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1.

Summary

Physical changes in neuronal connections, dictated by the neuronal network activity, are
believed to be essential for learning and memory. LongͲterm potentiation (LTP) of synaptic
transmission has emerged as a model to study activityͲdriven plasticity. The majority of
excitatory contacts between neurons, called synapses, are found on spines, small dendritic
protrusions.LTPisknowntotriggertheformationandstabilizationofnewdendriticspinesin
vitro. Similarly, experienceͲdependent plasticity in vivo is associated with changes in the
number and stability of spines. However, to date, the contribution of excitatory
synaptogenesis to the enhanced synaptic transmission after LTP remains elusive. Do new
spinesformfunctionalsynapseswiththeinputsstimulatedduringLTPinductionandthereby
followHebbiancoͲactivationrules,ordotheyconnectwithrandompartners?Furthermore,at
whichtimeͲpointaredenovospinesfunctionallyintegratedintothenetwork?
I developed an optical approach to stably and exclusively stimulate the axons of a defined
channelrhodopsinͲ2(ChR2)ͲtransducedsubsetofCA3cellinmaturehippocampalsliceculture
over extended periods of time (up to 24h). I continuously monitored synaptic activation and
synaptic structure of CA1 cells dendrites using twoͲphoton imaging. To control the dendritic
locationwhereLTPandassociatedspinogenesiswereallowedtotakeplace,Igloballyblocked
Na+Ͳdependent action potential firing and directly evoke neurotransmitter release by local
lightͲevoked depolarization of ChR2Ͳexpressing presynaptic boutons (in TTX, 4ͲAP). I induced
optical LTP specifically at this location by combining optogenetic activation with chemical
pairing(inlow[Mg2+]o,high[Ca2+]o,forskolin,androlipram).TakingadvantageoftheNMDAͲ
receptor mediated calcium influx during synaptic activation I assessed the formation of
functionalsynapsesusingthegeneticallyencodedcalciumindicatorGCaMP6s.
I find that optical LTP led to the generation of new spines, decreased the stability of
preexisting spines and increased the stability of new spines. Under optical LTP conditions, a
fraction of new spines responded to optical presynaptic stimulation within hours after
formation. However, the occurrence of the first synaptic calcium response in de novo spines
variedconsiderably,rangingfrom8.5minto25h.Mostnewspinesbecameresponsivewithin
4 h (1.2 ± 0.9 h, mean ± S.D., n = 16 out of 20), whereas the remainder showed their first
response only on the second experimental day (18.2 ± 3.7 h). Importantly, new spines
generatedunderopticalLTPweremorelikelytobuildfunctionalsynapseswithlightͲactivated,
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ChR2Ͳexpressing axons than spontaneously formed spines (new responsive spines under
opticalLTP:64±4%;control1:0%;control2:13±4%;control3:11±4%).Furthermore,new
spines that were responsive to optical presynaptic stimulation were less prone to be
eliminated after overnight incubation than new spines that failed to respond (% overnight
spinesurvival;81±3%newresponsivespines;58±4%ofnewunresponsivespines).
In summary, the results from my thesis demonstrate that synapses can form rapidly in an
inputͲspecificmanner.
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2.

Introduction

The complexity and inner workings of the brain have fascinated people ever since it was
proposed that the brain is the place where not only mental processes occur but also
personality and emotions are shaped. According to the records the very first person who
declaredthebraintobetheplacewherethemindwaslocatedwasAlcmaeonofCroton(5th
centuryBC)[1].Hebelieved:
“[…] the seat of sensation is in the brain. This contains the governing faculty. All the
senses are connected in some way in the brain; consequently they are incapable of
action if the brain is disturbed […] the power of the brain to synthetize sensations
makes it also the seat of thought: the storing up of perceptions gives memory and
beliefandwhenthesearestabilizedyougetknowledge”
The most straightforward and efficient way to study the brain, or any complex process or
machinery for that matter, is to break it down into its individual building blocks and try to
understandhowthosepartsfitandworktogether.So,withtheabilitytolookintotheinner
structures of the brain the era of modern neuroscience began. The beautiful drawings of
Santiago Ramón y Cajal who used the silver staining technique developed by Camillo Golgi,
provided one of the first visual evidence that networks of neurons were not cytoplasmically
connected, as believed at the time, but that they communicated with each other at special
contactpoints.Thesecontactpointsweretermedsynapses(Greeksunapsis,pointofcontact)
bySherrington[2].Oneofthefirsttosuggestthatthecontactpointsbetweenneuronswere
theplaceswherechangesoccurduringlearningofabehaviorweretheCanadianpsychologist
Donald Hebb and the polish neurophysiologist Jerzy Konorski in the 1940s. They postulated
that there has to be a coincident rule where the synapse linking two cells is strengthened
whenthecellsarecoͲactiveatthesametime[3,4].Thispostulate,widelyknownas‘Cellsthat
firetogether wiretogether‘,hasbeen atthefoundationofmodernneuroscienceeversince.
The very first experimental evidence for strengthening of such a synapse came along in the
early1970swhenBlissandLømo describedlongͲtermpotentiation(LTP)[5].Since then, LTP
hasattractedalotofattentionandhasbeenwidelyusedtostudythemechanismsunderlying
learningandmemoryatthecellularandmolecularlevel.
While many studies have investigated the structural changes at preexisting synapses, the
functionofnewlyformedsynapsesafterplasticityhasstillremainedspeculative.
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In my thesis, I set out to investigate the role of newly formed synapses after plasticity
induction.Tothisend,Iusedorganotypichippocampalslicesandfollowedtheformationand
functionalization of new synapses after LTP by using twoͲphoton live cell structural and
functionalimaging.

2.1

Thehippocampus

Thehippocampalformationisfoundbilaterallyinthemedialtemporallobeofthebrainatthe
floor of the inferior horn of the lateral ventricle. The term hippocampus which was derived
fromtheGreekwordforseahorsewasfirstcoinedduringthe16thcenturybytheanatomist
Arantius(1587)whofoundthestrikingresemblanceoftheshapeofthehippocampustothat
of the sea creature [6]. The pyramidal and granular cells of the hippocampus originate from
theventriculargerminallayerandmigratetotheirfinaltargetregions[7].Interestingly,while
thepyramidalcelllayerofthehippocampusformsquiteearlyindevelopment(duringthefirst
half of pregnancy) [8], the generation of the granule cells of the dentate gyrus takes much
longer.Itcontinuesintothepostnatalperiodandatareducedrateintotheadulthood,making
thedentate gyrusoneoftheuniqueregionsinthebrainwhereadultneurogenesiscan take
place[9].
ThehippocampalcircuitryiswellͲestablishedanddepictedinFigure2Ͳ1.
Figure2Ͳ1:Thehippocampalformation
Depicted are the components and
internal
connections
of
the
hippocampalformation.
DG: dentate gyrus; CA: Cornu
Ammonis; Sub: subiculum; Pre:
Presubiculum; Para: parasubiculum;
EC: entorhinal cortex. Figure taken
from[6]


The hippocampal formation is comprised of the dentate gyrus, cornu ammonis area, which
includestheCA3,CA2,andCA1regions,thesubiculumandtheentorhinalcortex.Theintrinsic
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laminarhippocampalconnectivityisquitewellͲknown.NeuronsfromlayerIIoftheECproject
totheDGandtheCA3fieldofthehippocampus.TheprojectionsfromtheECtothedentate
gyrusrepresentthemajorhippocampalinputpathalsoknownastheperforantpath.Thispath
isunidirectionalsincethedentategyrusdoesnotprojectbacktotheECandtheinformationis
routedthroughthehippocampusbeforeitcanreachagaintheEC.ThegranulecellsoftheDG
extend their axons, known as mossy fiber projections, to the proximal part of the apical
dendritesofCA3cells.ThosethenprojecttheiraxonsviatheSchaffercollateralstotheapical
dendritesofCA1cellswhichprojectunidirectionaltothesubiculum.Theinformationloopis
closedbyneuronsfromCA1hippocampalregionandthesubiculumprojectingbacktotheEC
but now in its deeper layers. Despite the fact that the hippocampal formation is quite often
viewed as an autonomous network on its own, it also has a broad range of afferent and
efferentconnections.Thehippocampusreceivesinputvia theECfromthevisualorauditory
unimodalaswellaspolymodalcorticalareas[10],fromtheamygdala,theseptalarea,andthe
contralateral hippocampus. Its outputs travel through the subiculum to the EC and via the
fimbria and fornix mainly to the mammillary bodies and the septal area. Some fibers also
projecttotheanteriorthalamicnucleus,bednucleusofthestriaterminalisandventromedial
hypothalamic nucleus. The hippocampal formation is connected directly via the nonfornical
fiberstotheentorhinalarea,theposteriorcingulate,retrosplenialcorticesandtheamygdala
[11,12].
The function of the hippocampus has long been debated. Until the 1930s the hippocampal
formation was considered to be part of the olfactory system. Another hypothesis was
proposedbyJamesW.Papez(1937)thatthehippocampuswaspartofacircuitryinvolvedin
emotion.Inhisfamouscircuit(Papezcircuit)hedescribedthehippocampusastheplacewhere
all sensory information was collected and where an emotional ‘state’ was developed and
transferredtothemammillarybodies[6].Thisdebatecouldfinallybebroughttoanendafter
the undefeatable observations made on brain damaged patients by William Scoville and
Brenda Milner in 1957 [13]. Their most famous patient, H.M., suffered from a severe
anterograde and partial retrograde amnesia after a large part of his hippocampal formation
and surrounding cortical regions were surgically removed to relieve his severe epileptic
seizures.Thisobservationplacedthehippocampalformationasamajorplayerinthelearning
andmemoryprocesses.Microelectroderecordingsfromsingleneuronsinthehippocampusof
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awake, intact animals revealed that the hippocampus can act as a cognitive map and helps
animalsformspatialmemoryandnavigateintheirenvironment[14].


Figure2Ͳ2:Connectionsofthehippocampalformation

Theschemadepictsthemajorafferentandefferentconnectionsfromandtothehippocampal
formation.F:Fornix,MTT:Mammillothalamictract.
Modifiedfrom[11].
Localfieldpotentialrecordingsfromthehippocampusshowedthattherearetwomaintypes
of oscillations i.e. synchronized neuronal activity – theta and gamma. Theta rhythm has
relativelyslowfrequency(4–10Hz)andhasbeendetectedinallmammalsincludinghumans
[15, 16]. Those oscillations are associated with different behaviors (e.g voluntary movement
andactiveexplorationinrat)andarealsopresentduringREMsleep[15].Thesecondtypeof
synchronized neuronal activity recorded from the hippocampus is the gamma oscillations,
whichrangeinfrequencyfrom~25Ͳ140Hzandare,therefore,beyondtherangeofconscious
perception.Theyarenotasstableasthethetaoscillations,appearinburstsandarebelieved
tosynchronizeactivityinparticularcellassembliesthatarerequiredforprocessingofcertain
information[17].
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A major progress in the hippocampal research was made with the development of the
hippocampal slice preparation [18Ͳ20]. With this preparation, hippocampal circuitry is
preservedandneuronscanbekeptviableandstudiedformorethan10hours(inacuteslices)
or for weeks (in organotypic slices). Furthermore, since hippocampal slices also support the
induction and maintenance of LTP, they have emerged as a widelyͲused model for
disentanglingitsunderlyingmolecularandcellularmechanisms.

2.2

LongͲtermpotentiation–asynapticmodelofmemory

TheveryfirstLTPexperimentwasperformedbyBlissandLømo[5].Theyshowedthatasingle
burstofhighfrequencystimulationattheperforantpathofthehippocampusofanaesthetized
rabbitsresultedinanimmediateandlongͲlastingincreaseofthesynaptictransmissionatthe
postsynapticconnectionsinthedentategyrus(Figure2Ͳ3).Sincethen,LTPhasbecomeoneof
themostexploredmodelsforactivityͲdependentsynapticplasticityinthemammalianbrain.

2.2.1 BasicpropertiesofLTP
ThethreebasicpropertiesofLTPare:1.inputspecificity,2.cooperativityand,3.associativity.
Input specificity describes the property that only the contacts that receive the LTPͲinducing
stimulusarepotentiated,whilecontactsthatarefartherthan70μmfromthepotentiationsite
andreceivecontrolstimulationarenot[21,22].Cooperativitymeansthatacertainamountof
presynapticactivityisrequiredtotriggerLTP[23].Therefore,weakstimulationresultsinpost
tetanic potentiation (PTP) or shortͲterm potentiation (STP) and only when enough fibers are
activatedandcooperate,LTPcanbeinduced[24].Thelastproperty–associativity,describes
the property that even a weak stimulus can trigger LTP if it is synchronized with a strong
stimulus that takes place in a separate but convergent pathway [25]. Those three LTP
propertiesexplainwhyasynapsecanbepotentiatedifitisactiveatthesametimewhenthe
dendriteitisfoundonisdepolarizedenough[24].Therefore,alsolowfrequencystimulation
cantriggerLTPaslongasitoccursduringapostsynapticdepolarization[26]andlimitingthe
depolarizationatacellcanblocktheinductionofLTP[27].
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Figure2Ͳ3:TheoriginalLTPexperimentperformedbyBlissandLømo

On the left side: A diagram showing where the stimulating (Stim) and recording (Rec)
electrodes were positioned. On the right side: Superimposed responses from both
experimentalandcontrolpathwayA)beforestimulationandB)afterthelasthighfrequency
stimulation train. The graph showing the amplitude of the population EPSP for the
experimentalpathway(filledcircles)andthecontrolpathway(opencircles).Source[5].

