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andNa' channelgCa,s,Na,s)andNMDA receptordfNMDARS) that canamplify locally
suprathresholelectricalsignalsandthus,generatalendritic spikesn manyneurontypes.
Theonsetof suchspikesoftenresultsin supralineaisummationwith respecto the arithmetic
sumof theindividual synapticpotentialsdendritic Na s alsofacilitatebackpropagatiomf axo-
nal actionpotentialsinto the dendritic tree.Sublineaisummationmayalsooccur,depending
on dendriticinput impedancethe densityof activeconductancesndthe distribution of syn-
apticinputs,bothin the spatialandtemporaldomain[1, 2].

Forexamplegorticalandhippocampapyramidalcelldendritesarereportedto feature
modesof supralinealintegrationthat arebolsteredby the aforementionedactivedendritic
conductanceandregenerativenechanismsssociatedith them,i.e.,dendritic C&*-spikes,
dendritic Na*-spikes(termedD-spikesin the following), and so-calledNMDA-spikes[3+8].
Converselysublinearintegrationis performed.e.g. by GABAergiccerebellastellatecellden-
dritesviareductionsin driving forcefor largedendritic depolarization$9].

Asidefrom suchcomputationghat ultimatelyconvertanaloguesignalsnto binary codeat
theaxoninitial segmentusingvariousmodesof information processing10], anotherfunc-
tional outcomeof dendritic integrationis the releas®f transmitterfrom the dendritesthem-
selvesDendritic transmitterreleaseccursin manybrain regionsandis particularlywell
known from theretinaandthe olfactorybulb[11]. In the bulb, axonlessnhibitory granule
cellsreleas&sABA exclusivelfrom spineson their apicaldendritethat containreciprocal
dendrodendriticsynapsewith the excitatorymitral andtufted cells Mitral andtufted cellsdo
not communicatedirectly (unlessheybelongto the sameglomerularunit andinteractdirectly
viatheir apicaltufts [12, 13]). Rather their only interactionhappenssialateralinhibition
mediatedby granulecellsandotherlocalinterneuronsubtypesof which granulecellsarethe
mostnumerous[14]. Thus,the propertiesof dendritic integrationin granulecellsareessential
for the onsetand degreeof lateralinhibition.

Dendritic excitabilityin granulecellsalreadysetsn with single-spinectivation becausa
singlemitral/tufted cellinput cantriggeralocalNa“-spikewithin the spine[15]. This spine
spikecancauseeciprocalreleas®f GABA viagatingof high-voltage-activate@a,s[16]. Acti-
vation of largernumbersof spiness observedo resultin globallow-thresholdCe’*-spikes,
which aremediatedby T-type Ca,s[17+19].Synapticallyevokeddendritic Na -spikeletqD-
spikeshavebeenreportedfrom mouseturtle, andfrog granulecells causingegionalCe’™
entry [19+21].Finally,full-blown globalNa’-spikescanbeelicitedby stimulationof asingle
glomerulusresultingin substantiaCa* entry throughoutthe granulecelldendrite, with
largeramplitudeandfasteronsetthan C&* entry mediatedby C&*-spikeg22, 23].

Sofar, it isunknown how manycoinciding mitral/tufted cellinputs arerequiredto elicit
thesespiketypesbandtherewithCa* entry alsoin nonactivatedgranulecellspinespossibly
invoking lateralinhibition: If Ca*-spike-mediatedCa* entry sufficego triggerlateralGABA
releasdrom atleastsomereciprocalspinesthenthethresholdfor dendritic C&*-spikegener-
ationis equivalento the onsetof lateralinhibition, whereagjlobalNa'-spikesarelikely to
causdateralinhibition with greaterefficiency Pressleand Strowbridgg24] havepredicted
thatatleast20coactivamitral/tufted cellinputs (within atime window of 1 millisecond)are
requiredto achieveglobalNa'-spikegenerationwith 50%reliability, in line with therather
hyperpolarizedyranulecellrestingmembranepotentialV,,, = £ 80mV and medianunitary
excitatorypostsynaptipotential( EPSPamplitudes< 2mV in our handg[15, 17].

Anotherintriguing questionis whetherthe localspineNa’-spikescancontributeto den-
dritic integrationin granulecells.sit conceivableéhat the spinespikesacrossanactivated
spineclustercanteamup to ignite thelocaldendritic segmentresultingin aD-spike?Conven-
tional sequentiaR-photonuncagingof glutamatgwhichinvolvesmovingthe 2D xy-scanner
from oneuncagingspotto the next)would precludeobservation®f sucheffectshecausef the
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inactivationof Na,sduring the sequenceTlherefore we simultaneoushactivatedspinesn 3D
with aholographicsysteni25]. Importantly, this paradigmis coherentwith physiologicahcti-
vation,becaus¢hefiring of mitral andtufted cellswithin aglomerularensemblés precisely
lockedto the sniff phaseandthuscanbesynchronizedvithin 1 millisecond[26]. Holographic
stimulationalsoenabledusto targetsufficientnumbersof inputs,aproblemin 2D becausef
thelow granulecellspinedensity(1+2spinegper 10um; [27]) and,indeed allowedusto inves-
tigatethe onsetof nonlocalspikingand ultimatelyto elicit globalNa-spikes.

Results

To studysynaptidntegrationwithin granulecellapicaldendriteswe mimicked simultaneous
mitral/tufted cellinputsto adefinednumberandarrangemenbf granulecellspinesn the
externalplexiformlayerby 2-photonuncagingof 4-methoxy-5,7-dinitrondolinyl-cagedyluta-
mate(DNI, [15,28]) atmultiple sitesin 3D usingaholographigprojector[25]. Cellsin juvenile
rat acutebrain slicesverepatch-clampeandfilled with Ca#*-sensitivedyeOregonGreen
BAPTA-1(OGB-1,100uM) to recordsomaticV,, andC&’* influx into oneor severastimu-
latedspinesandseveratiendritic locationsby 2-photonC&’* imagingwithin a2D plane(see
Materialsandmethods).

Subthreshold dendritic integration

To characterizesubthresholdiendritic integrationin termsof somaticV,,,, wefirst consecu-
tively stimulatedindividual spinego obtainsingle-synapsencaging-evoke&PSP¢single
UEPSP)followedby simultaneousctivationof the samespinesresultingin acompound
UEPSPThenumberof coactivatedspinesvasincreasedintil eitherthe globalNa"-spike
thresholdor the availablanaximumwerereached10+12spinesseeVaterialsand methods).
Underthe givenexperimentatonditions,we succeedetb elicit globalNa*-spikesin 34out of
111granulecells.In therepresentativgranulecellin Fig 1A, 9 coactivatedpinesgenerated
globalNa*-spikesin 4 out of 7 trials. This stochastibehaviorat thresholdwasalsoobservedn
all otherspikingcellsin our sample Asto the numberof globalNa*-spikesperresponse23
cellsfired 1 spikeatthreshold 6 cellsfired doublets(e.g.,Fig 1A), and5 cellsfired yetmore
spikeswith variationsin spikenumbersacrosgrialsin somecells.Theaveragéatencyof the
first spikewas42+ 40millisecondqaverage: SD);secondspikesoccurredatameanlatency
of 86+ 70millisecondsrom thefirst (n = 11). TheaveragsingleuEPSRamplitudeacrossall
spikinggranulecellspinesvasl.4+ 1.4mV (n = 272spinesdistribution of individual UEPSP
amplitudesseeS1AFig). Theintegrationof UEPSPsriginating from severaspinesvasquan-
tified by comparingthe amplitudeof the arithmeticsumof the respectivesingleuEPSRraces
to theactuallymeasurednultispinecompounduEP SRamplitudefor increasinghumbersof
coactivateapinesyieldingasubthresholdutputtinputrelationship(sO/I) for eachcell
(reviewedn [1]).

