
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of single-spineuEPSPsin thisstudy(n = 272spines).MeanuEPSP:1.4± 1.4mV. Grayhisto-
gram:distribution of uEPSPsfrom previousstudy(Bywalezandcolleagues2015;right axis,
n = 47spines).b: Recordingsof multiple uEPSPresponsesfrom thesamespine(n = 9± 3
responseson average,n = 18spines,meanuEPSP1.6± 1.0mV) from Bywalezandcolleagues
2015,analyzedfor their SD.Highly significantcorrelation(p< 0.001),linearfit shown.For
themeanvalueof uEPSPsin thecurrentstudyof 1.4mV, SDsingle-spineis thuson theorderof
0.4mV (bluearrows).c: Extrapolationof multispineEPSPamplitudesversusthearithmetic
single-spineEPSPsumfor linearsummationfrom b andthesamemeansingleuEPSPand
SDsingle-spineresponsefor all spines(asextrapolatedfrom b).Variationsof meanEPSPsize
acrossspineswerenot takeninto accountbecausetheseshouldnot influencethelinearity
of summation.White numerals:respectivespinenumber.Error barsin thex-dimension
(arithmeticsum):Black:ExpectedstandarddeviationSDsumfor idealrecordingconditions
(at least6stimulationsperspine,SDsum= (

p
Nspines)�SDsingle-spine, seeMethods).Blue:stan-

darddeviationof EPSPamplitudesin our datasetextrapolatedfrom theidealSD.Because
thereareonly 2 stimulationsperspineinsteadof the6stimulationsrequiredto properlymea-
sureSDsingle-spine, theactualSDsingle-spineis increasedbyafactorof

p
3comparedwith theideal

SDsingle-spineandthustheSDsumisalsoincreasedbyafactorof
p

3 (seeMethods).Error bars
in they-dimension(compoundEPSP):Black:ExpectedstandarddeviationSDmulti-spinefor
idealrecordingconditionsandlinearsummationof similaruEPSPs(at least6 stimulationsper
spineset,SDmulti-spine= (

p
Nspines)�SDsingle-spine, seeMethods).Blue:SDof EPSPamplitudesin

our datasetextrapolatedfrom theidealSD,similar to thex-dimension:sincethereareonly 2
stimulationsperspineset,theactualSDmulti-spine is increasedbyafactorof

p
3 comparedto

theidealSDmulti-spine. uEPSP,uncaging-evokedexcitatorypostsynapticpotential.
(DOCX)

S2 Fig. Individual data sets at threshold for Ca2+-spike and D-spike. Individual datapoints
from paireddatacomparisonsacrossthresholdfor Ca2+-spikes(a), D-spikes(b) andeffectof
TTX on D-spiketransitions(c). Thesedatawerenot plottedin themain figuresfor sakeof clarity.
In a, b dataareshownnormalizedto theaveragevaluebelowthreshold(exceptfor ΔF/Fdendrite
becauseof severalpointswith valuezero)andcorrectedfor lineartrendin subthresholddata(see
Methods).In c, changesΔ in parametervaluesacrossthresholdin TTX areshownnormalizedto
their increaseΔ in control,thusno correctionfor lineartrendsisrequired.Analysisof halfdura-
tion ismissingbecausetherewerenot enoughdatapointsfor statisticalanalysis.�p< 0.05,��p<
0.01,���p< 0.001.D-spike,dendriticNa+-spikes;TTX, tetrodotoxin.
(DOCX)

S1 Table. Robustness of supralinearity criterion O/I ratio� 1.2. Thecriterion wasvaried
by± 0.1andtherespectivedataof theindividual cellswererearrangedaccordinglybeforeaver-
aging.O/I, output/input.
(DOCX)
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