2.2.2 LTPtriggeringmechanism
ThemostcommonformofLTPinductiondependsontheactivationofpostsynapticNͲmethylͲ
DͲaspartate receptors (NMDARs). However, not all synapses require the activation of those
receptorstobepotentiated.OneofthemostextensivelyexaminedNMDARͲindependentform
ofLTPtakesplaceatthemossyfibersynapsesinthehippocampus,formedbetweentheaxons
of the granule cells of the DG and the dendrites of CA3 cells [28]. Other synapses with such
propertiesarefoundinthecerebellum(betweentheparallelfibersandthePurkinjecells)and
inthecorticothalamicprojections[29,30].
LTPatthemajorityoftheCNSsynapses,however,dodependonNMDARactivation.NMDARs
are perfectly suited to support the coincidence detection properties of LTP because their
activation can only take place if neurotransmitter binding coincides with membrane
depolarization.AtrestingmembranepotentialtheconductanceofNMDARsisblockedbyMg2+
ions which are removed after depolarizationͲdriven conformational shift. Therefore, during
repetitivetetanicstimulationordirectpostsynapticdepolarizationtheMg2+blockisremoved
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from NMDARs allowing conductance of sodium, potassium and calcium ions. In this way
postsynaptic,intracellularcalciumconcentrationcanrise,whichisknowntoplayamajorrole
in the induction of LTP at the majority of CNS synapses. The local increase of calcium
concentration fits with the input specificity of LTP, while associativity might occur because
strong activation of some synapses might lead to a depolarization of a neighboring dendritic
branch[31].ThemoststraightforwardevidenceinfavoroftheessentialroleofNMDARsand
calcium for LTP induction comes from lossͲofͲfunction experiments. Block of NMDARs or
bufferingofpostsynapticcalciumelevationbycalciumchelatorsinhibitsLTPinduction[31,32].
Interestingly, while certain changes in calcium concentration and dynamics can trigger LTP,
others that do not reach the threshold for LTP induction, can result in STP or in longͲterm
depression (LTD), a process associated with a longͲlasting decrease in synaptic transmission
[31].AlthoughNMDARsaretheprimarysourceforcalciuminflux,activationofvoltageͲgated
calcium channels (VGCCs) can also substantially raise the intracellular calcium concentration.
Furthermore, calciumͲtriggered calcium release from intracellular stores adds to the
complexityanddiversityofcalciumdynamicsandamplitude.ApartfromtheclassicalLTPthat
mainlydependsonNMDARsactivation,therearereportsofdifferentformsofLTPwhichalso
require the activation of metabotropic glutamate receptors (mGluRs). Induction of large
amplitude or longͲlasting late phase LTP by a strong or repeated stimulation protocols has
beenshowntoinvolvetheactivationofmGluRs[33,34].
There are numerous signaling pathways that translate the increased calcium concentration
into enhancement of synaptic strength. However, one of the major contributors is the
calcium/calmodulinͲdependent protein kinase II (CaMKII). The activation of CaMKII can both
mimic and occlude LTP [35]. Autophosphorylation makes CaMKII activity independent of
calcium Ͳ calmodulin and, thus, biochemical cascades can be triggered long after calcium
concentration has returned to baseline levels [36]. Furthermore, autophosphorylation is
essentialforLTPinductionbecausesinglepointmutationthatpreventsphosphorylationatthe
respectiveresidue,Thr286,blocksLTP[37].
Another kinase reported to play a role in synaptic strengthening is cyclic adenosine 3’, 5’Ͳ
monophosphate (cAMP) – dependent protein kinase A (PKA). PKA enhances the effect of
CaMKIIactivationbyreducingtheactivityofproteinphosphatase,knowntodephosphorylate
CaMKIIandothertargetproteins[31].AnincreaseofintracellularcAMPandactivationofthe
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PKA pathway are triggered by a brief treatment with Forskolin and Rolipram (F&R) which is
usedinthisstudy[38].
It has long been debated over the locus of LTP induction and expression. It is now accepted
thatinthemajorityofCNSsynapsesboththepreͲandpostsynapticsidecontribute.Toinvolve
the presynaptic side in synaptic strengthening a retrograde messenger needs to report the
postsynaptic event presynaptically. Molecules considered as possible retrograde messengers
arenitricoxide (NO), carbonmonoxideandarachidonicacid[31].NOissofarjudgedas the
mostlikelyretrogrademessengerbecauseinhibitionofNOsignalingimpairstheinductionof
LTP[39,40].

2.2.3 LTPexpressionmechanism
The expression mechanisms of LTP are diverse and complex. The simplest model for LTP
expression suggests both postsynaptic changes including modifications of AMPARs function
and number, and presynaptic changes such as an increase of neurotransmitter release
probability.ItisknownthattheactivationofCaMKIIandPKAfollowingLTPinductionresultsin
thephosphorylationofAMPARswhichenhancesthechannelconductance[41].Furthermore,
AMPARs are delivered to spines after induction of LTP, allowing the transformation of
synapsesfromsilent(possessingmainlyNMDARs)tonotsilent(possessingbothNMDARsand
AMPARs). This was shown by both electrophysiological and optical tagging of AMPARs.
OverexpressionoftheAMPARssubunitsGluR1resultintheassemblyofhomodimericAMPARs
whichshowadifferentrectifyingpropertycomparedtothewildtypeheterodimericreceptors.
ThisuniqueelectrophysiologicalsignaturerevealedthatincreasedCaMKIIactivitycausedthe
deliveryoftheoverexpressedAMPARsubunitstothesurface[42].Furthermore,anotherstudy
showed that fluorescently tagged AMPARs were rapidly delivered into dendritic spines after
tetanic synaptic stimulation [43]. The accommodation of AMPARs at the membrane is
coordinated by the phosphorylation of multiple cytoskeleton components by CaMKII (Figure
2Ͳ4).
Presynaptically, synaptopHlourins were used to optically monitor activityͲdriven changes in
synapticfunction.SynaptopHlourinisapHͲsensitivevariantofGFPthatisfusedtothelumenal
domain of a vesicular protein, VAMP2. The fluorophore is only fluorescent when exposed to
thepHͲneutralenvironmentaftervesicularexocytosis.Inthisway,itwasdemonstrated that
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the presynaptic function was enhanced following thetaͲburst or 200 Hz stimulation and this
wassensitivetoblockingLͲVGCCsandnotNMDARs[44].


Figure2Ͳ4:SignalingcascadeinitiatedafterNMDARsactivation

The transient increase of internal calcium concentration leads to the activation of CaMKII
whichphosphorylatesmultipletargets.ThereisanincreasedAMPARsconductanceasaresult
of direct channel phosphorylation by CaMKII and increased AMPARs recycling triggered by
CaMKIIinducedchangesincytoskeletalproteins.Source[45].
WhileearlyLTP(EͲLTP)dependsmainlyonposttranslationalmodifications,latephasesofLTP
(LͲLTP) require translation and transcription to take place. The rapid effect of translational
inhibitors on LTP suggests that the initial stages of LͲLTP require protein synthesis from
preexisting mRNA in the dendrites close to the potentiated synapses [6]. This has been
persuasively demonstrated by the fact that isolated from the soma dendrites can support LͲ
LTP induction and maintenance for as long as 5 hours via translation of preexisting mRNAs
[46]. Moreover, ribosomes and other machinery required for protein synthesis are found at
thedendriteclosetomanysynapses[47].Unliketranslation,blockingtranscriptionaffectsLTP
with a further delay of several hours [48]. This delay is explained by the period of time
required for the signal to travel from the stimulated synapses to the nucleus where gene
transcription can be trigger. LTP induction is reported to upregulate the transcription of
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multiplegeneslikeimmediateearlygenes(IEG)(cͲfos,zif268andarc/arg3)[49].Transcription
factors essential for the activityͲtriggered gene transcription are those that bind to cAMP
responseelements(CREs)intheregulatoryregionsoftargetgenes.ApartfromIEG,thereare
multiple target genes for cAMP response elementsͲbinding proteins (CREB), including those
coding for neurotransmitters and peptides, growth factors and their receptors, structureͲ
relatedproteins,proteinsinvolvedincellularmetabolismandothers[6].
Aftertheirproduction,mRNAandproteinsaretransportedbacktothepotentiatedsynapses
where they are needed for stabilizing LTP. The hypothesis, how nuclear products ‘know’ for
whichsynapsestheyareneeded,wasproposedbyFreyandMorris(1997)[50]andiscurrently
known as the ‘synaptic tagging’ hypothesis. According to this hypothesis, after potentiation
synapsesleaveaproteinͲsynthesisindependentmarkeroratagthatisrecognizedbymRNAs
or protein products coming from the soma. Although the true nature of the tag is still
unknown,experimentalevidenceinsupportofthisideahasbeendemonstrated.Itwasshown
thatgivingatetanicstimulationinonepathwaycouldstillgenerateLͲLTPeveninthepresence
of protein synthesis inhibitor if a second pathway was tetanized within a time window of
severalhoursbeforeorafterthefirsttetanus[50].Furthermore,itwasdemonstratedthatEͲ
LTPtriggeredbyastimulationthatwastooweaktoinduceLͲLTPcouldbeconvertedtoLͲLTP
byaprecedingorsubsequenttetanusstimulationgiventoasecondpathway.Thisisduetothe
fact that while the weak stimulus generated the tags, the strong stimulus could trigger the
proteinsynthesisandtheproductswouldbecaughtatthetaggedsynapses[50].

2.2.4 PhysiologicalsignificanceofLTP–LTPandlearning
LTPisawellͲacceptedmodelforinvestigatinglearningandmemory.However,isLTPoccurring
inthebrainofthelivinganimalswhentheylearn?
Indeed,itwasshownbymultiͲelectroderecordingsinthehippocampusoflivingratsthat,as
they learnt a singleͲtrial inhibitory avoidance task, there was an enhancement of the field
potentialsinsomeareasoftheCA1region.Mostimportantly,learningͲinducedenhancement
offieldpotentialsoccludedtheoccurrenceofsubsequentLTPtriggeredbytetanicstimulation
[51]. In another study, with the help of in vivo wholeͲcell recordings from somatosensory
cortex layer 2/3 cells, the authors reported an enhancement of postsynaptic potential after
giving a rhythmic 8 Hz whisker stimulation [52]. Furthermore, LTP and learning share many
common mechanisms. For example, both LTP and place learning (a hippocampusͲdependent
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behaviortaskinspatiallearning)areimpairedafterblockofNMDARsactivation[53].Notonly
for LTP (see above), but also for learning changes in recycling of AMPARs play an important
role.SensoryalterationinthebarrelcortexbywhiskertrimmingdroveAMPARsinsertioninto
synapsesbetweenlayer4andlayer2/3neuronsofthebarrelcortex[54].Furthermore,itwas
reportedthatfearconditioninglearningalsorequiredAMPARstraffickingbecauseinterfering
withAMPARsinsertionintoasmallpopulationofneuronsinthelateralamygdalaprevented
the acquisition of a fear memory [55]. Preventing the targeting of CaMKII RNA to dendrites
inhibited not only LͲLTP but also spatial memory, associative fear conditioning and object
recognitionmemory[56],indicatingtheessentialroleofthiskinaselocallyatthedendritesfor
plasticityinduction.AnothersharedmechanismbetweenLTPandlearningistheactivationof
the cAMP/PKA signaling pathway. Mutant animals that lacked the enzyme adenylyl cyclase,
and thus displayed reduced levels of cAMP, exhibited spatial memory deficits in the hidden
platform version of the water maze task [57]. Furthermore, mutant mice expressing a
dominantͲnegativeformoftheregulatorysubunitofPKAdisplayedanormalinitiallearningof
the hidden platform version of the water maze but showed deficits in the memory retrieval
tests,suggestingthattheactivationofPKAduringtrainingsetscascadesintomotionthatwere
importantformemorystorage[58].

2.3

Structuralplasticityofdendriticspines

Currently,itisacceptedthatactivityͲdrivenfunctionalchangesintheneuronalnetworkhave
anunderlyingstructuralcorrelate.Thisincludes,ononehand,changesatpreexistingsynapses,
andontheotherhand,plasticityͲdrivenformationofnewfunctionalcontactsandelimination
ofoldones.Thecombinationofthosetwotypesofstructuralchangesprovidestheneuronal
network with the flexibility to physically alter its connectivity in order to continuously
accommodate,updateandretrievenewinformation.

2.3.1 Structuralchangesatpreexistingcontacts
Synaptic plasticity has been shown to affect the shape and mobility of dendritic spines [59].
Furthermore,plasticityinductiontriggeredbyrepetitiveglutamateuncagingresultedinarapid
andselectiveenlargementofthestimulatedspines[60].Thisenlargementisassociatedboth
withanincreaseofsynapticstrengthandwithsynapsestabilization.Theincreaseofsynaptic
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strength at preexisting synapses is to a large extent attributed to the change of the number
andpropertiesofreceptorsexpressedonthespines[61].Moreover,LTPͲinducingstimulusat
singlespinespromotestheirsurvival[62].Therefore,itisbelievedthatthestrengtheningand
stabilizationofasubpopulationofspinesarepossiblestructuralcorrelatesofmemorystorage.
Themolecularmechanismsbehindspinestabilizationareoverlappingwiththosecontributing
to synaptic plasticity (Figure 2Ͳ5). It has been shown that spine stabilization requires
phosphorylation of multiple targets via CaMKII and protein kinase C (PKC) [63, 64], protein
synthesis[65],andactinͲregulatoryproteinsthatcontrolthespineactincytoskeleton[66].