Theanalysi®f sO/Is(Fig 1B)indicateshat (1) for low numbersof coactivatedpinesthe
averagesO/l relationshipacrossellswaslinear;(2) beyonda certainstimulationstrength the
compounduEPSRamplitudeexceedethe amplitudeof the arithmeticsingleuEPSFEumby
anoutput/input (O/1) ratio of atleastl.2in the majority of cells(n = 190f 29).We classified
thesesO/IsassupralinearThechoiceof this criterion (O/I ratio > 1.2)is basedn thelarge
varianceof singleuEPSRamplitudesn our dataset(seeMaterialsand methods S1Fig). The
numberof cellsclassifiedassupralineamwasfound to be highly robustagainstaloweringof
this criterion (seeS1Table).In thesel9cells supralinearitywasattainedat an averag®f
6.7+ 2.6stimulatedspinesand alwaysmaintainedbeyondthis thresholduntil globalNa'’-
spikegenerationexcepfor onecellwherethe lastaddedsingleuEPSRvasverylarge).(3)
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Fig 1. Subthreshold dendritic integration in granule cells. a: Left: Z-projection of 2-photonscanof representatiecell,top part showsmagnifed insetwith uncagng
spotslabeledoy bluestars Right: SomaticcompounduEPSPandglobalNa’-spikesgeneratedby simultaneusactivationof 1,3, 5, 7,and9 spinegAP). Inset:Single
UEPSPsecordedatthe soma(seeMaterials and methods). b: SO/l of n = 29individual experimats. Graylinesandcircleso: Sublinearto linearintegration.Blacklines
ando: Supralinarintegration(solid circlesdatafrom a).Bluelinesando: AveragedsO/I of 1 to 9 coactivatedpinesacrossall GCs.Dashedine: lineary = x. Graylines:
Cut-off supra-andsublinea regimefor classiftationof cells(y = 1.2x,y = 0.8x,seeMaterials and methods). 1 datapoint of 1 experimait exceedthe scalec: sO/I
cumulaive plot of experimentsn b with dataarrangedrom -9 to 0 spinegelativeto globalNa’-spikethreshold Significancdevelseferto O/l EPSRamplituderatio
distributionswith meansheyondthelinearregime(0.8+1.2}estedagainstinearity (seeinset,Materials and methods). Bluediamondse: averageO/| of all experimats
(seealsoinset):Supralineaat-2 (p = 0.006)and 0 spinegp < 0.001meanO/| ratio 1.53+ 0.63).Blackdiamonds¢: averagef supralineassO/Isonly (n = 19),
significarily exceedindinearsummationbeyond-3 spines:-2 spineqp < 0.001)-1 spine(p = 0.007)0 spine(i.e.atthreshold p < 0.001meanO/I ratio 1.86+ 0.52).
Graydiamondse: averag®f subliner to linearsO/Isonly (n = 10),significarily belowlinear summationbelow-3 spines:-7 spineqp = 0.027) -6 spinep = 0.008),
-5 spinegp = 0.020)~4 spinegp = 0.021meanO/I ratio 0.79+ 0.37).Inset:average/| ratiosof all experimats versusspinenumberrelativeto globalNa-spike
(AP) threshold AP, actionpotential/gbbalNa'-spike;EPL externalplexiformlayer;GCL,granulecelllayer;MCL, mitral celllayer;O/I, output/input; sO/I,
subthresold O/I relationsip; UEPSPuncaging-gokedexcitatorypostsynapt potential.In all figures datameansarepresented: standarddeviation;*p < 0.05,"p <
0.01,**p < 0.001.

https://da.org/10.1371¢urnal.pbic8000873.g001

Persistensublinearintegration(QO/I ratio < 0.8)beyondathresholdwasobservedn only one
cell,whereasheremaining9 cellsdid not showanyconsistentleviationsfrom linearbehav-
ior. In this subsebf 10cells the averagsingleuEPSRamplitudewassignificantlylargerthan
for the19supralinearcells(2.1+ 0.6mV versusl.1+ 0.6mV, p < 0.001).
Becauseachspikinggranulecellrequiredits individual spinenumberto reachthe thresh-
old for globalNa"-spikegeneration(for the respectivestimulation pattern),wenextaligned
the sO/Isto the onsetof the globalNa"-spikebeforeaveragingFig 1C;seeMaterialsand
methods) TheensuingaveragedO/I relationshipwaslinearuntil globalNa*-spikethreshold
(correspondingo the numberof coactivatedpineshattriggeredaglobalNa’-spikein a
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subsebf stimulations)whereit turned supralinearTheaveraged®/| ratiosbecamesignifi-
cantlysupralineamat -2 spinesbelowthreshold(see~ig 1Cinset;seeViaterialsand methods).
FortheaveragedupralineaisO/Is(seeabove)the O/I ratio washighly significantlysupra-
linearfrom -2 spineshelowthresholdupwards The averag®f theremaininglinear/sublinear
sO/Iswasessentiallyinear,with atendencytowardsublinearityfor lowernumbersof coacti-
vatedspinesThus,wefind thatdendritic Vy, integrationis by andlargelinearatthe granule
cellsomawith asupralineaincreasén V, closeto globalNa'-spikethresholdin the majority
of cells.

Transition from local spine spikes to nonlocal Ca**-spikes

Becausgranulecellsareknown to featureglobalCe?*-spikesandtheir generatiorhadbeen
associatetvith anincreasen EPSRamplitudeandduration[17], weinvestigatedvhether

the onsetof the supralinearityin somaticV,, observedn the majority of sO/Iscoincidedwith
Ca*-spikegenerationWe detectedhetransitionfrom localspineNa'-spikes(which do not
causaletectablelendritic calciumtransients15, 17]) to C&*-spikegeneratiorvia two-pho-
ton C&* imagingin dendritic shaftshat wereon averaget.4+ 3.3um remotefrom the baseof
the closesstimulatedspine thusnot directly adjacento the spinege.g. Fig 2A; n = 52cells).
Dendritic C&* transientswereconsideredo indicatethe presencef aCa*-spikeif their
amplitudewasabovenoiselevel(AF/F > 8%,seeMaterialsand methods) We alsoalways
imagedat leastonespinethat wasphotostimulatedhroughoutall spinecombinations(termed
spinelin thefollowing),asexemplifiedn Fig 2A, showingsomaticV,, and concurrentCa’*
transientswithin spinel andatseveratlendritic locationswith increasingrumbersof stimu-
latedspinesThesedendritic C&* transientsattenuatedsubstantiallywhile propagatingrom
the activatedspinesetalongthe dendritetowardsthe soma(Fig 2B,n = 38locationsin 12
cells).Thus,the C&*-spikereportedhereis mostlyaregionalsignal Beyondthe C&*-spike
threshold highernumbersof activatedspinegresultedn largerdendritic AF/F signalswith
increasedaxtent(Fig 2A and 2B),which canbeexplainedoy therecruitmentof additionalvolt-
age-dependerdonductance¢seeResultsFig 7).

Across28granulecellsthat could produceboth Ce?*- andglobalNa'-spikesunderour
experimentatonditions,stimulationof, on averages.5+ 2.1spinessufficedfor Ce?*-spike
generationatanaveragesomaticV, thresholdof -67.8+ 7.6mV), whereasctivationof
9.0+ 1.6spineswasrequiredto elicit aglobalNa'-spike(at asomaticthresholdof -60.2+ 8.8
mV; both spinenumberandV,, threshold;p < 0.001C&"*- versusNa'-spike,Fig 2C).In cells
thatdid not yetfire aglobalNa’-spikeat the maximumnumberof stimulatedspinesthe
thresholdspinenumbersfor C&*-spikeswerenot significantlydifferentfrom thosein spiking
cells(n = 25analyzecells;5.3+ 2.3spinesrespectivelyp = 0.82). Thelow somaticV, thresh-
oldsindicatedistalinitiation zonedor both spiketypes.

Thus,Ca*-spikegeneratiorrequiredsubstantiallfower numbersof coactivatedxcitatory
inputsthanglobalNa’-spikegenerationHowever whencompounduEPSRropertieswere
alignedto the Ca&*-spikethresholdspinenumberbeforeaveragindFig 2D, 2Eand 2F),there
wasno discontinuousncreasan amplitudeor O/l ratio or kineticsatthreshold(i.e.,no signif-
icantdifferencefrom thelinearfits to the subthresholdegimeat threshold seeViaterialsand
methods sedigurelegendfor p-values)Thus,the onsetof aCa*-spikeasreportedby den-
dritic AF/Fis not substantiallynvolvedin the generatiorof V,,, supralinearityTheregional
dendritic C&*-spikeobservederediffersfrom earlierobservation®f granulecellglobal
Ca"-spikes(alsotermedlow-thresholdspikes)hatweregeneratedy glomerularor external
electricaffield stimulation[17,19],andthat spreadevenlythroughoutthe dendriteandalso
boostandbroadensomaticEPSP$seeDiscussion).
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8%,n = 44datapoints).c: Comparisorof spinenumbers(left) andsomaticthresholdgright; both»n = 28,p < 0.001 pairedt-test)for Ca*-spikesandglobalNa’-
spikesAll error barsdenotestandarddeviation, alsoin panelsd, e, f. d: MeansomaticcuEPSRmplitudeswith spinenumbersalignedrelativeto Ca*-spike
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https://doiorg/10.1371§urnal.pbio.800873.g002
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https://dbi.org/10.1371djurnal.pbic3000873.g003