2.3.2 RemodelingofconnectivityͲspineandsynapseturnover
There is an ongoing synapse turnover (synapse formation and elimination) in the brain
throughout development and into adulthood [67]. Although the synapse turnover decreases
with age, it never stops, thus providing the organism with the possibility of a continuous
adaptationtoitsenvironment.Infact,multiplestudies,bothinvitroandinvivo,haveshown
thattriggeringplasticityleadstoanenhancedspineturnoverrate.Pioneeringinvitrostudies
reportedthatinductionofLTPresultedinthegenerationofnewspines[68Ͳ70].Morerecent
workconfirmedthisfindingandcomplementeditwiththeobservationthatLTPalsopromoted
thedestabilizationofpreexistingspines[71].
To investigate spine dynamics in vivo chronic twoͲphoton imaging has been used in multiple
studies which demonstrated that spine remodeling occurs after experienceͲdependent
plasticity. It has been shown that adaptation to enriched environmental and alterations in
sensoryexperiences(suchasclosureofoneeye,i.e.monoculardeprivation)requiredsynapses
assembly and disassembly and could lead to an increase in the spine density [65, 72].
Furthermore, learning of a motor task was shown to trigger rapidly, within hours, the
formation of new spines. Moreover, the subsequent training stabilized the newly formed
spinesandtheirnumberscorrelatedwithhowwelltheanimalhadlearntthemotortask[73].
Another longͲterm spine imaging study revealed that a small fraction of new spines formed
aftermotorlearningornovelsensoryexperiencewaspreservedformanymonthsthroughout
adulthood,providingtheputativelongͲlastingstructuralcorrelateofmemory[74].
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Figure2Ͳ5:ActivityͲmediatedstabilizationofdendriticspines

Plasticity induction at synapses is associated with spine head enlargement, increased spine
efficacy and synapse stabilization. Involved in these processes is the activation of protein
kinases (PKC: protein kinase C and CaMKII: calcium/calmodulin kinase II), local protein
synthesis (for example of BDNF: brainͲderived neurotrophic factor, TRKB: tyrosine kinase B,
MAPK: mitogenͲactivated protein kinase, PI3K: phosphoinositol 3Ͳkinase, PTEN: phosphatase
and tensin homologue, and others), proteins involved in the actin cytoskeleton (DISC1:
disturbed in schizophrenia 1, adducing, CDC42: cell division control protein 42, RAC1: RasͲ
related C3 botulinum toxin substrate1). In addition, adhesion molecules (neuroligins, NͲ
cadherins), proteins of the postsynaptic density (PSD95: postsynaptic density protein of 95
kDa,SHANKs:SH3andmultipleankyrinrepeatdomainsproteins),andAMPARsandNMDARs
areimplicatedinLTPmaintenance,spineenlargementandstabilization.[75]
Investigating spine changes in layer 5 pyramidal neurons in the mouse frontal association
cortex during fear learning and fear extinction has demonstrated opposing changes at the
spine level. While fear conditioning increased the rate of spine elimination, fear extinction
resulted in spine formation. Interestingly, spine elimination and formation after fear
conditioning and fear extinction, respectively, occurred at the same dendritic branch [76]. In
anotherreportitwasdemonstratedthatplasticityinductiontriggeredspineformationinthe
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vicinity of activated spines [71]. This observation was also supported by an in vivo study in
whichrepetitivelearningofamotortaskresultedinaclusteredspinesformationandshowed
thatclusteredspinesweremorelikelytopersistthannonͲclusteredones[77].
Formation and elimination of synaptic contacts between neurons, i.e. synaptic rewiring,
stronglyincreasestheinformationstoragecapacityoftheneuronalnetwork[78].Theabilityof
thebraintorecoverfromtrauma,tostorelifeͲlongmemorieswhileconstantlyacquiringnew
information must indeed require a vast storage capacity. The fact that the brain is a sparse
neuronalnetwork,meaningthattheabsolutenumberofneuronalconnectionsrepresentsonly
asmallfractionofallpossibleconnectionsbetweeneverygivenpairofneurons[79]makesthe
rewiringofconnectivityaverypowerfulwayofsavingvastamountsofinformation.However,
the ability of a postsynaptic cell to choose between multiple possible presynaptic partners
presentstheproblemofhowitefficiently‘identifies’thecorrectpartnerstoconnectto.Thisis
anessentialquestionthatstillremainselusivebuttheanswermostlikelyinvolvesaprocessof
evaluationandcomparisonofgeometricallyreachablepresynapticpartnerswhichdisplaythe
adequate patterns of activity. Taken together, rewiring of the connections between neurons
after synaptic plasticity and learning offers a plausible mechanism of how the processes of
learningandmemorycanoccur(Figure2Ͳ6).
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Figure2Ͳ6:Amodelforstructuralrewiringoftheneuronalnetworkafterlearning

Schemashowingspineturnoverunderbaselineactivityconditionswhereonlyasmallnumber
of transient spines (dark head spines) are affected and the majority of stable and persistent
spines are left unchanged. Under conditions of learningͲrelated triggered activity, spine
turnover is enhanced, leading to the formation of more new spines (dark spines) and the
eliminationofpreexistingspines(dashedͲlinespines).Despitethechangesinconnectivity,the
spinedensitymightstayunchanged.Thenewspinestendtooccurinclusters(encircledareas)
andexhibitahigherprobabilityofgettingstabilized[75].

2.4

Objectiveofthestudy

LongͲterm live cell imaging allows following spine changes both after LTP in brain slices and
afterlearninginthelivingbrain.This offersanunprecedented viewoftheinnerworkingsof
the brain and has revealed that both changes in synaptic strength at preexisting spines and
formation of new spines take place after LTP and learning. It is believed that an increase of
synapticstrengthisessentialforLTPinductionandearlyLTP(EͲLTP).However,itisstillunclear
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what the role of the new spines is? Based on current data, it is speculated that new spines,
triggeredbysynapticplasticity,mightbethestructuralbuildingblocksrequiredformodifying
theconnectivityoftheneuronalnetworksothatitcancontinuouslyofferlongͲtermstorageof
new information. However, the experimental proof for this is still missing. If new spines,
indeed,supportthelaterstagesofthesynapticenhancementtriggeredbyLTPinduction,then
they must form functional synapses with the axons that were activated during the LTP
induction.
Therefore,IsetouttotestwhethernewspinesformedafterLTPbuildfunctionalcontactswith
a subpopulation of axons that is coͲactive during the induction of plasticity (Figure 2Ͳ7).
Furthermore,Iwanttoaddressthestillcontroversialquestion:howlongdoesittakeforanew
spinetoformafunctionalsynapse?
To this end, I used organotypic hippocampal slices and controlled the locus of synaptic
transmissionwithoptogeneticsandpharmacology.Thus,byusinglightstimulationIactivated
exclusively ChR2Ͳexpressing axons during LTP induction. I performed twoͲphoton timeͲlapse
imagingtodetecttheformationofnewspinesafterLTPandspinecalciumimagingafterlight
stimulationtoassesstheirfunctionality.

Figure2Ͳ7:Aschematicrepresentationofthequestionbehindtheproject

Donewspines(indicatedwithaplus)formsynapsesinaHebbianmanneri.e.onlywithactive
presynapticpartner(redboutonsandaxon),inapartiallyHebbianmanneri.e.moreoftenwith
active than with inactive partners (black boutons and axons), in a nonͲHebbian manner i.e.
without any detectable preference for active or inactive presynaptic partners or in an antiͲ
Hebbianmanneri.e.onlywithinactivepresynapticpartners?
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3.

Material&Methods

3.1

Material

3.1.1 Viruses
Virus

Titer(GC/ml)

Supplier

AAV2/1.Syn.ChR2(HR).eYFP

9.0X1011

PennVectorCore

AAV1.CAG.hChR2(H134R)mCherry.WPRE.SV40 6.7X1012

PennVectorCore

3.1.2 DNAconstructs
DNAplasmid

Promoter

Resistance

pAAVͲhSyn1ͲmTurquoise2ͲRSGͲP2AͲGC6s1

synapsin

Ampicillin

3.1.3 Chemicals
Chemical

Supplier

NaCl

VWR

KCl

CarlRothGmbH

CaCl2*2H2O

Merck

MgCl2

Sigma/Merck

NaH2PO4

Merck

NaHCO3

Merck

C14H18O4(Trolox)

SigmaͲAldrich

D(+)ͲGlucose*H2O

CarlRothGmbH


1

CompletesequenceinAppendixA

19


Material&Methods
_____________________________________________________________________________

KͲGluconate

SigmaAldrich

4Ͳ(2Ͳhydroxyethyl)Ͳ1Ͳpiperazineethanesulfonicacid(HEPES)

SigmaͲAldrich

ethyleneglycoltetraaceticacid(EGTA)

SigmaͲAldrich

Magnesiumadenosinetriphosphate(MgATP)

SigmaͲAldrich

Sucrose

Merck

MgSO4*7H2O

VWR/Merck

MinimumEssentialmedium(MEM)

Invitrogen/Gibco

Hank’sBalancedSaltSolution(HBSS)

Invitrogen/Gibco

HorseSerum

Invitrogen/Gibco

KH2PO4

VWR/Merck

MgCl2*6H2O

Merck

Kynurenicacid

Sigma

4ͲAminopyridine(4ͲAP)

SigmaͲAldrich

Tetrodotoxin(TTX)

Biotrend/Tocris

DͲSerine

Tocris

DLͲ2ͲAminoͲ5Ͳphosphonovalericacid(AP5sodiumsalt)

Biotrend/Tocris

2,3ͲdihydroxyͲ6ͲnitroͲ7ͲsulfamoylͲbenzo[f]quinoxalineͲ2,3Ͳ

Biotrend/Tocris

dione(NBQXdisodiumsalt)
Forskolin

Biotrend/Tocris

Rolipram

Biotrend/Tocris

Dimethylsulfoxide(DMSO)

SigmaͲAldrich

Alexa594

LifeTechnologies
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3.1.4 Mediaandsolutions
Media/Solution

Composition

Concentration(mM)

Artificialcerebrospinalfluid(ACSF)


NaCl

127.13



KCl

2.50



CaCl2*2H2O

3.70



MgCl2

0.15



NaH2PO4

1.25



NaHCO3

16



C14H18O4(Trolox)

1



D(+)ͲGlucose*H2O

20



TTX

1X10Ͳ3



4ͲAP

1X10Ͳ1



Serine

1X10Ͳ2

+ForskolinandRolipram







Forskolin

5X10Ͳ2



Rolipram

1X10Ͳ4

KͲGluconateinternalsolution 





KͲGluconate

140



KCl

10



NaCl

5



HEPES

10
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EGTA

1X10Ͳ1



MgATP

2

Sliceculturemedium







95.5MEM1x





50mlHBSS1x





HEPES

12.5



Glucose

45.83

Gey’sbalancedSaltSolution(GBSS)


CaCl2*2H2O

1.5



KCl

4.96



KH2PO4

0.22



MgCl2*6H2O

1.03



MgSO4*7H2O

0.28



NaCl

136.89



NaHCO3

2.70



Na2HPO4

0.87



D(+)ͲGlucose*H2O

5.55

Slicepreparationsolution







98mlGBSS





Kynurenicacid

1



50mlHorseSerum





Glucose

45.83
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Cortexbuffer







NaCl

125



KCl

5



D(+)ͲGlucose*H2O

10



HEPES

10



CaCl2*2H2O

2



MgSO4*7H2O

2

Electroporationsolution







DNA(100ng/μl)





Cortexbuffer





Alexa594

0.05

3.1.5 Equipment
Material

Supplier

Slicepreparation



Dissectioninstruments

FineScienceTools(FST)

Millicellcellcultureinserts

Millipore

McIlwaintissuechopper

MickleLabEngineering,

Razorblade

FineScienceTools(FST)

Dissectionmicroscope

Nikon

SyringefilterMillexGP

Millipore

Syringe50mlBDPlastipak

VWR

23


Material&Methods
_____________________________________________________________________________

6Ͳwellplates

TPP

Incubator

ThermoScientific

Virusinfections



Borosilicateglasscapillary(thickwall,1.5OD;0.86ID)

HarvardApparatus

HorizontalpullerPͲ97

SutterInstrumentsCo.

Forceps(N°5)

FineScienceTools(FST)

PneumaticPicoPumpPV820

WorldPrecisionInstruments(WPI)

Microscope

OlympusBX51W1

Micromanipulator

LuigsandNeumann

4xobjective

OlympusPlanN4x/0.10

Waterbath

Julabe

Singlecellelectroporation



Ultrafree–MCand–CLCentrifugalFilter

Millipore

Centrifuge5415R

Eppendorf

VerticalpullerModelPCͲ10

Narishige

40xobjective

Zeiss40x/0.8W

Axoporator800A

MolecularDevices,Inc.

TwoͲphotonmicroscope



Vibrationisolationopticaltable

Thorlabs

MaiTailasersystem

SpectraͲPhysics

Pockelcell

Polytec

MPMBCUconditionerunit

Thorlabs
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MPM200multiphotonsystem

Thorlabs

DichroicmirrorFF01Ͳ720/SP

Semrock

PrimarydichroicmirrorTLABͲ0033

Semrock

Emissionfilter

Semrock

NDfilterOpticaldensity:6.0

Thorlabs

LED(470nm)

CoolLED

Shutter

Uniblitz

Shuttercontroller

Uniblitz

PMTs

Hamamatsu

PMTamplifiers

Thorlabs

Objective40x

OlympusLUMPlanFI/IR40x/0.8W

Objective5x

ZeissAchrostigmat5x/0.12

BNCͲ2090ADAQ

NationalInstruments(NI)

Electrophysiology



Perfusionpump

Gilson

Nalgene4mmsyringefilters

ThermoScientific

1mlsyringeOmnifixͲF

B.Braun

MultiClamp700BAmplifier

AxonInstruments

Micromanipulators

LuigsandNeumann

Glasscapillaries(thinͲwalledGl.1.50D)

WorldPrecisionInstruments(WPI)

Software



MATLAB

MathWorks
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ImageJ

NationalInstitutesofHealth(NIH)

Scanimage,Ephus

JaneliaFarm

MaiTaisoftware

SpectraͲPhysics

3.2

Methods

3.2.1 Organotypichippocampalslices
HippocampalorganotypicsliceswerepreparedfromWistarratsofageP5ͲP6postnatalday
according to the wellͲknown and widely used protocol summarized by Stoppini et al. [19].
Hippocampalsliceswere placedonsterile,transparentmembranesandcouldbekeptin the
incubator for several weeks. Before slice preparation all dissection instruments were
disinfectedwith80%ethanolanddriedusingBunsenburner.Arazorbladewascleanedwith
cottonsticksoakedwithether,disinfectedwith100%ethanolandfixedattheMcIlwaintissue
chopper under the laminal hood. Slice preparation medium was prepared and placed on ice
underlaminalflowhoodwheretheentirepreparationprocedurewascarriedout.Ratswere
decapitated. Skinon theheadwascut alongthemidlineandremovedtothesideto expose
theskull.Thecompletebrainwasthendetachedfromtheskullandplacedincoldpreparation
medium. The hippocampi on both sides were isolated under dissection microscope. The
dissectedhippocampiweretransferredtotheMcIlwaintissuechopperand400μmtransverse
sections were rapidly chopped. The freshly cut sections were immediately floated with cold
preparation medium and separated from each other. The best sections were selected and
transferred to fresh preparation medium. After 45 minutes incubation at 4°C the individual
sliceswerecarefullyplacedonamembraneofacellcultureinsertinpreͲwarmed6Ͳwellplates
containing1 mlculture medium perwell.Twosliceswerepositionedoneachinsertand the
liquidaroundthemwascarefullyremovedwithapipette.Finally,the6Ͳwellplateswereplaced
in incubator at 35°C with 5%CO2 enriched atmosphere where they remained until used for
experiments.Halfoftheculturemediumineachwellwasexchangedwithfreshoneroughly
every3Ͳ4day.

26


Material&Methods
_____________________________________________________________________________

3.2.2 Virusinjections
In order to introduce ChR2 in a large population of CA3 cells in the hippocampal slices, AAV
viral infection was used. A small virus aliquot (3 μl) (AAV1.CAG.hChR2 (H134R)Ͳ
mCherry.WPRE.SV40 or AAV2/1.Syn.Chr2(HR).eYFP) was thawed on ice. Roughly 10 ml of
cortex buffer was preͲwarmed to 37°C in a water bath. A borosilicate glass capillary (1.5mm
OD,0.86ID)waspulledonahorizontalpuller(usedparameters:Heat=Ramp+20=760,Pull
= 170, Velocity =120, Time = 120) to produce very long and thin hairͲlike ends. Then using
sterileforcepsroughly1cmofthetipsoftheglasscapillarywasbrokentoresultinanopening
of10μm.Insertswithslices(ageof1–3DIV)weretransportedfromtheincubatortothevirus
injection/electroporation setup in 30 mm plates with preͲwarmed medium. The chamber
where the insert was placed was cleaned thoroughly with 70 % ethanol and filled with preͲ
warmedcortexbuffer.Sliceswerekeptattheinterphasebetweencortexbufferandairduring
the injections. Under visual guidance (4x objective) a glass capillary backfilled with virus and
connectedtoPneumaticPicoPumpPV820waspositionedabovetheCA3hippocampalregion.
Beforeenteringthetissueatestpressurepulsewasgiveninordertoassurethatthepipette
was not clocked and that a drop with a diameter of roughly 80 Ͳ 100 μm was produced.
Injectionsettingswere20psi100msbuttheywerevariedslightlyinordertoproduceroughly
the same drop diameter for every injection. Finally, the pipette tip was carefully positioned
into the tissue and three to four pressure pulses were given per location in the CA3 region.
Usually 3 Ͳ 4 locations per slice were injected in order to cover the whole CA3 region (from
dentategyrustoCA2region).Afterthevirusinjection,sliceswerereturnedtotheincubatorto
allowtheexpressionofChR2.Onaverage2weeksofChR2expressionwasallowedbeforethe
slicescouldbeusedforexperiments(Figure4Ͳ1).

3.2.3 Singlecellelectroporation
Toexpressastructural(mTurquoise2)andafunctional(calciumindicatorGCaMP6s)markerin
individual CA1 neurons, single cell electroporation (SCE) was used. The SCE protocol was
adaptedfromJudkewitzet.al.[80].Expressionoftheseconstructsallowedbothtostructurally
visualizespinesandtoassesswhethertheypossessafunctionalsynapsewithChR2Ͳexpressing
axons (Figure 4Ͳ1). Before every experiment slices were prescreened for fluorescence signal
and only those that showed spine calcium responses to light stimulation were used further.
TheelectroporationsolutionwassterilefilteredwithUltrafreeMCCentrifugalFilter(0.22μm
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poresize)andplacedonice.Aborosilicateglasscapillary(1.5mmOD,0.86ID)waspulledwith
averticalpuller(temperatureasfollows:T1=72.6arb.units,T2=48.0arb.units)inorderto
obtainelectrodetipresistanceof10Ͳ15Mɏandthebackoftheelectrodewasfirepolished.
The chamber, where inserts with slices were placed, was cleaned thoroughly with 80 %
ethanol and filled with preͲwarmed cortex buffer solution. Slices (14 Ͳ 17 DIV) were kept at
roomtemperatureinsubmergedconditionsduringSCE.Thetipoftheelectrodewasbackfilled
with electroporation solution. Positive pressure was applied so that fluorescent
electroporationsolutioncouldbeseentoexitthepipettetipwhenanexcitationlightsource
(HBP lamp) was briefly switched on. Using a low magnification objective (4X) the glass
electrode was positioned in the CA1 hippocampal region. Then, with a higher magnification
objective (40X) and with acoustic output for monitoring the electrode tip resistance, the
pipettetipwaspositionednexttoacellbodyandwhenresistancewentupto20Ͳ30Mɏthe
positivepressurewasreleasedsothatthepipettetipattachedlooselytothecellmembrane.
ThenatrainofpulsesofͲ12V,0.5msdurationat50Hzfor1secondwasgivenwiththehelp
of Axoporator 800A. One second after the end of the pulse train, pipette tip was gently
retractedawayfromthecellandapositivepressurewasreestablishedbeforethenextcellwas
targeted.Usually3Ͳ4CA1cellswereelectroporatedperslice.Finally,sliceswerereturnedto
theincubatortoallowexpressionoftheinjectedDNAforanother3Ͳ5days.

3.2.4 Electrophysiology
WholeͲcellvoltageͲclamprecordings
WholeͲcell recordings were made from CA1 pyramidal hippocampal neurons in slices
expressingChR2inthepresynapticCA3neurons.Sliceswerefixedattheflooroftherecording
chamber and submerged in carbonated ACSF (95%O2, 5%CO2) which was recycled via a
perfusions system and a pump at a speed of roughly 0.5 ml/min. The time needed for a
solutiontoreachrecordingchamberwasmeasuredbeforetheexperimentswereperformed
andrecheckedeverytimethepumportubingwereexchanged.Recordingpipettes(resistance
3 Ͳ 5 Mɏ) were prepared from glass capillaries (thinͲwalled) using a vertical puller
(temperaturet1=72arb. Units,t2 =48arb.Units),firepolishedandbackfilledwithfiltered
internal solution. After applying positive pressure (30 Ͳ 50 mbar) and injecting a negative
rectangularvoltagetestpulse(5mV)therecordingelectrodewascarefullydescendedtowards
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theslice.Afterthepipetteoffsetwascorrected,theelectrodetipwaspositionednexttoacell
so that the positive pressure results in a dimple on the cell membrane. By removing the
positive pressure (and sometimes applying slight negative pressure) at the pipette tip an
instantaneous gigaseal conformation was obtained. A pulse of gentle suction was given to
rupture the cell membrane and to go in a wholeͲcell configuration. Access resistance of
roughly10Ͳ20Mɏwasachieved.Postsynapticcurrentstriggeredbylightactivation(470nm)
ofChR2Ͳexpressingaxonsweremeasureduntilaccessresistanceincreasedbymorethan20%
oftheinitialvaluewhentherecordingwasstopped.
Fieldrecordings
Fieldexcitatorypostsynapticpotentials(fEPSPs)afterlightstimulationwererecordedfromthe
cell body layer of CA1 hippocampal neurons in slices injected with ChR2 (15 Ͳ 19 days post
infection). Recording electrodes were prepared from thinͲwalled glass capillaries using a
vertical puller (temperature setting: t1= 72 arb. units, t2 = 48.3 arb. units), fire polished and
backfilledwithfilteredACSFsolution.Positivepressurewasappliedastherecordingelectrode
was descended in the slice. In structural and functional imaging experiments the recording
pipettewaspositionedintheimmediatevicinitytotheimagedCA1cell.Positivepressurewas
reducedtoaminimum,pipetteoffsetwascancelledandfEPSPstriggeredbylightstimulation
ofChR2Ͳexpressingaxonsweremeasuredincurrentclampmodeatagainof100andpassed
through 2 kHz Bessel filter and 1 Hz AC filter. Light stimulation intensity was set to evoke
fEPSPsofhalfͲmaximumamplitudewhichrangedbetween0.2mVto1.7mVinthedifferent
experiments.However,inexperimentswhereinadditiontotheelectrophysiologicalrecording
structural and functional imaging was performed, light stimulation intensity was adjusted so
that it resulted in spine calcium responses but not in global calcium spikes. Nevertheless,
global calcium events during baseline recordings could not always be avoided. Light
stimulationtestpulsefrequencywasgivenonceevery2minutesunlessstatedotherwise.
LTPinduction
LTPinductionviapairingdepolarizationandlightstimulation
Experiments wereperformedin thepresenceofTTX (1μM)and4ͲAP (100 μM)sothat only
ChR2Ͳexpressingaxonscouldbeexternallyactivatedwithlightwhiletheremainingaxonswere
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silenced.TotestwhetherLTPcanbeinducedunderthisconditionIusedapairingprotocol.In
wholeͲcell voltageͲclamp recording after a brief baseline collection (5 minutes), the cell was
clampedatdepolarizingpotential(0mV)andstimulatedwith200lightpulsesof1mslengthat
2Hz.
LTPinductionbyForskolinandRolipram(F&R)perfusionandlightstimulation
TotriggerinputͲspecificLTPinanoninvasivemannerIadaptedaprotocolfromOtmakhovetal
[81] and modified it to fit the experimental design. Throughout the experiment slices were
perfusedwithACSFcontaininglowMg(0.15mM), serine(10μM),TTX(1μM)and4ͲAP(100
μM) at 32°C. Light test pulse stimulation was given once every 2 minutes to measure light
evoked fEPSPs. After a minimum of 10 baseline measurement points, forskolin (50μM) and
rolipram(0.1μM) werewashedinfor 15minutes whiletestlightpulsewascontinuedatthe
test pulse frequency. If baseline fEPSPs responses were not stable experiment was stopped
andanewslicewastested.