Transition to supralinear behavior due to D-spikes

Becauséhetransitionfrom linearto supralinearegimesn the cellswith supralineaisO/Is
couldnot beexplainedby the onsetof C&*-spikeswenextinvestigatedhis transitionin
greaterdetail (in the cellswith supralineasO/Is,n = 18).We noticedthatthis transitionwas
alwaydinked to the occurrenceof spikeletqe.g.,Fig 3A) and/oranincreasen the maximal
rateof rise(e.g.Fig 3B),whichareboth known to indicateD-spikes([3, 20,29+32]).Spikelets
wereobservedn 7 out of the 18cells.Thetransitionto D-spiking happenedtanaverag®f
6.5+ 2.7spinessignificantlyhigherthanthe spinenumberrequiredfor Ca*-spikeonsetand
lowerthanfor Na*-spikeg(Fig 3C).Arrangementof the datarelativeto the transition spine
number(Fig 3D) showsa highly significantdiscontinuousncreasen compounduEPSP
amplitudesatthreshold(i.e.,significantlydifferentfrom linearfit to subthresholdegime,see
Materialsand methods)andthe concomitantincreasen O/I ratios(Fig 3E). Thisalignment
alsorevealedighly significantincreasesf severatompounduEPSHinetic parameters,
namely maximalrateof rise,risetime, andhalf duration (Fig 3F).
Althoughtheincreasednaximalrateof riseBDasmentionedpreviouslybisahallmarkof D-
spikeshow canD-spikesbeconsistenivith the observedncreasén compounduEPSRise
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time?Previouslywehadobservedhat singleuEPSRisetime evenincreasedipon Na, block-
ade becausef the block of the spineNa"-spike[15].

Thisapparentiscrepancyganbeexplainedoy the substantialatencyof D-spikes asevi-
dentfrom thelatencybetweeruncagingonsetandthe peakof spikeletsywhichwas21+ 19
millisecondgmedian10millisecondsy = 7 cells;seeig 3A bottom and Discussion) Further-
more,our pharmacologicaéxperimentgseenext) provethatthe observedhangesn com-
pound uEPSKineticsin supralinearcellswereindeeddueto the activationof dendritic Na,s.

In conclusionthe supralinearityobservedn the sO/Isof the majority of granulecellsis
dueto the onsetof aD-spike.

Additional Ca** influxes into the spine mediated by Ca**-, D-, and global
Na*-spike

Next,weaskedvhetherdendritic signalssuchasCa*-spikes D-spikesandglobalNa'-spikes
canboostC& " influx into spinesthatarealreadyactivatedby localinputs. Suchsummationhad
beenobservegreviouslyfor both synapticallyevokedglobalNa'- and Ca?*-spikeq17, 22].

An exemplantransitionfrom localspineactivationto Ca*-spiketo D-spiketo full-blown
Na'-spikeis shownin Fig4A, andin Fig4Band4C,all normalizedC&’* signalsarearranged
relativeto globalNa-spikethresholdin theimagedspinel (number1 with respecto the
entire setof spinesjanddendrite.Becauséor low numbersof coactivatedgpineg1+4,not
alignedto anythreshold) therewasno significantdifferencen the spinel C&* signalwenor-
malizedAF/Ffor eachspinel to its meanof (1+4)to reducevarianceg(seeViaterialsand meth-
ods).From5 coactivespinesbelowglobalNa*-spikethresholdonwards poth averagepinel
anddendritic AF/F increasedontinuously.

Arrangementof the datarelativeto the Ca*-spikethresholdspinenumber[0] caz+-spikd S
detectedn the dendrite,Fig 4Eleft; notethat at [0] caz+-spike therewasalwaysa dendritic cat
signal differentfrom the globalNa*-spikethreshold whereEPSPsindNa-spikesoccurred
stochasticallyjevealedhat belowthresholdspinel AF/F wasratherconstantwhereasit
threshold,a highly significantincreasén AC&* occurred(by, on average+SD:1.44+ 0.80,
[O]caz+-spikeversud—1/-2] caz+-spike # = 26Spinesfig 4D left). Similarly,arrangemenbf the
datarelativeto the D-spikethresholdspinenumber[0] _spike @lSOrevealed highly significant
step-likeincreasen spinel AF/F (by 1.75+ 0.85,[0]p.spike VErsugd—1/-2] p_spike # = 18spines,
Fig4D right) andasignificantincreasen dendritic AF/F (by 1.76+ 0.74[0] p-spike VErsug -1/
—2]p-spike 1 = 9, Fig4Eright; again thesechangeslwaysoccurredat [0] p-spike With No sto-
chastiovariation).Finally,globalNa*-spikegenerationleadto yetmore substantialhighly sig-
nificant additionalC&* influx into both the spine(2.03+ 1.11lincreasdor Na'-spikeversus
EPSRatthe globalNa'-spikethresholdspinenumber[0] na.+-spike 20SOlUtEB4Y%6+ 59%AF/F,

n = 18spinesFig4B)andthedendrite(2.03+ 1.12increasdor Na'-spikeversussPSRat

[O] na+-spike AbSOlUtEA1%+ 20%AF/F, n = 11,Fig 4C).Comparedwith thelocalsynapticinput
andits ensuingspineNa’-spike,globalNa’-spikesincreasedpineCa* entry by 3.08+ 1.32
(Fig 4B),thuscoincidentlocalinputs andglobalNa’-spikessummatehighly supralinearly(see
Discussion).

Weinfer thatall 3 typesof nonlocalsignalsCa’*-spike,D-spike,andglobalNa'-spikescan
mediatesubstantiahdditionalC&* influx into the spineon top of the contribution of thelocal
synaptianput. Thus,agranulecellspine?knows®aboutits parentdendrite’'sgenerakxcitation
level.Similarstep-likeincreasedetweemonlocalsignalswill occurin dendritescloseto the
activatedspinesetandalsoin nearbysilentspineg(not receivingdirectinputs,not investigated
here),becaus¢hosewerefound previouslyto respondwith similar AC&* to nonlocalspikes
asdendriteg[17,22,33].
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line: linearfit of subthreshal meanamplitudes,alsofor e. e: Dendrite AF/F normalizedasin c,arrangedrelativeto
C&"-spikethreshold(left panel,» = 17,significarcenot testedpecauséncreasén dendritic AF/F abovenoiselevelwas
criterion for onsetof Ca*-spike)andrelativeto D-spikethreshold(right paneln = 12,Wilcoxon,p = 0.015seeS2BFigfor
individual datapoints). Symbolsasin d, with squaresnsteadof circles AP, actionpotential;D-spike dendritic Na*-spike.

https://doi.org/10.371/journal jpio.3000873004

Molecular mechanisms of integration: Nas

We observegreviously{15] that single-granuleell spineactivationresultedin alocalNa,-
dependenspinespike.Although mostof the postsynaptic€&* entry wasmediatedby
NMDARsthatwereunblockedalreadyby the AMPA receptor(AMPAR)-mediatedEPSPthe
spinespikecontributedadditional C&* by gatingof high-voltage-activate@a,s.Notably,
somaticallyrecordedsingleuEPSPsverenot reducedn amplitudeby Na, blockadeput slo-
weddown, indicativeof astrongfiltering effectby the spineneckand possiblythe dendrite
[15]. Nevertheless;ould spinespikeshemselvesventuallyoccursimultaneoushacrossafew
clusteredspinesandthusengendenonlocalspiking?

For all pharmacologicahterventionsrelatedto dendritic integrationmechanismbelow
the globalNa"-spikethreshold westimulatedi, 2,4, 6,8, and 10spinesbeforeand afterwash-
in of thedrug (seeMaterialsand methods) We blockedNa,s by wash-inof 0.5+ 1uM tetrodo-
toxin (TTX, n = 12cells) Amplitudesof singleandcompounduEPSPsvereunaltered(Fig 5A
and5B).However the significantincreasef average®/| ratiosfrom 6 to 8 coactivatedpines
in control wasblockedin the presencef TTX (Fig5C).4 of the 12 cellsfired aglobalNa'-
spikeupon stimulationof 10spineswhich wasalwaysabolishedy wash-inof TTX.

Acrossall 12cells the spinel Ca* signaland dendritic C&?* signalsweresignificantly
reducedn TTX for all numbersof activatedspineqFig 5D).

In 7 out of thesel 2 cellssummationwassupralineaandthus,asshownaboveassociated
with the occurrenceof D-spikesin this setof cells,TTX applicationsignificantlyreducedooth
theincreasefn compounduEPSRisetime and maximalrateof riseat supralinearitythresh-
old (Fig 5Eand5F).Note that belowthresholdcompound,uEPSRisetimeswereindeedslo-
wedin TTX, in line with our previousobservation®n singleuEPSP§15].

Moreover thesignificantincreasén ACa " within activatedspinesassociatedith thetran-
sition to the D-spike(see~ig 4D) wasalsosensitiveo Na, blockaddan theseexperimentg5G
and5H). This observatiorfurther provesthe presencef aNa,-mediatedD-spike,because
dendritic Na, activationwill recruit both low- and high-voltage-activate@a,s, further aug-
mentingCa’*-spikeg33, 34].