3.2.5 TwoͲphotonlaserͲscanningmicroscopy
Imaging was performed on a Thorlabs multiphoton system MPM200 which was custom
modifiedtofittheexperimentaldesign.OverviewoftheexperimentalsetupisshowninFigure
3Ͳ1A.
AMaiTailasersystemwasusedfortwoͲphotonexcitation.Itcomprisedofasolidstate532
nm laser that was used as a pump source for a mode locked Ti:Sa pulsed laser. This laser
systemcandeliveroutputintheinfraredregion(from700nmto1020nm)atafemtosecond
frequency. The laser beam was passed through a pockel cell (electro – optical modulator) in
ordertotunethelaserintensityasdesiredbeforeitenteredtheMPMͲBCUbeamconditioner
unit (Figure 3Ͳ1B). In the beam conditioner unit the laser beam was directed by two mirrors
throughthebeamexpander.Next,anotherthreemirrorsdeliveredthebeamtotheperiscope
inputwhereitfollowedtheMPM200Opticalpath(Figure3Ͳ2).Theattenuatorwasnotusedas
itsfunctionwastakenoverbytheelectroͲopticalattenuatorinfrontofthebeamconditioner
unit.Thebeamexpanderwasadjustedtooverfillthebackapertureoftheobjective.Afterthe
beamconditionerunit,thebeamenteredtheperiscopethatprovidedchangeofitselevation
asitreachedthescanningsystem.XYscanningataspeedof30framespersecondat512*512
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Figure3Ͳ1:Setupdiagram&beamconditionerunit

A)Imagingsetupcomprisedofalaser(1),electroͲopticalmodulator(2),beamconditionerunit
(3) that feeds the laser beam into microscope (4). All components were positioned on a
vibration isolation optical table (6). Illustration modified from Thorlabs. B) The beam
conditionerunitconsistedof5mirrors,attenuatorandexpander.Itwasusedtooptimizeand
alignthelaserbeambeforeitenteredthemicroscope.IllustrationThorlabs
pixels was achieved by galvoͲresonant scanner pair. The scanning beam was passed through
scanandtubelens.Theprimarydichroicmirror(TLABͲ0033)transmittedthestimulationlight
to the sample and reflects the emission fluorescence to the detector module comprised of
photomultiplier tubes (PMTs). A near infrared blocking filter prevented any scattered
excitationlighttoenterthesensitivePMTsandemissionfilter(BrightLineHC510/84)allowed
detecting signal from Turquoise and GCaMP6s (GC6s). Two PMTs modules were mounted
behindtheobjective(forepidetection)andtwobehindthecondenser(fortransdetection)so
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that as many emitted photons as possible could be collected. Blue light stimulation for
optogeneticsrequiredtheintegrationofasecondarybeampath.A470nmlightemittingdiode
(CoolLEDpEexcitationsystem)wascoupledtothesystemafterthegalvanometricscannerata
microscope body (Nikon) positioned above the laser beam path. The LED light was mirrored
downwardtowardtheobjective.Toallowbluelighttoaccessthespecimentheprismmirror
wassubstitutedwithadichroic(FF01Ͳ720/SP)whichtransmittedbluelightandreflectedlaser
excitationlight.ShutterprotectionwasintegratedinfrontofthePMTstoblockanyLEDlight
fromenteringthem.DuetospacerestrictiononlyoneofthetwoepiPMTsandoneofthetwo
transPMTswereprotectedwithshutters.TheotherPMTswerenotusedandopticaldensity
filters(opticaldensity6.0)wereplacedinfrontofthem.DetectedsignalfromeachPMTswas
amplifiedandcombinedfortheepiandtransPMTs.
Data acquisition software ScanImage and Ephus (HHMI/Janelia Farm) were used for image
acquisition, electrophysiological recordings and optogenetic stimulation. All output channels
(e.g. shutter triggering, LED stimulation, pockel cell etc.) and input channels (e.g. frame
acquisition time, electrophysiology recordings, imaging etc.) reached through NI DAQ boards
(BNCͲ2090A) the external device or the data acquisition PC, respectively. As a master
acquisitiontriggertheshutterinfrontofthe2Plaserwasused.Usually2785msafterthefirst
framewasacquiredtheshuttersinfrontofthePMTswereclosed,asinglelightpulseof5ms
lengthwasdeliveredandtheshutterswerereopened20msafterclosingsothattheremaining
oftheintotal200Ͳ300framescouldberecorded.

3.2.6 Imageacquisition
Structural and functional imaging required different stimulation wavelength from the same
lasersotheycouldonlybeperformedinanalternatingfashion.Allimageswereacquiredwith
40xobjective(OlympusLUMplanFI/IR40x/0.80W).Adendriticstretchwasimagedat840nm
forTurquoisesignalandat980nmforGCaMP6ssignal.Structuraldatacomprisedof3Dimage
stackswhereindividualzͲplaneswereacquiredatadistanceof0.5μmfromeachother.The
field of view typically spanned 77 μm x 77 μm in x/y (1024 x 1024 pixels). Image acquisition
tookplaceataframeacquisitionspeedof15Hz.Forfunctional(calcium)imaginganindividual
z–planewasimagedwithatypicalfieldofviewof32μmx32μm(256x256pixels)ataframe
acquisitionspeedof60Hz.Thelightstimulationtypicallyconsistedofone5mspulsewith
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Figure3Ͳ2:Lightpathofthelaser(red)andtheLED(blue)beam

ThelightpathoftheMPM200systemwasopticallyseparatedfromthewidefield/LEDpath.
The laser beam was passed through a periscope, scanning system, reflected by a dichroic
(FF01Ͳ720/SP) and transmitted by the primary dichroic (TLABͲ0033) to the sample. The LED
beamtravelledabovethelaserbeam. Itisreflecteddownwards,transmitted bythedichroic
andtheprimarydichroictothesample.Emissionfluorescencefromthesamplewasreflected
by the primary dichroic, cleaned from remnant IR light and entered through the emission
filtersthePMTs.TheshutterinfrontofthePMTswassynchronizedtotheLEDpulses.Itwas
closedshortlybeforeaLEDpulsewasgivenandopenedshortlyaftertheendofthepulsein
ordertopreventanyLEDlighttoenterthePMTs.IllustrationmodifiedfromThorlabs.
powerbelow2mW(experimentalday1)andbelow3.5mW(experimentalday2)asmeasured
aftertheobjective.Lightstimulationwasdeliveredthroughaclosedfieldaperture(diameter
roughly70μm).Foreveryexperiment,lightstimulationintensitywasadjustedtotriggerspine
calciumresponsesandkeptconstantthroughoutexperimentalday1.Duringcalciumimaging
acquisition usually 100 baseline frames were collected, followed by closing of the shutter to
protectthePMTsasthelightstimulationwasdelivered(1Ͳ2frames).Afterreopeningofthe
shutter the remaining of the in total 200 Ͳ 300 frames were collected. Due to time jitter
between the opening of the 2P shutter and the actual image acquisition, the number of
baseline frames could vary between individual calcium imaging trials. Therefore, frame
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acquisitiontimeandstimulationtimewererecordedinordertoextracttheexactnumberof
baselineandpoststimulusframesontrialtotrialbasis.

3.2.7 Experimentaltimeline
All experiments were performed in ACSF with low Mg2+ (0.15 mM) concentration and in the
presence of 4ͲAP (100 μM), TTX (1 μM) and serine (10 μM). The apical dendrites of
Turquoise2AGC6sͲexpressingCA1cellwerescreenedforspinecalciumresponsesatdifferent
LED stimulation intensities in order to identify an area where ChR2Ͳpositive axons were
present.Iftherewerenospineresponsesafterlightstimulation,thesliceswerediscarded.If
clear spine responses were present, stimulation intensity was adjusted so that it triggered
spine responses but not global calcium dendritic spikes (10 Ͳ 25%, up to 1.5 mW, measured
aftertheobjective).However,globalcalciumeventscouldnotalwaysbeavoided(Figure4Ͳ17).
Next,thefirststructuralzͲstackofastretchalongtheapicaldendritewastaken(t1)andthe
dendritic stretch was reͲimaged six times every 40 minutes on the first experimental day
(Figure4Ͳ3).Experimentswereperformedunder4conditions:incontrol1theslicesreceived
neither light stimulation nor F&R treatment during the LTP induction phase; in control 2 the
slices were stimulated with light and perfused with a vehicle solution; in control 3 only F&R
treatmentwasapplied,andinopticalLTP,lightstimulationwascombinedwithF&Rtreatment.
In experiments in which optical LTP or control 2 treatment was used, between structural
imagingstacks,lightͲevokedfEPSPsandspinecalciumresponsesweremeasuredroughlyonce
every2minutes.AfterthesecondstructuralimageeitherF&Rorvehiclewasperfusedfor15
minutes while light stimulation was continued at baseline frequency (in plasticity treatment:
LTP induction phase). To identify new spines during the experiment, raw image stacks after
eachstructuraltimepointwerecollapsedintoamaximumintensityprojectionandregistered
for shifts relative to the first structural time point using Linear Stack Alignment with SIFT
(ImageJ).Attheendofexperimentalday1theslicewasplacedonafreshmembraneandleft
in normal culture medium in the incubator for the overnight time. On the next day,
experimentalday2,thelast(afterovernightincubation)structuralimagewasacquiredonthe
same dendritic stretch. Finally, spine calcium imaging was performed systematically on all
spines from the structural field of view at different zͲplanes to further evaluate the lightͲ
responsive fraction of preexisting and new spines. LED stimulation intensity on experimental
day 2 was set higher than on experimental day 1 (up to 70 %, roughly 3 mW after the
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objective). In this way potentially all preexisting spines that functionally connect to ChR2Ͳ
expressing axons could be detect and this could be used as estimation for the innervation

density of ChR2Ͳpositive axons. In experiments with control 1 and control 3 conditions, slices
didnotreceivebluelightstimulationbeforethelaststructuralimagewasacquiredonthefirst
experimental day. Therefore, spine calcium signals were mainly recorded after the last
structuralimagingtimepointofthefirstexperimentaldayandduringthesecondexperimental
day.

3.2.8 Imageanalysis
Image analysis was performed using ImageJ and customͲprogrammed MATLAB software and
functions.
Structuraldata
Spine dynamics (gain and loss) over time was analyzed in three dimensions using custom
MATLAB software (spineAnalysis, ScanImage HHMI/Janelia Farm). In the analysis only spines
wereincludedthatpointedlaterallyfromthedendriticshaftformorethan5pixels(0.37μm)
andhadaveragepixelintensityhigherthanthesumofthemeanbackgroundintensityand3
fold its standard deviation. All visible spines along a dendritic stretch irrespective of their
shape were annotated. The spines on a dendritic stretch were annotated independently for
everyimagingsession(timepoint).Foreachtwoconsecutiveimagingsessionstheannotated
spines were compared to determine if they were preserved, lost or gained. For every
experiment a matrix of numbers was extracted that summarized the spine dynamics. In this
matrix,eachspinereceivedauniqueidentificationnumberandapersistencevalueforevery
imagingsession(timepoint)depictingwhetherthespinewaspresent(persistencevalue=1),
lost(persistencevalue=2)orgained(persistencevalue=3).Persistencevalueof4indicated
transientstructureswhichappearedatoneimagingsessionanddisappearedatthenextone.
Allfurtherstructuralanalysiswasperformedontheobtainedfromeachexperimentmatrixof
numbers(spinesummarytable).
Functionaldata
LightͲtriggeredcalciumresponsesofnewandpreexistingspinesovertimewereanalyzedusing
ImageJandcustomwrittenfunctionsinMATLAB.
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Drawingregionofinterests(ROIs)forspinesanddendrites
First,allcalciumimagingtrialsperformedinoneexperimentwereloadedandopenedwitha
customͲwrittenMATLABfunction(MRPcv).Foreverytrial,themeanfluorescencesignalfrom
thebaseline imagingframeswasusedtovisualizeadendriticstretchwithitsspines.Around
eachspineandadendritestretchinitsvicinitypolygonregionsofinterest(ROIs)weredrawn.
Each spine and its corresponding dendritic ROI received a unique group number which was
keptthesameforthewholeexperiment.Whenaparticularspine/dendritepairwasoutofthe
field of view (FOV) or out of focus for the particular trial their group was kept empty. One
group contained ROI from the background signal. In ImageJ the raw image (both maximum
intensity projection and 3D image stack) of the first structural time point, taken at the
beginningoftheexperimentwasloaded.UsingthemultiͲpointtoolinImageJ,spinesvisiblein
thefirststructuralimagingsessionweremarkedinparalleltodrawingthespineanddendrite
ROIsinMRPcv.Inthisway,newspineswereidentifiedbecausetheywerenotdetectedinthe
structuralimagemadeinthebeginningoftheexperimentbutwerepresentlateronwhenthe
functionalimagingtrialswereacquired.Whenanewspinewasidentified,itsROIwaslabeled
as ‘new spine’. To identify the time of spine formation the structural imaging session was
identified when the spine was visible above background for the first time. In particular, the
mean spine ROI fluorescence signal was higher than the sum of the mean background
fluorescencesignaland3folditsstandarddeviation.The‘birthday’ofanewspinewasthen
approximatedbytakingtheacquisitiontimeofthelaststructuraltimepointbeforethespine
becamevisible.So,forexample,ifaspinebecamevisibleinstructuralimagingsession2(time
point2ort2)thenitformedbetweenthefirstandthesecondstructuralimagingsessionsand
would receive a birthday value of 1. Its time of formation would be approximated with the
timewhenthefirststructuralimagingsessionwasacquired.AfterROIsweredrawnaroundall
spinesandtheirdendriteintheFOV(Figure3Ͳ3A),ROIscoordinatesweresavedasaMATfile.
ForthenextcalciumimagingtrialthesameROIscoordinateswereloadedandreadjustedifthe
same or neighboring zͲplane was imaged or drawn new if the imaged FOV or zͲplane was
changed.
ȴF/F0calculationandspinecalciumresponse
After spine/dendrite pairs from all calcium imaging trials acquired in one experiment were
marked,calciumanalysiswasperformed.Foreverytrial,theimagefile,theMATfilecontaining
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thesavedROIsandtheEphusfile(termedXSGfiles)wereloaded.AsingleXSGfilecontained
information from all running during the experiment Ephus programs. This file was used to
extractthenumberofframesacquiredbeforeandafterlightstimulation,thetimewhenevery
trial was recorded, name of the experiment, the treatment protocol applied etc. The mean
valueofallpixelsenclosedineachdrawnROIrepresentstheGCaMP6sfluorescenceintensity
signalfortherespectivespineordendriteforthetimepointatwhichtherespectiveframeof
the trialwas acquired. Eachtrial containedaround 200Ͳ300frames.For calciumresponses,
the change of GCaMP6s fluorescence signal intensity after stimulation (ȴF) was calculated.
Backgroundfluorescenceintensitysignalwassubtracted.ThemeanROIfluorescencesignalof
allframesbeforestimulation(F0)wassubtractedfromtheROIfluorescencesignalinallframes
(ȴF)andtheresultwasnormalizedbydividingwithF0andmultiplyingwith100.Thisresulted
inȴF/F0andwasusedforsubsequentanalysisasthecalciumresponsevalue.Thepeakofthe
calciumresponsewascalculatedasthemaximumȴF/F0valueaftersmoothingusinga7Ͳpoint
moving average. A calcium response after light stimulation was considered successful when
the peak ȴF/F0 signal exceeded the sum of the mean baseline fluorescence signal (F0) and 3
fold its standard deviation. A spine calcium response was considered successful, meaning a
spinereceivedpresynapticinputfroma ChR2Ͳpositiveaxon,whenlightstimulationtriggereda
successfulcalciumresponseinthespinebutnotitscorrespondingdendrite(Figure3Ͳ3B,case
1). In cases, where both in the spine and in its dendrite the fluorescence signal increased
abovebaseline(Figure3Ͳ3B,case2),itwascheckedwhetherthefluorescencesignalincreased
firstinthespineandtheninthedendrite.Ifthecalciumresponseinthespineprecededthatin
thedendriteitwasconsideredasuccessfulspinecalciumresponsetolightstimulation.Totest
whether the increase of calcium signal took place first in the spine, the amplitude of the
calciumresponsesinthespineanditsdendritewerescaledtoeachotherandeachwasfitted
to an exponential curve. In this way, the time of calcium signal increase was calculated
independently of the signal amplitude. If the acquisition frame at which the spine calcium
signalreached67%ofitsmaximumprecededtheframeatwhichthedendriticcalciumsignal
reached 67% of its maximum, the spine was considered to be responsive (Figure 3Ͳ3B case
2.1).Iftheexponentialcurvewasnotagoodfitduetonoise,theframeafterstimulationwhen
thehalfmaximumofthescaledsignalwasreachedwascomparedbetweenthespineandits
dendrite(Figure3Ͳ3Bcase2.2).Ifthesignalinthespinereacheditshalfmaximumearlierthan
thesignalinthedendrite,thespinewasconsideredresponsive.Foreverytrial,therawcalcium
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responsetracesofthespinesanddendriteswerevisuallyinspectedtoconfirmthecalculated
resultsandonlythensaved.Finally,thespinecalciumresponsesfromallcalciumimagingtrials
from one experiment were combined together in one final MAT file (ROI3). In the end, the
information about new spines’ ‘birthday’, the structural images acquisition times and the
presence of new spines after overnight incubation was added. All further calcium imaging
analysiswasperformedontheROI3MATfiles.
Equalizingspinecalciumimagingtrials
In experiments without light stimulation during the LTP induction phase and the first 6
structural imaging time points on the first experimental day (control 1 and control 3), spine
calcium responses after light stimulation were mainly recorded on the second experimental
day. Therefore, the number of calcium imaging trials acquired from each spine under those
conditions was on average smaller compared to the number of functional trials acquired in
plasticitytreatmentandlightͲonlycontrol(control2)experiments.Toequalizethenumberof
spinesandtrialsperspinebetweennoͲlightcontrolexperiments(control1andcontrol3)and
plasticitytreatmentexperiments,thefollowingprocedurewasused(asschematicallydepicted
in Figure 3Ͳ4). In brief, spine calcium imaging trials from all experiments from the same
treatmentwerepooledtogether.Functionalimagingtrialsrecordedfromspinesthatreceived
plasticitytreatmentwereshuffledandasubpopulationwasselectedatrandomsothatitwas
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Figure3Ͳ3:Criteriaforasuccessfulspinecalciumresponseafterlightstimulation

A) A typical field of view from a single calcium imaging trial after ROIs were drawn around
spines and their corresponding dendrites. One ROI was drawn to measure background
fluorescence signal (group number 7). B) An image shows a typical spine ROI (blue) and its
correspondingdendriticROI(red).OntherightsideexampleȴF/F0tracesdepictcaseswhena
spine was considered responsive after light stimulation i.e. received an input from a ChR2Ͳ
expressing axon. In case 1, the spine showed calcium response after stimulation while its
dendritedidnot.Incase2,bothinthespineanditsdendriteanincreaseinthecalciumsignal
after stimulation was detected. To test whether the spine calcium signal increased first, an
exponential curve was fitted and the frame when the calcium signal reaches 67% of its
maximum was extracted from the fit (case 2.1). Alternatively, the frame when the calcium
signalreachedhalfmaximumwascomparedbetweenthespinesanditsdendrite(case2.2).
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Figure3Ͳ4:Aschematicrepresentationhowspinefunctionaltrialswereequalizedbetweendifferenttreatment
conditions

Fromallexperimentsfromonetreatmentconditionthetotalnumberofspinesthatreceived
the same number of calcium imaging trials (ranging from one to the maximum number of
calciumimagingtrialsacquiredfromthespines)wasextracted.Inthedepictedexample,from
allcontrolexperimentstherewere30spinesthatreceivedonecalciumimagingtrial,whilein
treatment experiments the number of spines that receive one calcium imaging trial was 40.
Spine calcium imaging trials collected under plasticity treatment conditions were added or
removedatrandomuntilthenumberofspinesandtrialsperspinewereequalizedtothoseof
therespectivecontrol.AfterthespinetrialswereequalizedthelightͲresponsivespinefraction
wascalculated.Thiswasrepeated100times.
equal to the number of spines and trials per spine acquired in the respective control
experiments(control1orcontrol3).Afterequalizingthenumberofspinesandtrialsperspine,
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the lightͲresponsive spine fraction (the number of lightͲresponsive spines expressed as a
fraction of all spines) was calculated. Similar approach was used to equalize the spines and
trialsperspinebetweennewandpreexistingspineswithinthesametreatmentgroup.

3.2.9 Statistics
Theresultsarereportedinmean±standarderrorofmean(SEM)ormean±standarddeviation
(STD)asindicatedinindividualfigures.StatisticalsignificanceoftheeffectofopticalLTPwas
measured with paired twoͲtailed tͲtest. Statistical significance of the effect of different
treatments on structural spine dynamics was measured using KruskalͲWallis test
(nonparametric test for multiple unpaired groups) or Friedman test (nonparametric test for
multiple paired groups) followed by TukeyͲkramer or Bonferonni posthoc test to correct for
multiplecomparisons.MannͲWhitneyUtestwasappliedwhenonly2groupswerecompared.
CumulativedistributionswerecomparedbyusingKolmogorovͲSmirnovtest.Asterisksindicate
significancevaluesasfollows:*p<0.05,**p<0.001.
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4.

Results

4.1

Experimentalapproach

The goal of this project is to determine whether new spines that form after LTP make
functional synapses with axons that were activated during the LTP induction. In order to
addressthisquestion,isitessentialtodifferentiatebetweenactiveandinactiveboutonsand
tobeabletoexperimentallycontroltheactivepopulationofaxonsduringtheLTPinduction.
To this end, a pharmacological and optogenetic approach called subcellular ChR2Ͳassisted
circuit mapping (sCRACM) [82] was used. By using sCRACM, activity can be triggered
exclusivelyinChR2–expressingaxonsandblockedelsewhere.Inordertoactivatetheaxonsof
thepresynapticcellswithlight,AAVCAGChR2HRmCherryviruswasinjectedintheCA3region
of an organotypic hippocampal slice. Individual postsynaptic cells (CA1 pyramidal cells) were
targetedviaSCEandexpressedmTurquiose2AGC6s(Figure4Ͳ1).
To silence spontaneous activity in the slice, action potential generation was inhibited by
blocking voltageͲgated sodium channels with bath application of tetrodotoxin (TTX, 1 μM).
Furthermore, to allow sufficient depolarization of ChR2Ͳexpressing boutons, a population of
voltageͲgated potassium channels responsible for the slow inactivating transient potassium
currents (ID currents) was blocked by bath application of 4Ͳaminopyridine (4ͲAP, 100 μM). I
could successfully reproduce the sCRACM approach and detect lightͲevoked excitatory
postsynapticcurrents(EPSPCs)asmeasuredbyvoltageclamprecordingsfromCA1cells(Figure
4Ͳ2).
To visualize synaptic contacts, I imaged spine calcium signals with the genetically encoded
calcium indicator GCaMP6s [83] after optogenetic activation of ChR2Ͳexpressing axons. The
detection of spine calcium influx through NMDARs was facilitated by a low external Mg2+
concentration (0.15 mM) and the presence of serine (10 μM) in the bath. A recording
electrode placed in proximity to the imaged cell was used to measure lightͲtriggered fEPSPs
and to follow the induction and maintenance of LTP. LightͲevoked calcium spine responses
were measured as a proxy for functional synapses. Therefore, lightͲtriggered calcium
responsesinnewlyformedspinesindicatedthattheyhadbuiltfunctionalsynapseswithChR2Ͳ
expressingaxonswhichwerealsoactivatedduringtheLTPinduction.Furthermore,the
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Figure4Ͳ1:Experimentalapproach

A)CA3cellsexpressingChR2mCherry(1)areschematicallydepictedinredandindividualCA1
cellsexpressingTurquoise2AGC6s(2)inblue.Locallightstimulationthroughtheobjectiveas
depictedin(3)isusedtodepolarizeandtriggersynaptictransmissionexclusivelyfrom ChR2Ͳ
positiveaxonsunderconditionsofblockedendogenousactivityintheslice.Arecordingelectrode
is used to measure light evoked fEPSPs (4). Structural and functional imaging is used to
identifynewspinesandtestwhethertheyshowlightͲtriggeredcalciumresponsesi.e.contact
ChR2Ͳpositive axons (5). B) Overview of an organotypic hippocampal slice expressing
ChR2HRmCherryinCA3region(red)andTurquoise2AGC6sinindividualCA1cells(blue).
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Figure4Ͳ2:LightͲevokedsynaptictransmissionbetweenChR2ͲexpressingaxonsandCA1apicaldendrites

WholeͲcell recording from CA1 pyramidal neuron after light stimulation (blue bar) of CA3
axonsexpressingChR2HReYFP.InthepresenceofTTXalonelightͲevokedEPSCscouldnotbe
detected.Afteradditionof4ͲAP,depolarizationinChR2Ͳexpressingaxonswasprolongedand
neurotransmitter release could be detected. LightͲevoked currents were sensitive to
glutamatergicneurotransmissionblockandwereblockedafterapplicationof2,3ͲdihydroxyͲ6Ͳ
nitroͲ7ͲsulfamoylͲbenzo[f]quinoxalineͲ2,3Ͳdione (NBQX) and 2RͲaminoͲ5Ͳphosphonovaleric
acid(AP5).
fraction of preexisting spines that showed functional responses to light stimulation provided
valuable information about the density of lightͲactivated ChR2Ͳpositive axons along the
imageddendriticstretch.

4.2

Experimentaltimeline

Experiments were performed on slices after 16 Ͳ 23 days in vitro (DIV), 15 Ͳ 20 days post
infectionwithAAVviruscontainingChR2HRmcherryand3Ͳ5dayspostelectroporationwith
Turquoise2AGC6s, a time window that provided optimal expression of all the constructs. To
follow the formation of new spines and access their responsiveness to light stimulation the
experimental timeline shown in Figure 4Ͳ3 was used (for more details refer to section:
Experimental timeline in Material & Methods). Slices received either optical LTP treatment
(plasticitytreatment)oroneofthreecontroltreatments.Inplasticitytreatmentslicesreceived
lightstimulationand15minutesperfusionofF&R(LTPinductionphase).Slicesthatreceived
control treatment 1 (control 1) were neither stimulated with light nor with F&R. In control
treatment 2 (control 2), slices received light stimulation and 15 minutes perfusion of vehicle
solution(DMSO0.05%).Incontroltreatment3(control3)sliceswerenotstimulatedwithlight
butreceived15minutesperfusionofF&R.
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Figure4Ͳ3:Experimentaltimeline

Forexperiments,sliceswereinjectedwithChR2mCherryvirusafter0Ͳ3daysinvitro(DIV)and
single cells electroporated with Turquoise2AGC6s after 13 Ͳ 16 DIV. Experiments were
performedonslicesafter16Ͳ19DIV.Incontrol1(green)andcontrol3(gray)treatment,slices
werenotstimulatedwithlightduringtheLTPinductionphaseandthefirst6structuralimaging
time points taken on the first experimental day. Structural changes were imaged at six time
pointsspacedby40minutes(t1tot6).Incontrol2(red)andplasticitytreatment(blue)slices
received light stimulation to assess spine calcium responses and measure fEPSPs between
structuralimagingsessionsonthefirstexperimentalday.Dependingonthetypeoftreatment
slicesreceivedaperfusionofF&R(plasticitytreatment)orvehicle(control2)afterthesecond
structuralimagingtimepoint(blackarrow).Sliceswerereturnedtotheincubatorandthelast
structural image was taken on the following day (t7). After t7, lightͲtriggered spine calcium
responsesweremeasuredinallexperiments.