In summary Na, blockadehadonly subtlebut significanteffectson somaticV,,, summation
on averagé€seeDiscussion)Dendritic Na, activation,howeverunderliesthe D-spikeandthe
additionalC&’* entryinto spinesassociatedith it.

Molecular mechanisms of integration: Key role of NMDARs

NMDARs havebeenshownto contributesubstantiallyto localpostsynaptisignalingin gran-
ulecells[15,17,35] andto fosterthe generatiorof globalCa*-spikeg17]. NMDARs arealso
knownto boostdendriticintegrationin corticalpyramidalcells(via so-calledNMDA-spikes;
[4]).

To investigatehe contribution of NMDARs to dendritic integration,weblockedNMDARSs
by wash-inof APV (25uM) in n = 8 experimentgFig 6A). ThecompounduEPSRamplitude
wassubstantiallyeducedrom 4 activatedspinesonwards(Fig 6B).Althoughundercontrol
conditions,weobservedupralineaiintegrationfrom 4 spinesonwards blockingof NMDARs
switchedthe averagesO/I relationshipto linearintegration(Fig 6C).In 2 experimentscells
fired aglobalNa"-spikeupon stimulationof 10spinesunder control conditions,andin oneof
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thesethereweresomaticspikeletaipon stimulationof 8 and 10spinesAll wereabolishedyy
wash-inof APV.

APV alsohighly significantlyreducedspinel C&* signaldor all stimulationstrengths,
effectivelyblockingthelinearcontrol increaseén AC& ™ (e.g. at8 costimulatedspinesspine
AF/F:0.25+ 0.180f control, p < 0.001fig 6D). Moreover, APV stronglyreduceddendritic
AC&* andthuspreventedCa*-spikegeneration(Fig 6D; e.g. at8 spinesdendrite AF/F:
0.14+ 0.150f control, p = 0.003) APV reducedhe half duration of compounduEPSP$rom 4
spinesonwards(interactioneffect[spine#x APV]: Fs 5= 3.20,p = 0.017 absolutemeanval-
uesat 8 coactivatedpines:_1/2control 90+ 53 millisecondsAPV 37+ 21 millisecondssee
datarepository)but did not interferewith fastkinetics,e.g. the maximalrateof riseof the
compounduEPSRno interactioneffect[spine# x APV]: Fs ¢5= 1.62,p = 0.182n0 APV
effectF, 05=2.26,p = 0.176 51 = 8 cells seedatarepository).
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Thus,on top of the strongNMDAR contribution to localpostsynaptica™* entry, all types
of nonlocalgranulecellspikesandtheir associate@&’* influxesarehighly NMDAR-depen-
dent,eventhoughNMDAR activationhappensn the electricallyisolatedspineheadqsee
Discussion).

Molecular mechanisms of integration: Contribution of both low- and high-
voltage-activated Ca,s to dendritic Ca®* entry

To verifywhetherdistallyevokedCa*-spikesin granulecelldendritesaremediatedby T-type
Ca,sasobservecarlierfor globalCa’*-spikesevokedby glomerularstimulation[17], we
investigatedheir contribution to multispinesignaldn » = 11 cells(Fig 7A). Wash-inof 10uM
mibefradil (ICsq T-typeCa,s2.7uM, L-typeCa,s18.6uM [36]) did not altercompound
UEPSPsipon activationof up to 8 spinesFor 10spinescompounduEPSPsvereslightlybut
significantlyreducedby on averag®.8+ 1.4mV (p = 0.01,Fig 7B).Coactivationof 10spines
alsoleadto supralinealV,,, summationin control (Fig 7C),whichwasreducedby blockadeof
T-typeCa,ss.CompounduEPSHineticswereunaltered(seedatarepository).ln oneexperi-
ment,aglobalNa’-spikewasgeneratedipon stimulationof 10spinesundercontrol condi-
tions, whichwasabolishedy mibefradil.

C&* signaldn spinel anddendritesweresignificantlyreducedfor all spinenumbers
(spinel:average: SDO0.74+ 0.310f control AF/F,p < 0.001dendrite:0.74+ 0.380f control,
p =0.003Fig 7D). However mibefradildid not entirelyblock dendritic AC&* upon stimula-
tion of 4 spinesandbeyond(remainingsignall6 + 9%AF/F at 10coactivatedpines).

To identify the sourcefor the remainingdendritic AF/F, weadditionallywashedn 100uM
Cd** to blockhigh-voltage-activate@a,s[34] in asubsebf 4 cells(Fig 7E+7G) Cd** effec-
tively abolishedhe dendritic C&* signaland substantiallfurther reducedthe spinel C&*
signalto 0.52+ 0.260f mibefradilor 0.41+ 0.220f control (n = 8 spines)]eavingthe com-
pounduEPSRunaltered.

We concludethat T-type Ca,s substantiallycontributeto C&* entryinto the spineandden-
drite during dendritic integrationand mediatethe onsetof the Ca*-spike but that high-volt-
age-activate€a,salsocontribute,mostlikely involving additional C&* entry via L-typeCa,s
or otherchanneltypesthat areactivatedoy D-spikes Both low- and high-voltage-activated
Ca,sdid not substantiallyinfluencesomaticAV,, in our stimulationparadigm.

Limited influence of morphology on nonlocal spike generation

To determinewhetherthe spacingof stimulatedspinesthe averagepinenecklengthand
othermorphologicalvariablesnfluencedthe efficacyof activatedsubset®f spinedo elicit
nonlocalspiking,weanalyzedhe positionsof the stimulatedspinegelativeto the granule
cells'dendritic treeasreconstructedn 3D andcheckedor correlationg(Fig 8A+8E seeMate-
rialsand methods).Tablel showsthat only 2 out of 12variablesorrelatedwith Ca*-spikein
termsof coactivatedspinenumberswhereadoth D-spikeand globalNa-spikeinitiation
thresholdspinenumbersdid not correlatesignificantlywith anytestedvariable with aweak
trend for apositivecorrelationbetweerspinedistribution andglobalNa*-spikeinitiation (Fig
8C).Ca*-spikegenerationwasfacilitatedby closepackingof spinesthat werelocatedon the
sameand/or aratherlow numberof branchegFig 8C and 8E).Finally,developmentagffects
might influencesynapticdensityand excitabilityin earlyborn granulecellswithin theage
rangeusedhere[37, 38]; howevertherewereno correlationsbetweerthresholdspinenum-
bersandanimalage(Fig 8F).

Within the experimentallyaccessibleangeof variablesindividual spinesetshave by and
large,anequalimpacton localandglobalNa*-spikegenerationjndependenfrom granule
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https://cbi.org/10.137/4ournal.pbio.800873.g007

cellmorphologyor their relativelocationon the dendritic tree,whichindicatesa highly com-
pactdendriteandstrongisolationof the spinesClusteredspineshoweverfacilitateCaf -
spikegeneration.
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Discussion
High excitability of granule cell apical dendrites

Upon simultaneousnultispinestimulation,granulecelldendritescangenerateCe’ *-spikes,
D-spikesandglobalNa'-spikesalreadyat ratherlow input numbers(Ca’*-spike,approxi-
mately5 inputs; D-spike,approximately? inputs; globalNa‘-spike> 9inputs, Fig 9). Thus,
granulecelldendritesarehighly excitableln corticalpyramidalcellswehadpreviously
observedhat globalNa'-spikegeneratiorrequiredasimilar spinenumberusingthe very
sameholographicsystem(10+ 1, n = 7 spinesetsin 4 pyramidalcells]25]), eventhoughtheir
restingV,,, wasdepolarizedy > +10mV versugranulecells.The high granulecellexcitabil-
ity isnot dueto excessivphotostimulation becauséhe averagesingleEPSRamplitudewas
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Table 1. Regression between coactivated threshold spine numbers for Ca>*-spike, D-spike, and global Na*-spike and various morphological variables and input pat-

terns (see Materials and methods).

Parameter
Spine distribution
Distance from MCL
Distance from soma
# of different branches
# of preceding bifurcations
Spine neck length
Spine head size
Diameter of proximal dendrite
Distance first branchpoint from MCL
Distance first branchpoint from soma
Single-spine uEPSP amplitude
Age (PND 11-18)

2

Ca**-spike (n = 47)

Influence on generation of
D-spike (n = 20)

2

global Na*-spike (n = 31)

2

r p COF power r p COF power r p COF power
0.257 | <0.001 | 0.092 | 0.970 | 0.000 0.389  0.049 | 0.134 0.077 | 0.064 | 0.051 | 0.457
0.019 | 0.173 | -0.008 | 0.274 | 0.000 | 0.888  -0.002 | 0.034 A 0.000  0.844 | -0.001 | 0.039
0.022 | 0.156 | -0.007 | 0.293 | 0.000 | 0.868  0.002 | 0.036 A 0.000  0.763 | -0.002 | 0.048
0.310 | <0.001 | 1.713 | 0.993 | 0.000 0.824 -0.178 | 0.041 @ 0.000 | 0.914 | 0.035 | 0.032
0.000 | 0.988 0.004 | 0.026 | 0.000 0.548 -0.310 | 0.086 @ 0.000 | 0.366 | 0.259 | 0.144
0.030 | 0.120 | -0.510 | 0.343 | 0.000 0.424 | 0.559 | 0.121 | 0.000 | 0.355 | 0.361 | 0.149
0.002 | 0.748 0.642 | 0.050 | 0.000 | 0.849 | 0.731 | 0.038 | 0.001 | 0.862 | -0.373 | 0.037
0.000 | 0.895 | -0.058 | 0.034 | 0.017 | 0.266  0.864 | 0.196 @ 0.037 | 0.140 | 0.597 | 0.313
0.000 | 0.923 0.001 | 0.031 | 0.000 | 0.565| -0.010  0.080 | 0.073 | 0.070 | -0.013 | 0.443
0.000 | 0.462 | -0.005 | 0.110 | 0.000 | 0.828  0.003 | 0.040 @ 0.046 | 0.122 | -0.009 | 0.339
0.000 | 0.718 0.172 | 0.055 | 0.074 | 0.130 | -1.683 | 0.326 | 0.000 | 0.406 | -0.333 | 0.128
0.000 | 0.833 0.033 | 0.040 | 0.000 | 0.578 | -0.178 | 0.077 | 0.010 | 0.577 | -0.087 | 0.080

Statisticallysignificart valuesarehighlightedin yellow.If applicableparamete valuesalwayseferto the ensemblef spinesat threshold(for C&*-spike,D-spike,and
globalNa'-spike,respectiely). Thus,the valueof the spinenecklengthfor the D-spikefor agivencellis the averageecklengthof all its spineshat wereactivatedat D-
spikethreshdd. p-valueis 2-tailedsignificancdevelof regression.

COF,coefficientconstantD-spike, dendritic Na*-spike;MCL, mitral celllayer;n, numberof analyzedspinesetsPND, postnatalay;r?, adjusteccoefficientof

determindion; uEPSPuncagirg-evokedEPSP.

https://da.org/10.137 1§urnal.pbi3000873.t00

slightlysmallerthanin earlierreportson mitral/tufted cellto granulecellsynaptictransmis-
sion[15, 24]. Thus,activedendritic mechanismganbeexpectedo alsoplayasubstantiatole
in granulecellprocessingn vivo, similarto whathasbeenobservedecentlyfor corticalpyra-
midal cells[39,40].

Our dataalsodemonstratehat the full setof activedendritic mechanism&nown from
otherneurong[1] canbetriggeredsolelyby inputsto the apicalgranulecelldendrite. Thecells
in our samplewerelocatedcloseto the mitral celllayerandthusbelongto superficialgranule
cells[14], whicharereportedlymore excitablehan deepgranulecells[21]. Thus,our results
might not generalizé¢o all granulecellsubtypespossiblyexplainingthe discrepancyvith ear-
lier excitabilityestimategseentroduction, [24]).

TheglobalNa'-spikethresholdspinenumberreportedhereis alowerlimit, sincein
approximatelytwo thirds of cellsin our samplefull-blown somaticNa'-spikescouldnot yetbe
elicitedatthe maximalnumberof 10+12activatablénputs (seeMaterialsand methods) Mor-
phologicalvariableslid not influenceNa*-spikethresholdsindicating that the superficial
granulecell'sdendritic treeis electrotonicalljcompact.

Thelow-thresholdspinenumberseemdo matchpreviousobservationshat uniglomerular
stimulationcanalreadyfire granulecells[22,41,42]. Becausén total approximately20mitral
andtufted cellsareestimatedo belongto aglomerularcolumn,with aslightlylower shareof
tufted cells[43+45],andthereleasg@robability at theseinputsis approximately0.5[17], a
givengranulecellis unlikely to befired solelyfrom intracolumnardendrodendriticinputs,
requiring additionalactivationperhapsviamitral/tufted cellaxonalcollateral§46]. However,
uniglomerularinputsbif clusteredbmightsufficeto elicit localCa*-spikesand mitral/tufted
cellthetaburstsasobservedn vivo [47] couldalsotriggerfiring of intracolumnargranulecells
from the distalapicaldendrite.
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Denderitic spiking: D-spike and localized Ca**-spike
In the majority of granulecells wedetected-spikescorrelatedwith the onsetof supralinear
integrationatthe soma geitherasdistinct spikeletsor if theseweremaskedoy electrotonicfil-
tering, by step-likeincrease the compounduEPSRateof rise,risetime, decayandspine
AF/F (Fig 3). Na"-spikeletsverenot reportedfrom juvenilerat granulecellsbeforeand proba-
bly emergedcherebecausef clusteredstimulation.Increasei the EPSRateof riseandden-
dritic AC&" alsoindicatedD-spikesin CA1 pyramidalcellsand mouseandfrog granulecells
[3,20,21]. Theunexpectedncreasen granulecellcompounduEPSRisetime by almost
approximatelylOmillisecondsobservederecanbeexplainedoy the substantialatencyof
spikeletof approximatelyl0+20millisecondsafterstimulationonset.This delayindicatesthat
D-spikesarenot spatiallyexpandedpinespikesjmplying that spinespikeswill not invadethe
dendriteevenunder conditionsof clusteredspineactivation.This notion is further supported
by the lackof a correlationbetweerspatialclusteringand D-spikeor globalNa'-spikethresh-
old spinenumbers.

Rather singleEPSParestronglyattenuatecandalsotemporallyfiltered acrosshe spine
neckbecausef its high resistanc§l15], resultingin slowedntegration.A-type K* currentsare
knownto delaygranulecellfiring [48] andthus,mayalsocontributeto the delayof D-spikes
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andtheyetlongerlatencyof globalNa*-spikesat threshold(approximatelyd0 milliseconds).
Initiation of D-spikesmostlikely happensatdendritic Na, hot-spotg49], whereaghe exis-
tenceof adedicatedylobalNa“-spikeinitiation zonein granulecellapicaldendritesseems
probablewith its precisdocationa matterof speculatiorat this point (but seq18]).

All granulecellsin our samplefeaturedCa’*-spikes(in termsof dendritic Ce?* entry),
which,atthreshold wereregionalanddid not influencesomaticV ,. Although Ca, densities
areapparenthjlowerin the proximal apicaldendrite[33], the C&*-spikesevokedby glomeru-
lar stimulationin our previousstudy[17] occurredin anall-or-nonefashionthroughoutthe
entiredendritic treewith aconcomitantincreaseand broadeningof somaticEPSPshat
werenot observedere.Thedistribution of glomerularinputsacrosghe granulecellden-
drite is not yetknown but might wellbemore dispersedhanthe maximalaccessible
extentin this studyandratherlikely alsoinvolvesmitral cellaxonalinputsto the basal
dendriteg[46,50,51]. Somaticdepolarizationof granulecellscangeneratehe classical -
typeCa,-mediatedhumpsin V,, [33,52]. Thereforethe maininitiation zonefor such
globalCa*-spikesevokedby glomerularstimulationis probablynot locatedin thedistal
apicaldendritictree(seealso[18]). Thus,if input to denselypackedspinescancause
regionalCa’*-spikesthesemight provideasubstrateor locallateralinhibition, assug-
gesteckarlier[35,53,54].1n anycase|ocalCa*-spikesbecamemore globalcloseto the
globalNa'-spikethreshold,alongwith recruitmentof high-voltage-activate@a,s. Thus,
granulecelldendritesfeaturemultiple levelsof compartmentalization.

In contrastto globalNa*-spikegenerationCa*-spikegenerationvasstronglyinfluenced
byinput distribution, in line with electrotonicattenuationof subthresholdEPSPslongthe
dendrite[1]. Becauséhe C&*-spikeprecedeshe D-spikeandglobalNa'-spikeandits space
constantof atleast60pum coverghe maximumspatialextentof spinesetsin our experiments,
its presenceanreducepassivattenuationandthus,explainthe observedndependencef D-
spikeandglobalNa'-spikegeneratiorfrom spatialinput distributions (within the accessible
spatialregimeinvestigatedere).