4.3

DevelopinganoninvasiveopticalLTPprotocolunderconditionsof

blockedAPgeneration
4.3.1 LTPinductionbypairingdepolarizationandlightstimulation
TocontrolthepopulationofactiveaxonsduringLTPinduction,ItestedwhetherIcantrigger
LTP under sCRACM conditions. There are numerous LTP induction protocols in the literature
that can roughly be divided into two groups: protocols using high frequency thetaͲburst
stimulation(TBS,tetanus)andprotocolsusingpairingofpresynapticandpostsynapticactivity.
SincetheaxonsinmyexperimentswereactivatedbyChR2insteadofbyelectricalstimulation,
highfrequencystimulationfortheinductionofLTPwasnotpossibleduetoChR2kineticsthat
allows only up to 30 Hz stimulation frequencies [84] [85]. In pairing protocols, however,
postsynapticcellsaredepolarizedandpresynapticallystimulatedwithseveralhundredpulses
intherangeof1Ͳ2Hz[86]whichisinthefeasiblerangeofChR2kinetics.Inslices,expressing
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ChR2intheCA3region,wholeͲcellvoltageͲclamprecordingsfromCA1cellswereperformed.
LightͲevokedEPSCsweremeasuredinthepresenceofTTXand4ͲAPbygivingatestlightpulse
roughlyonceeveryminute.Aftercollectingabriefbaseline(5minutes),thecellwasclamped
at 0 mV and 200 light pulses at 2 Hz were given. Next, the cell was returned to its resting
membranepotentialandEPSCsweremeasured.In3outofthe4pilotexperimentsthispairing
protocolresultedinasignificantpotentiation(Figure4Ͳ4,mean±STD,156±15%increasein
norm.EPSCs10minutesafterpairingcomparedtobaseline,n=3cellswithpairingprotocol,2Ͳ
tailed paired tͲtest p < 0.05). In a control experiment, where light pulses were delivered
withoutthedepolarizationofthecell,potentiationwasnotseen(Figure4Ͳ4,91%ofbaseline
10 minutes after light pulse stimulation, n = 1 cell with unpaired control protocol, red data
points).


Figure4Ͳ4:LTPinductionbypairingdepolarizationwithlightstimulation

NormalizedlightͲtriggeredEPSCsforLTPexperiments(pairedprotocol,black,n=3cells)anda
control experiment (unpaired control, red, n = 1 cell). Example traces depict lightͲtriggered
EPSCsbefore(a)andafterpairing(b)inaLTPexperiment.
These pilot experiments demonstrate that plasticity could be triggered in the absence of AP
generationandwhensomeofthevoltageͲgatedpotassiumchannelswereblocked.However,a
pairingLTPprotocolrequirespatchinganddepolarizingthecellwhichmakesitunsuitablefor
longͲtermstructuralandfunctionalimagingofspines.AnoninvasiveapproachtotriggerLTPis
essential for this project because it will allow assessment of the functionalization of spines
hours and even days after LTP induction. Patching the imaged postsynaptic cell might
compromiseitshealthduetoarunͲdownofessentialintracellularcomponents,andearlycell
deathwouldpreventlongͲtermimaging.
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4.3.2 LTPinductionbylightstimulationcombinedwithF&Rtreatment
TotriggerLTPinanoninvasivemannerIadaptedaprotocoldescribedbyOtmakhovetal.[81]
andcombinedlightstimulationwitha15minutetreatmentwithF&R.ThisLTPprotocolwas
usedforallexperimentsinwhichspineformationandfunctionalitywereinvestigated.Ashort
treatmentwithF&RisknowntoleadtoanincreasedintracellularconcentrationofcAMPand
thus to facilitate processes that are essential for the induction of late LTP (LͲLTP) [38, 87]. I
measured the lightͲtriggered fEPSPs to assess the induction of LTP. Low Mg2+ concentration
andthepresenceofserineinthebathfacilitatedtheopeningofNMDARswhichwasnotonly
essential for the detection of spine calcium influx but also for LTP induction under the
conditionsusedforthisstudy.Byusingthisbathconditionand15minutesperfusionofF&R,
sliceswerebroughtinahighlyplasticstatewherelighttestpulsestimulation,givenonceevery
1Ͳ2 minutes, was sufficient to trigger LTP (Figure 4Ͳ5). Higher frequency stimulation under
similar conditions has been shown to reduce the magnitude and duration of LTP [81].
Perfusion of F&R for 15 minutes, but not of vehicle solution, during ongoing lowͲfrequency
opticalstimulation,resultedinasignificantincreaseofthenormalizedfEPSPsslopecompared
to baseline (Figure 4Ͳ5, 161 ± 38 % increase of norm. fEPSPs 30 minutes after LTP induction
comparedtobaseline,mean±STD,n=11slices/experimentswithlight+F&Rtreatment,2Ͳ
tailed paired tͲtest p < 0.01; 77 ± 13 % decrease of norm. fEPSPs 30 minutes after vehicle
perfusion compared to baseline, n = 7 slices/experiments with vehicle treatment, 2Ͳtailed
pairedtͲtest,p<0.05).

Figure4Ͳ5:LTPinductionbycombininglightstimulationandF&Rtreatment.

NormalizedlightͲevokedfEPSPsslopeinexperimentswhereF&Rwasperfusedfor15minutes
(black) and where vehicle was perfused (red). Example traces of fEPSPs during baseline
(dashedline)andafterF&Rtreatment(blacksolidline)orvehicletreatment(redsolidline).
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ThedataindicatesthatthisopticalLTPprotocolprovidesanoninvasiveandtightlycontrolled
approachtotriggerplasticityandcanthusbeusedtoassesstheformationandfunctionalityof
newspines.

4.4

ImagingactivityͲdrivenstructuralspineplasticityafteropticalLTP

4.4.1 OpticalLTPleadstoanincreasednumberofnewpersistentspines
To test whether the optical LTP protocol used for this study triggered structural spine
plasticity, spine formation and elimination on the apical dendrites of postsynaptic CA1 cells
wasassessed.Spinestructuraldynamics(spinegainandloss)underopticalLTPtreatmentwas
compared to spine dynamics under control conditions (Figure 4Ͳ6). Three control conditions
were included in this study as described in the experimental timeline (Figure 4Ͳ3). The total
dendritic length and spine number analyzed were 2091 μm and 1022 spines, respectively. A
totalof27experimentswerequantifiedandthespinesalongonedendriticstretchpercellper
experimentwereanalyzed.
UnderconditionsofopticalLTP,thenumberofnewpersistentspineswassignificantlyhigher
than in control conditions without light stimulation (Figure 4Ͳ6, fraction of new persistent
spines, mean ± SEM, in conditions of optical LTP: 0.10 ± 5.6 x 103, n = 9 cells/experiments;
control 1: 0.03 ± 3.1 x 103, n = 8 cells/experiments, in control 3: 0.03 ± 3.9 x 103, n = 5
cells/experiments,KruskalͲWallistest,p<0.05).Thenumberofnewpersistentspinesformedin
opticalLTPexperimentsandcontrol2experiments(lightstimulation+vehicletreatment)were
not statistically different (Figure 4Ͳ6, fraction of new persistent spines, mean ± SEM, in
conditions of control 2: 0.06 ± 7.1 x 103, n = 5 cells/experiments). Under conditions of lightͲ
evokedactivity(opticalLTPandcontrol2)thenumberoflostspineswereonaveragehigher
than the number of lost spines in control conditions without light stimulation (Figure 4Ͳ6,
fraction of lost persistent spines, mean ± SEM, optical LTP: 0.05 ± 6.8 x 103, n = 9
cells/experiments,control2:0.09±1.2x102,n=5cells/experimentscomparedtocontrol1:
0.02±2.3x103,n=7cells/experimentsandcontrol3:0.02±5.4x103,n=5cells/experiments,
KruskalͲWallistest,n.s).However,thesetrendswerenotstatisticallysignificant.
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Figure4Ͳ6:SpinestructuralplasticityafteropticalLTPinduction

A)MaximumintensityprojectionsofalabelleddendriticstretchofaCA1cellatfourdifferent
timepoints.BluearrowindicatesLTPinduction.Filledarrowheadsmarktwonewspines,while
empty arrow heads mark a lost spine. The first three images were taken on the first
experimental day, while the last one was acquired on the second experimental day. B) The
definitions of always present (AP), new persistent (NP) and lost persistent (LP) spines are
schematically depicted. AP spines are present throughout the experiment. NP spines are
absentinthebeginningoftheexperiment(whitecircleswithsolidline),appearatsomepoint
after treatment (gray circle with dotted line) and are present (gray circle with solid line) at
leastinthelaststructuraltimepointofthefirstexperimentalday.LPspinesarepresentatthe
beginningoftheexperiment,disappearaftertreatment(lightgraycirclewithdottedline)and
are absent at least in the last structural time point of the first experimental day. Bar plot
summarizesthefractionofnew(NP)andlostpersistent(LP)spinesforallconditions.
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These results indicate that optical LTP induction triggers similar spine structural changes to
thosepreviouslyreportedinstudieswhereclassicalLTPinductionprotocolswereused[68,70,
71].

4.4.2 Optical LTP leads to a decreased spine survival fraction and increased spine
turnoverrate
To investigate the effect of optical LTP on spine structural stability and dynamics over time,
spinesurvivalfractionandspineturnoverratewereassessedandcomparedbetweendifferent
treatmentconditions(Figure4Ͳ7).
The spine survival fraction is a measure of the stability of preexisting spines and reports for
eachtimepointthefractionofspinesinitiallypresentthatremain.Thestabilityofpreexisting
spines was decreased significantly in conditions of lightͲevoked activity (Figure 4Ͳ7, spine
survivalfractionafter200minutes,mean±SEM,underplasticitytreatment:0.94±6.0x103,n
= 9 cells/experiments; under control 2 conditions: 0.91 ± 4.0 x 103, n = 5 cells/experiments,
Friedmantest,p<0.05).Incontrast,incontrolconditionswithoutlightstimulationtherewas
nosignificantchangeinthespinesurvivalfraction(Figure4Ͳ7,spinesurvivalfractionafter200
minutes,mean±SEM,control1:0.97±3.0x103,n=8cells/experiments;control3:0.97±4.0
x103,n=5cells/experiments,Friedmantest,n.s.).
Thespineturnoverrateisameasureofthenumberofspinesgainedandlostexpressedasa
fraction of the total number of spines present for every two adjacent imaging time points.
Spine turnover rate was enhanced in optical LTP conditions compared to control conditions
withoutlightstimulationroughlybyafactorof2(Figure4Ͳ7,meanspineturnoverrate,mean±
SEM, under plasticity treatment: 0.06 ± 3.2 x 103, n = 9 cells/experiments, under control 1
conditions:0.03±1.9x103,n=8cells/experiments,undercontrol3:0.02±0.7x103,n=5
cells/experiments, KruskalͲWallis test, p < 0.05). In comparison, there was no significant
difference in the spine turnover rate between optical LTP experiments and control
experimentswherelightstimulationwascombinedwithvehicletreatment(Figure4Ͳ7,mean
turnoverrate,mean±SEM,undercontrol2:0.05±2.0x103,n=5cells/experiments,KruskalͲ
Wallistest,n.s).
Spinedensitiesweresimilarbetweendifferenttimepointsanddifferenttreatmentconditions
(Figure 4Ͳ7, spine density, mean ± SEM, optical LTP: 0.43 ± 3.4 x 103 spines/μm n = 9
cells/experiments;control1:0.42±1.1x103spines/μm,n=8cells/experiments;control2:0.5
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±2.9x103spines/μm,n=5cells/experimentsandcontrol3:0.47±0.8x103 spines/μm,n=5
cells/experiments,Friedmantest,n.s.).


Figure4Ͳ7:SpinestabilityanddynamicsafteropticalLTP

A) Preexisting spine survival fraction (mean ± SEM) over the time course of the first
experimentaldayindifferenttreatmentconditions.B)Ontheleft:spineturnoverrate(mean±
SEM)overthetimecourseofthefirstexperimentaldayindifferenttreatmentconditions.On
the right: bar plot depicts the mean spine turnover rate over all time points of the first
experimental day (mean ± SEM). C) On the left: spine density (mean ± SEM) over the time
course of the first experimental day in different treatment conditions. On the right: bar plot
depictsthe meanspine densityover allimagedtimepointsofthefirstexperimentalday.27
cells/experiments.
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AdestabilizingeffectofLTPonpreexistingspinesandsimilarincreasesinspineturnoverrate
havealreadybeenreportedinotherstudies[11]thatusedTBStoinduceLTP,suggestingthat
the optical approach used here triggered structural changes that were comparable to those
observedafterconventionalLTPparadigmswithelectricalstimulation.

4.4.3 OpticalLTPleadstoanincreasedovernightsurvivalofnewspines
To test whether new spines formed after optical LTP are stabilized, the fractions of new
persistent spines that survived after overnight incubation were compared for the different
treatmentconditions.Spinesthatformedafterplasticityinductionhadanincreasedovernight
survivalfractioncomparedtospinesthatformedintheabsenceoflightstimulationandF&R
treatment (Figure 4Ͳ8, fraction of new persistent spines that were present after overnight
incubation,mean±SEM,underplasticitytreatment:0.1±6.3x10Ͳ3,n=8cells/experiments
compared to under control 1 conditions: 0.02 ± 4.5 x 10Ͳ3; n = 7 cells/experiments, KruskalͲ
Wallis,p<0.05).Incomparison,althoughthefractionsofnewpersistentspinesthatsurvived
overnightundercontrol2andcontrol3conditionswereonaveragesmallerthanthefraction
under plasticity treatment, the difference was not statistically significant (Figure 4Ͳ8, under
control2conditions:0.04±1.2x10Ͳ2;n=5cells/experiments;undercontrol3conditions:0.02
±5.5x10Ͳ3,n=5cells/experiments,KruskalͲWallis,n.s.).
Insummary,opticalLTPtriggersincreasedspineformation,destabilizespreexistingspinesand
stabilizesnewspines.