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

NMDARs contributesubstantiallyo supralineaintegrationin granulecells both atthelevel
of V., andAC&". Theyarerequiredfor Ca*-spikegenerationandtheir blockadehadamuch
strongereffecton V,, supralinearitythan Na, or Ca, blockade This higherefficiencyis proba-
bly relatedto the slowerkineticsof the NMDAR current,whichisfiltered muchlessbhoth by
the spineneckandalongthe dendritic treecomparedwith Na, or Ca,-mediatedcurrents[55].
The substantialmpactof NMDARs on granulecelldendritic integrationis characteristidor
NMDA-spikes[56,57]. Accordingly,granulecellglobalNa’-spikesevokedby synapticstimu-
lation arefollowedby NMDAR-dependenplateaupotentialg22, 23]. In mostcellsinvesti-
gatedhere,compounduEPSHhalf durationsextended>50millisecondgor higherspine
numbers thusdendritic Ca*- and Na'-spikesarecloselyintertwinedwith NMDA-spikes.

Asanote of caution,holographicuncagingmight overemphasizthe role of NMDARS,
becausé€l) APV blocksuncaging-evokedpineAF/F slightlymorethan synapticAF/F (to 65%
versuss0%of control; [15]) and(2) the axialpoint spreadiunction of our multisite uncaging
systenis extendedo 2.7um from 1.1pm [25], possiblycoveringyetmore extrasynaptic
NMDARs.However the effecton APV on single-spinaincaging-evokedF/Fwassimilar as
in Bywalezandcolleaguefl5].

NMDARs arepredictedto enablesupralineasummationof AC&™ at positiveHebbian
pairing intervalsof single-spinespikeand globalNa’-spikeg58]. The globalNa"-spikelatency
atthresholdof 40 millisecondsobservederematcheghe simulatedregimeof maximally
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supralineasummationefficiency which explainsthe strongincreasef AC&* in spinesupon
globalNa*-spikegenerationin conclusion NMDARs areessentiallynvolvedin all aspectsf
granulecellreciprocalsynapticprocessingincluding releasef GABA from reciprocalspines
[16] andsynapticplasticity[59, 60].

Functional implications for olfactory processing

Dendritic spikesandtherewithpossiblylateralinhibition canbeinvokedalreadyatverylow
numbersof coactivatedjranulecellspines The stepwiséncreasein spineanddendriteACa*
atthe 3 spikethresholdobservedereandin earlierwork [17,22] imply thatthefairly low
releasgrobabilityfor GABA (P._casa approximately0.3for localstimulation[16]) might
alsobeincreasedn astepwisdashionviathe summationof localspinespikesandnonlocal
spiketypes.Suchcoincidentactivationcould renderboth lateralandrecurrentinhibition
more effectiveandis likely to representhe standardscenaridor granulecellxmediatedateral
inhibition, accordingto our recenthypothesig16].

In anycasegranulecelltmediatedateralinhibition is thoughtto implementcontrast
enhancemenand synchronizatiorof gammaoscillationsacrosglomerularcolumnsrespond-
ing to the sameodorant[61+64].Fastgammaoscillationsn the bulb aregeneratedittherecip-
rocalsynapséetweergranulecellsand mitral/tufted cells independentlyof globalNa*-spikes
[65,66],andrequireafastexcitatory+inhibitoryfeedbackoop [62,67] thatis likely to involve
bothreciprocalandlateralprocessingD-spikescould be poweringsuchfastoscillatorylateral
andrecurrentoutput becausef their shorterlatencies/ersugylobalNa’-spikes Zellesand col-
league$20] alreadyproposedaninteractionof D-spikesand back-propagatinglobalNa'-
spikesn granulecellsatintervalsasshortas5 millisecondsandalsoPinatoand Midtgaard[19]
couldelicit spikeletsatafrequencyof 150+25Mz, whereashe maximumfrequencyof global
Na"-spikeswasmuchlower (10+30Hz). In vivo, granulecellglobalNa’-spikefiring wasfound
to besparsainderanesthesi§s8, 69] andincreasedn awakeanimals[69, 70],albeitnot up to
thegammarange whereaspikeletdavebeenfrequentlyobserved71+74].Similarly,D-spikes
areassociatewith sharpwave-associatetpples(120+20Mz) in hippocampalCAl pyramidal
cells[75+77].Althoughgranulecellsareunlikely to drive slowbulbarthetaoscillationg62],
excitatoryinputsto granulecellscanbecoupledto the respiratoryrhythm with variablephases
[78]. Therefore similarto thethetaburstsobservedn mitral andtufted cells thefiring of gran-
ule cellD-spikesmight alsooccurin aspacedashion.At the levelof thelocalfield potential,the
respiratoryphasecould coupleto the amplitudeof thesefasteventqasillustratedin Fukunaga
andcolleague014[62], their supplementaryig 1), which,in turn, might bemodulatedby
olfactorylearningandallowto encodecontextat the levelof the bulb [79].

Accordingto our observationsgranulecellspineanddendriteCa* entry werenot necessar-
ily correlatedwith changesn somaticV,, amplitude(both for thelocalizedC&’*-spikeandthe
attenuated-spike),allowingfor multiplexedsignalsasproposedor cerebellagranulecells
[80], which,in bulbargranulecellsmight implement,e.g.independenplasticityinduction
acrosgeciprocalspineg59]. On ayetmore speculativaote, differentgranulecell spiketypes
might encodedifferentaspect®f odor information. Suchmultiplexing of odor information was
alreadydescribedor mitral cellsin zebrafishin whichgammaoscillationsandtightly phase-
lockedspikingwereobservedo betied to odor categoryand odor identity, respectively81].

Materials and methods
Ethics statement, animal handling, slice preparation, and electrophysiology

All experimentaproceduresvereperformedin accordancevith the ruleslaid downbythe EC
Council Directive (86/89/ECC)nd Germananimalwelfarelegislation Accordingto this
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legislation(§84 Absatz3 TierSchG)the preparationof acutebrain slicedor in vitro experi-
mentsby certifiedpersonne(which applieso both MM andVE) is monitored by the institu-
tional veterinarianof Regensburgyniversityand doesnot requireapprovalby an ethics
committee Rats(postnataday11+21 Wistar of eithersex)weredeeplyanaesthetizedith iso-
fluraneand decapitatedHorizontal olfactorybulb brain sliceqthickness300um) werepre-
paredandincubatedat 33EGor 30minutesin ACSFbubbledwith carbogerandcontaining
(in mM): 125NaCl,26 NaHCO;, 1.25NaH,PO,, 20glucose?.5KCl, 1 MgCl,, and2 CaCl.
Recordingsvereperformedat room temperaturg22EC)Patchpipettepipetteresistance
5+7MQ) werefilled with anintracellularsolutioncontaining(in mM): 130K-methylsulfate,
10HEPES4 MgCl,, 2.5Na,ATP,0.4NaGTP,10Na-phosphocreatineg, ascorbate).10GB-1
(C&* indicator, Invitrogen),0.04+0.0&\lexaFluor 594(Life TechnologiesjpH 7.3).Thefol-
lowing pharmacologicahgentsavereaddedto the bathin someexperimentsTTX (0.5+1uM,
Alomone),D-APV (25uM, Tocris),mibefradil(10uM, Tocris),and cadmiumchloride (Cd**,
100uM, Sigma)After control recordingsdrugswerewashedn for atleasttOminutesbefore
restartingrecordings Electrophysiologicakcordingsveremadewith an EPC-10amplifier
and Patchmastev2.60software(both HEKA Elektronik). Granulecellswerepatchedn
whole-cellcurrentclampmodeandheldneartheir restingpotentialof closeto £75mV [33]. If
granulecellsrequired>25pA of holding current,theywererejectedIn orderto provideopti-
mal opticalacces$o the granulecellapicaldendritic tree,patchedcellswerelocatedcloseto
themitral celllayer(meandepth14+ 12um, n = 63cells).

Combined 2-photon imaging and multisite uncaging in 3D

Imaginganduncagingwereperformedon a Femto-2D-uncagenicroscopgFemtonics)The
microscopevasequippedwith a60xwater-immersiorobjectiveusedfor patching(NA 1.0W,
NIR Apo, Nikon) anda20xwater-immersiorobjectiveusedfor 2-photonimaginganduncag-
ing (NA 1.0,WPlan-Apo,Zeiss) Greenfluorescencavascollectedn epifluorescenceode.
Themicroscopewvascontrolledby MESv4.5.613%oftware(Femtonics).Two tunable verdi-
pumpedTi:Salaser{ChameleorUltra | andll, respectivelyCoherent)wereusedin parallel,
setto 835nm for excitationof OGB-1landto 750nm for uncagingof 4-methoxy-5,7-dinitoin-
dolinyl-cagedglutamatgDNI, Femtonics[82]). DNI wasusedat0.6mM concentrationin a
closedperfusioncircuit with atotal volumeof 12ml andwaswashedn for atleastlOminutes
beforeuncagingTo visualizethe spinesandfor C&* imaging,wewaitedatleast20minutes
for the dyesto diffuseinto the dendritebeforeimaging.
Imaginganduncagingaserbeamsveredecoupledeforethe entranceof the galvanome-
ter-based®D scanningmicroscopéo relaythe uncagingbeamto aspatiallight modulator
(SLM X10468-03Hamamatsu)Next, we positionedthe multiple uncagingspots/fociin 3D at
adistanceof 0.5um from the spineheadsusingcustom-writtensoftware(basedn Matlab).
Theholographicprojectormoduleand softwarearedescribedn detailin Goandcolleagues
[25]. Theavailabldasempowerat the sampleof our systemallowedfor amaximumnumberof
12spotsin avolumeof 70><70><7Q1m3. Usuallyspinesno deepetthanapproximately80pum
wereimaged becausetherwiseuncaginglasempowerwastoo muchattenuatedThe position-
ing wascheckedeforeeachmeasuremenand,if necessarygadjustedo accountfor drift.
Theuncagingpulsedurationwasl+2millisecondsandthelasemulsepowerwasadjusted
individually for eachexperimentto elicit physiologicatesponsefl5]. For simultaneousnulti-
sitephotostimulation the total uncagingpowerandthe numberof uncagingspotswerekept
constant2Superfluous¥oci, i.e.,foci thatwerenot neededasstimulationspotsat agiventime
of anexperimentwereexcludedy positioningthemjust outsidethe holographicfield-of-
view,suchthat theywould fall off the opticsand not be projectedonto the samplg25].
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Imagingof uncaging-evoke@&* signalsn selectedpinesanddendritic positionswithin one
2D planewascarriedout asdescribecearlier[15]. During simultaneousCa* imagingand
photostimulation jmagingwasstarted700millisecondsbeforethe uncagingstimulus.During
uncagingthe scanningmirrors werefixed.

In eachexperimentsinglespinesvereconsecutivelactivatedand somaticsingle-spine
uncagingePSP$UEPSPs)vererecordedfor eachspineseparatelyNext,successiveincreas-
ing numbersof thesespinesweresimultaneoushactivatedand somaticcompounduEPSPs
wererecordeduntil the cellfired an actionpotential (AP, globalNa*-spike)or, in the experi-
mentswith focuson subthresholdntegration,until amaximumnumberof 10activatedspines
wasreachedA subsebdf spinesanddendritic locationslocatedwithin the samefocalplane
werechoserfor 2-photonline-scanningo gatherCe?* imagingdata.At leastonespine,
termedspinelin thefollowing, wasalwaydocatedn thisimagingplaneto gathercomplete
AF/F datasetsfrom the activationof only this singlespineto the additionalactivationof more
andmore spineauntil the maximalnumber.Becausef the spinedensitybeinghigherin distal
regionsand C&f* imagingbeingrestrictedto 1 focalplane mostdendritic measurementata
distancerom the centerof the stimulatedspineset(Fig 1B)werestill proximalto the stimula-
tion site.Thesequencef the additionalsuccessivelgctivatedspineswith respecto their posi-
tion on the dendritic treewaschoserrandomly.However the low spinedensity(see
Introduction) andtherestrictionto avolumeof 70x 70x approximately30 pmg mostlydeter-
minedthe choiceof activatedspinesBoth single-spinestimulationsandthe differentcombi-
nationsof multisite uncagingwere,if possibleperformedat leastwice,andrecordingswere
averagedor analysis.

Becaussuchexperimentavereperformedwith up to 40differentstimulationconditions,
wedecidedo increasehe spinenumbersby incrementsof +2 for someexperimentgin par-
ticular, for pharmacology)n orderto limit the experimentduration andthusto ensureagood
recordingquality.

Data analysis

Changesn C&* indicator fluorescenceveremeasuredelativeto the restingfluorescencé in
termsof AF/F, asdescribecpreviously{17]. Electrophysiologicaind Ce?* imagingdatawere
analyzedisingcustommacroswritten in IGOR Pro (Wavemetrics)Asin our previousstudies,
spontaneousctivitywashigh in generalandtracescontaminatedoy suchactivity during base-
line justbeforeuncagingor during therising phaseof the uEPSRverediscardedMultiple (2 or
more) recordingsof the samestimulationtypewereaverage@nd smoothedbox smoothing)
for analysisuEPSRand AF/F risetimeswereanalyzedn termsof the intervalbetweer20%and
80%o0f total UEPSP/AF/amplitude;uEPSPandAF/F half durations(t_1/2) wereanalyzedn
termsof the interval betweerthe peakand 50%of the total EPSRor AF/F amplitude.The
UEPSRmaximumrateof risewasdeterminedby the peakof thefirst derivativeof the UEPSRis-
ing phaseTheglobalNa’-spikethresholdwasdetectedsia the zeropoint of the secondderiva-
tive of therising phaseof the actionpotential.

Integrationwasquantifiedby plotting the amplitudeof the arithmeticsumof the respective
singleuEPSRracesversughe actuallymeasurednultispinecompounduEPSRamplitudefor
increasinghumbersof coactivatedspinesyieldingansO/I (from [1], wheretheseplotsare
termedsl|/O). If the compounduEPSRamplitudeconsistentlyexceededthe amplitudeof the
arithmeticsumof the singleuEPSRracesheyonda certainstimulationstrengthby atleasta
factorof 1.2,weclassifiedhesesO/I patternsassupralinearlf the factorfell consistently
below0.8,weclassifiedhesesO/| patternsassublinearandthe patternsfalling betweerthese
categoriesvereconsideredo belinear. Thefactorsweresetat0.8and 1.2to exceegotential
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undersamplingerrorsin UEPSRamplitudes(seenextsection).Thesupralinearitycriterion was
empiricallyconfirmedby concurrentcharacteristichangesn compounduEPSHinetics
(increasen rateof risedueto the D-spike,see~ig 3) andfurther validatedby variation(seeS1
Table).

Ascriterion for the presencef a Ca*-spike, dendritic C&* transientamplitudesAF/F had
to exceedvaluewell abovenoiselevel(> 8%AF/F or factor1.5abovenoiselevelof 5%AF/F)
andbedetectablat everydendritic line scanlocatedwithin the sectionof the dendritecarry-
ing stimulatedspineg(Fig 2, Fig 4E;[17]).

Data sampling, normalization, and alignment

Becaus#or anyparticularnumberof coactivatedpinesve could usuallyperformno more
than2 stimulationsin theinterestof finishing experimentswithin the averagdife time of gran-
ulecellrecordingstheindividual compounduEPSHneasurementmight differ from the
meanfor that particularspinenumberdueto undersamplingFor singleuEPSPs3 previous
datasetof spineswith highernumbersof samplinggfrom [15], obtainedon the sameexperi-
mentalrig excepffor the addedspatialight modulator)allowedto estimatethe varianceatthe
averagelEPSRamplitudeof 1.40mV in the experimentsn this studyas0.39mV (n = 18
spinesS1BFig) andalsoto determinethe numberof samplingsequiredto properlydetect
thevariancebetweeruEPSHneasurementBom agivenspine(n = 6). Thus,asamplingnum-
berof 2 peruEPSRasin the currentdatasetwill increasehe generalvarianceby afactorof
approximately,/(6/2) = ,/3[83]. On the otherhand,stimulationsof largernumbersof spines
NspineWill reducethis samplingproblemby afactorof \/Ngpine Similar to the effectof averag-
ing acrosgepeatedstimulationsof the samespine[83]; the sameargumentholdsfor the arith-
meticsummationof theinvolvedNgpineSingleUEPSPs51CFig showsthe resultingprediction
of thevariancesn the EPSRamplitudefor linearsummation,assuminghatall singleuEPSPs
areof similar size becausadifferencen sizeshouldnot affectlinearity. Basen this esti-
mate ,weexpecto beableto detectdeviationsfrom linearbehaviorby morethan+0.2beyond
approximatelyb costimulatedspines.

Similarly,the variancein single-spine\F/Fis on the order of 6%AF/F or approximately0.2
of thetotal signal(againderivedfrom [15]). To comparespinel AF/Famplitudemultispine
activationdataacrosexperimentgelativeto solelylocalactivationof spinel, weintendedto
normalizetheseto the spinel AF/F amplitudefor unitary activation.Becausef the undersam-
pling problem,wetestedfor up to which spinenumbertherewasno significantincreasen
AF/F,whichyielded4 spinegFriedmanrepeatedneasureANOVA on ranks:X?<(3) = 4.80,
p =0.187) Thereforeweaveragedpinel AF/Ffor (co)stimulationsof 1,2, 3,and4 spines
andusedthe meanasbasaunitary AF/Ffor normalization.Thus,undersamplingof spineAF/
F couldbecompensatedbr by this means.

Becauseéendritic AF/Fwasusuallynot detectabldor low numbersof stimulatedspines,
normalizationto the averagelendritic AF/F in responséo stimulationof spinesl, 2,3,and4
would haveintroducedaveryhigh variancelnstead AF/Fin the dendritewasnormalizedto
themeanof all responsefrom the onsetof the dendritic C&f*-spikeuntil belowglobalNa*-
spikethreshold.

Becauseachgranulecellrequiredits individual spinenumberto reachthe thresholdsor
the nonlocaleventsCa*-spike,D-spike,andglobalNa'-spike(for the respectivgatternof
stimulation),wealignedthe datain relationto the onsetof the nonlocalevent(e.g.,Fig 2D and
2Erelativeto C&*-spike).Suchrealignmentsallowusto revealkeffectsacrosghe samplectells
that otherwisewould besmearedut becausef cell-specificthresholdssuchasrecruitmentof
activeconductancegsearthresholdg3].
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Morphological analysis

Granulecellapicaldendriteswerereconstructedrom 2-photonfluorescence-stackgjatherecht
the endof eachexperimentusingNeurolucida(MBF BioscienceDistancesveremeasurealong
the dendrite.Meandistance®f aspinesetfrom the somaor the mitral celllayerwereanalyzedn
termsof the averagelistanceof all stimulatedspinesrom the somaor crossingof the apicaldendrite
into the mitral celllayer,respectivelyThedistribution of a stimulatedspinesetacrosshe dendrite
wasanalyzedn termsof the meandistanceof eachspinefrom all other stimulatedspinesalongthe
dendrite.Becausthe degreeof z-resolutionin our 2-photonstackglid not allowfor properdecon-
volution, spinenecklengthsand spineheadsizesvereestimatedasdescribedefore[15, 84].

Statistics

Statisticatestswereperformedin Sigmaplotl3.0(SystaSoftware|nc) or on vassarstats.néefo
assesstatisticakignificancdevelsacrosspinenumbersor thresholdV,, valuegor Ca*-spike
versugylobalNa*-spike(Fig 2C),datasetsverecomparedusingpairedt-testsfor dependent
datasetsNot normally distributeddatasetqShapiro-WilkNormality Test)werecompared
usingWilcoxon signedrank tests.To assesstatisticallysignificantdifferencedrom linearsum-
mationin sO/I relationdatasetsthe distribution of ratiosof the measurediEPSRamplitudes/
arithmeticsums(O/I ratio) wastestedagainst hypothesizeghopulationmean/mediarof 1.0
(correspondingo linear summation),using1-sampleg-testsor 1-samplesignedrank testsfor
not normally distributeddata.To assesegariationin repeatedneasuralatasetyFig 3C)
repeatedneasureANOVA togethemwith all pairwisemultiple comparisorprocedure(Holmz+
Sidakmethod)wasperformed For pharmacologexperimentge.g. Fig 5D) repeatedneasures
2-wayANOVA togethemwith all pairwisemultiple comparisonprocedureg(Holm+Sidak
method)wasperformed For statisticabnalysiof dendritic AF/F beforeand afterpharmacolog-
icaltreatment just stimulationsof >4 spinesweretakeninto accountbecauséor lowernum-
bersof spinesusuallyno signalwasdetectabl@inder control conditions.

Becausef theincreasef spinenumbersby incrementsof 2in someexperimentsaveraged
datapointsfor agivenspinenumberacrosexperimentsio not containthe samex of individ-
ualmeasurementasfor otherspinenumbers Evenmore sowhenthe datawerealignedrela-
tive to individual spikethresholdge.g. alignmentrelativeto Ca&*-spikethresholdin Fig 2D
and2E),becauseot all experimentcontaineddatapointsfor the moreremotespinenumbers
[+2] or [-3] relativeto threshold In addition,in experimentsvith datagapgustbeforea
globalspikethresholdat spinenumber[x], it is not possiblego know whetherthe spikethresh-
old couldhavealreadybeenreachedht[x-1] spinege.g. alignmentrelativeto C&*-spikein
Fig 2D and 2E).We accountedor this uncertaintyby averaginghe datain the continuous
experimentdor [-2] and[-1] andusedtheseaveragediatatogethemwith the datafrom exper-
imentswith gapsfor pairedcomparisorof parameterdelowandatthreshold(nonparametric
Wilcoxontest).S2 Fig showstheindividual datapointsfor all thesecomparisonsiormalized
to [-2/-1]. If therewasasignificantlinearincreaseor decreasaith spinenumberin the
parameteiin the subthresholdegime(greydashedinesin Fig 2D and 2E;Fig 3D and 3E;Fig
4C+4F)the expectedncrementbasedn this changevassubtractedrom the parametewal-
uesatthresholdbeforestatisticatestingfor adifference.

To assesstatisticabkignificancéor linearincreaseanddecreasé€Tablel) weperformeda
linearregressioranalysisGivenr? valuesareadjusted? values.

Supporting information

S$1 Fig. Distribution of single uEPSP amplitudes, variance of single uEPSPs and estimate
of variance for compound and summated uEPSPs. a: Bluehistogram:amplitudedistribution
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of single-spin@&lEPSP# this study(n = 272spines)MeanuEPSP1.4+ 1.4mV. Grayhisto-
gram:distribution of uEPSP$om previousstudy(Bywalezandcolleague2015yight axis,

n = 47spines)b: Recordingof multiple u~EPSResponsefrom the samespine(n =9+ 3
responsesn averagey = 18spinesmeanuEPSPL.6+ 1.0mV) from Bywalezandcolleagues
2015 analyzedor their SD.Highly significantcorrelation(p < 0.001)]inearfit shown.For
the meanvalueof UEPSP#n the currentstudyof 1.4mV, SDyingie-spindS thuson the order of
0.4mV (bluearrows).c: Extrapolationof multispineEPSRamplitudesversushearithmetic
single-spindEPSPsumfor linear summationfrom b andthe samemeansingleuEPSRnd
SDsingle-spind€Sponséor all spineg(asextrapolatedrom b). Variationsof meanEPSHsize
acrosspineswverenot takeninto accountbecaus¢heseshouldnot influencethelinearity

of summation White numeralsrespectivespinenumber.Error barsin the x-dimension
(arithmeticsum):Black:ExpectedstandarddeviationSDy,, for idealrecordingconditions
(atleasts stimulationsper spine,SDy;m = (v/Nspined SDsingle-spine S€EMethods) Blue:stan-
dard deviationof EPSRamplitudesin our datasetextrapolatedrom theidealSD.Because
thereareonly 2 stimulationsper spineinsteadof the 6 stimulationsrequiredto properlymea-
sureSDyingle-spine the actualSDyingle-spindS increasedy a factorof /3 comparedwith theideal
SDyingle-spincndthusthe SDy,mis alsoincreasedy afactorof /3 (seeMethods).Error bars
in they-dimension(compoundEPSP)Black ExpectedtandarddeviationSDyti-spine fOr
idealrecordingconditionsandlinear summationof similar uEPSP$at least6 stimulationsper
spineset,SDnyiti-spine = (v/Nspined” SDsingle-spine S€EMethods).Blue:SD of EPSRamplitudesin
our datasetextrapolatedrom theideal SD,similar to the x-dimension:sincethereareonly 2
stimulationsper spineset,the actualSDii-spine IS increasedy afactorof /3 comparedo
theideal SDyuri-spine UEPSPuUNcaging-evokeexcitatorypostsynaptigotential.

(DOCX)

$2 Fig. Individual data sets at threshold for Ca**-spike and D-spike. Individual datapoints
from paireddatacomparisonscrosshresholdfor Ce?*-spikes(a), D-spikes(b) andeffectof
TTX on D-spiketransitions(c). Thesedatawerenot plottedin the main figuresfor sakeof clarity.
In a, b dataareshownnormalizedto the averagealuebelowthreshold(excepffor AF/Fdendrite
becausef severapointswith valuezero)andcorrectedor lineartrendin subthresholdlata(see
Methods).In ¢, changed in parametervaluesacrosghresholdin TTX areshownnormalizedto
theirincreaseA in control, thusno correctionfor lineartrendsis required.Analysisof half dura-
tion is missingbecaus¢herewerenot enoughdatapointsfor statisticabnalysisip < 0.05,"p <
0.01,**p < 0.001D-spike,dendritic Na"-spikesTTX, tetrodotoxin.

(DOCX)

S1 Table. Robustness of supralinearity criterion O/I ratio > 1.2. Thecriterion wasvaried
by + 0.1andtherespectivalataof theindividual cellswererearrangedaccordinglybeforeaver-
aging.O/l, output/input.

(DOCX)
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