Figure 4Ͳ8: New persistent spines
formed after optical LTP are more
likely to survive overnight than new
spines formed in the absence of light
stimulationandF&Rtreatment.

Thenumberofnewspinesthat
formed after treatment and
survived until the second
experimentalday,expressedas
a fraction of all spines present
on the second experimental
dayisdepicted.Eachdatapoint
is the fraction of surviving new
spinesfromsingleexperiments.
Barsdepictthemeanvaluefromallexperimentsfromtherespectivetreatmentgroup.
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4.5

Spinecalciumimagingafterlightstimulation

4.5.1 Calciumresponsescanbereliablydetectedinpreexistingandnewspines
Inordertoassessthepresenceoffunctionalcontactsbetweenthespinesonapicaldendrites
of CA1 cells and ChR2Ͳexpressing axons, spine calcium transients in response to light
stimulation were imaged. To detect changes in calcium concentration, GCaMP6s [83] was
expressedviaSCEinindividualCA1cellsforseveraldays.
The noninvasive stimulation and imaging approach that I used in this study enabled me to
perform a longͲterm calcium imaging in multiple spines. A total of 1037 preexisting spines
were imaged. While some of the spines received as many as 96 calcium imaging trials some
receivedonly1trial.Thereasonallspinesdidnotreceivethesamenumberoftrialsistwofold.
Ononehand,thestructuralimagingfieldofview(FOV)wasbiggerthanthefunctionalimaging
FOV because of the different zoom factor used for imaging (Figure 4Ͳ9). Therefore, the
completedendriticstretchimagedforspinestructuralchangescouldnotbescannedforspine


Figure 4Ͳ9: A typical imaging field of view and the number of calcium imaging trials recorded from preexisting
spines

A)AmaximumprojectionimagefromaCA1cellapicaldendritesinatypicalfieldofviewfor
structuralimaging(bigsquare)andatypicalfieldofviewforcalciumimaging(smallsquare).
Scalebar,5μm.B)Thehistogramsummarizesthenumberofcalciumimagingtrialsperformed
onallimagedpreexistingspines.
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calciumresponsestolightatthesametime.Secondly,becausespineswerefoundindifferent
zͲplanesrelativetoeachotherandcalciumimagingwasperformedonasinglezͲplane,onlya
subpopulationofspinesthatresidednexttoeachotherinthesamezͲplanecouldbeimaged.
Therefore,multiplefunctionalimagingtrialsonmultiplezͲplaneswereperformedtocoverthe
wholestructuralfieldofview.
Some spines showed clear and reliable calcium responses after light stimulation which
indicatedthattheypossessedafunctionalconnectionwithaChR2Ͳpositiveaxon.Examplesof
spinecalciumtransientsconsideredassuccessfulresponsesafterlightstimulationareshown
in Figure 4Ͳ10. A spine response to light was considered successful when, after light
stimulation, therewasincreasedcalciumsignalin thespinebut notinthedendriteorwhen
theincreaseofthesignalwasfirstinthespineandtheninthedendrite(formoredetailrefer
tosection:ȴF/F0calculationandspinecalciumresponseinMaterial&Methods).

Figure4Ͳ10:LightͲtriggeredcalciumtransientsinpreexistingspines.

A) Summed GCaMP6s signal from 300 frames acquired from the same zͲplane. Blue ellipses
mark typical spine regions of interest (ROIs), while red ellipses mark their corresponding
dendriticROIs.Scalebar,5μm.B)Exampleof8individualcalciumtransientresponsestolight
stimulation in two preexisting spines (blue) and their dendritic ROIs (red). Black asterisks
indicatespineresponsesconsideredsuccessful.
Somepreexistingspinesrespondedveryreliablytolightstimulationandhadahighresponse
success rate (successful calcium response trials as a fraction of all trials) throughout the
experimentandonbothexperimentaldays.However,therewerealsospineswithaverylow
successrateandmanyspinesthatneverrespondedtolightstimulation(responsesuccessrate
0) most likely due to the absence of functional synapses with ChR2Ͳpositive axons. Spine
responses did not significantly change in amplitude over time as revealed by comparing the
firstandthelastsuccessfulspinecalciumresponses(Figure4Ͳ11B,meanȴF/F0peakresponse
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amplitude, mean ± SEM, first response: 1554 ± 1.5 %, last response: 1627 ± 1.6 %, n = 175
preexistingresponsivespines,MannͲWhitneytest,n.s.).
Some preexisting spines showed lightͲtriggered calcium responses only on the first
experimentalday(Figure4Ͳ12).Toquantifywhatfractionofpreexistingspineswasresponsive
on both experimental days I included experiments where at least 4 responsive spines were
imaged on both days. In this way, I could exclude experiments where spines were mainly
imagedonthesecondexperimentaldayorwhereanonͲoverlappingpopulationofspineswas
imagedonbothexperimentaldays.Onaverage54.6±2.5%ofthepreexistingspinesshowed
responsesonbothdays(n=113preexistingspines).Intwoofthetenincludedexperiments
thefractions ofresponsivepreexistingspineswerereducedovernight morethanonaverage
(Figure 4Ͳ12 red data points). One possible reason why some spines stopped responding to
light stimulation over time could be that the spines had lost their functional contacts with
ChR2Ͳexpressingboutons.

Figure4Ͳ11:Lightresponsesuccessrateandstabilityofresponseamplitudeinpreexistingspines

A)Histogramdepictsthelightresponsesuccessrateofallimagedpreexistingspines,n=1037
preexisting spines. B) Peak amplitude of the first and last successful calcium response after
light stimulation in all responsive preexisting spines, n = 174 responsive preexisting spines.
Blue data points depict responses in individual spines. Black diamonds and red error bars
depictthemeanamplitudeandSEMofthesuccessfulresponses,respectively.
Alternativeexplanationcouldbethatthespineshadchangedtheirpresynapticpartnertoone
thatdidnotexpressChR2.However,itcannotbeexcludedthatthemultiplelightstimulations
and spine calcium imaging trials might have caused damage to some of the connections.

56


Results
_____________________________________________________________________________

Therefore,inspinecalciumanalysiswherecalciumimagingtrialsfrombothexperimentaldays
were considered, the two experiments with strongly reduced overnight responsive spine
fractionswereexcluded(markedinredinFigure4Ͳ12).
Theaboveestimatedovernightsurvivalfractioncouldbeunderestimatedbecausetherewere
manyspinesthatweretestedonlyonthesecondexperimentaldayand,therefore,itwasnot
clearwhethertheywereresponsivepreviously.Furthermore,duringthesecondexperimental
dayitwaspossibletoundertakeamoresystematicapproachandtotestasmanyspinesas
possiblefromthestructuralfieldofviewandthereforemanyspinestestedforlightͲtriggered
calciumresponsesonthesecondexperimentaldaywerenotpreviouslyimaged.


Figure4Ͳ12:Afractionofpreexistingspinesshowsresponsestolightonbothexperimentaldays

Individualdatapointsdepictforeveryexperimentthefractionofpreexistingspinesthathad
been responsive to light on the first experimental day, were retested and still showed
successful responses on the second experimental day. Bar indicates the mean value from all
includedexperiments.n=113responsivepreexistingspinesincluded.

4.5.2 New spines can obtain inputͲspecific functional synapses shortly after their
formation
Totestwhetherandwhennewspines,generatedafteropticalLTP,formfunctionalsynapses
with the active (ChR2Ͳexpressing) population of axons, their calcium transient responses to
light stimulation were analyzed. New spines were identified during the experiment by using
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registered maximum projections from consecutive structural time points. Furthermore, after
theexperiments,detailedposthocanalysiswasusedtoconfirmtheidentifiednewspinesand
screen for additional new spines that were not initially detected during the experiments.
Unlessotherwisestated,onlynewspinesthatformedonthefirstexperimentaldayafterthe
second structural imaging session (after treatment) were included. Furthermore, as for
preexistingspines,anewspinewasconsideredfunctionalandlightͲresponsivewhenitshowed
at least one successful calcium response triggered by light stimulation. Under conditions of
opticalLTP,atotalof33newspineswereidentified.20ofthosespinesshowedatleastone
successful response to light stimulation indicating that they had formed a functional contact
withoneoftheChR2Ͳexpressingboutons.Anexampleoftwonewlyformed,functionalspines
isshowninFigure4Ͳ13.
To estimate the time of spine formation I used the time when the last structural image was
acquired before the spine was detectable above background. The age of a new spine at the
timeofitsfirstsuccessfulresponsetolightstimulationwasapproximatedbythetimeelapsed
between spine formation and the acquisition time of the calcium imaging trial in which the
spinerespondedtothestimulation.Interestingly,themajorityofnewspinesshowedtheirfirst
successfulcalciumresponsetoopticalstimulationalreadyduringthefirstexperimentaldayi.e.
lessthan4hoursaftertheirformation(Figure4Ͳ13).Themedianandminimumageatwhich
newspineswereresponsivetolightstimulationwas1.3hoursand8.5minutes,respectively.
However, it should be kept in mind that because not all new spines were tested for
functionality immediately after their formation and in all trials, the time required for new
spinestobecomefunctionalmightbeshorter.

58


Results
_____________________________________________________________________________

Figure4Ͳ13:Newspinescanberesponsivetolightstimulationshortlyafterformation.

A)Imagetoppanel:maximumintensityprojectionfromastructuralstackofadendriticstretch
showingthegrowthoftwonewspines(orangearrows)underconditionsofopticalLTP.Image
bottom left panel: summed GCaMP6s signal from a single zͲplane containing the two new
spines,bottomrightpanel:GCaMP6sȴF/F0changeincalciumfluorescenceinpercentageasa
heat map showing a clear increase in calcium signal in both of the marked new spines after
lightstimulation.B)Severalcalciumresponsetracesobtainedfromthetwonewspines(blue)
and their corresponding dendrites (red). C) A histogram depicts in conditions of optical LTP
treatment, the time elapsed between the formation of a new spine and its first successful
calciumresponsetopresynapticopticalstimulation.
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4.5.3 Newspinesgeneratedunderlightstimulationconditionsformsynapseswith
lightͲactivatedaxons
ToaddressthequestionofwhetheropticalLTPincreasestheprobabilityofnewspinestoform
functionalcontactswithaxonsthatareactiveduringLTP(ChR2Ͳpositive),thelightͲresponsive
fractionsofnewspinesindifferenttreatmentconditionswerecompared.ThelightͲresponsive
spine fraction reports the number of responsive spines, i.e. spines that synapse with ChR2Ͳ
positiveboutons,expressedasafractionofallspines.Analysisrevealedthat whilethelightͲ
responsive fractions of preexisting spines were comparable across different treatment
conditions,thelightͲresponsivefractionsofnewspineswerehigherunderplasticitytreatment
comparedtocontrolconditions(Figure4Ͳ14).ThefractionsofpreexistingspinesinopticalLTP
experimentsthatshowed responsestolightstimulationwerenotsignificantlydifferentfrom
those in control treatment experiments (Figure 4Ͳ14, preexisting spines responsive fraction,
mean ± SEM, optical LTP: 0.55 ± 0.02, n = 7 cells/experiments, control 1: 0.29 ± 0.03, n = 7
cells/experiments,control2:0.36±0.04,n=4cells/experiments,control3:0.43±0.05,n=5
cells/experiments, KruskalͲWallis, n.s.). This indicates that in all experiments the innervation
density of ChR2Ͳactivated axons was comparable. However, the lightͲresponsive fraction of
newspinesinplasticitytreatmentexperimentswassignificantlyhigherthaninnoͲlightcontrol
1experiments(Figure4Ͳ14,newspinesresponsivefraction,mean±SEM,opticalLTP:0.64±
0.04, n = 7 cells/experiments, control 1: 0 ± 0, n = 7 cells/experiments, KruskalͲWallis, p <
0.05). The lightͲresponsive fractions of new spines formed under control 2 and control 3
conditionswereonaveragesmallerthanthoseofspinesformedunderopticalLTPtreatment,
butthedifferencewasnotstatisticallysignificant(Figure4Ͳ14,newspinesresponsivefraction,
mean ± SEM, optical LTP: 0.64 ± 0.04, n = 7 cells/experiments, control 2: 0.13 ± 0.04, n = 4
cells/experiments, control 3: 0.11 ± 0.04, n = 5 cells/experiments, KruskalͲWallis, n.s). The
lightͲresponsive spine fractions are depicted as a function of the minimum number of
functional imaging trials acquired from the spines (Figure 4Ͳ14B), showing that changing the
numberoftrialsperspineincludeddoesnotchangetheresults.
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Figure4Ͳ14:NewspinesinopticalLTPexperimentshavethehighestlightͲresponsivefraction

A) Bar plot shows the mean lightͲresponsive fraction of new and preexisting spines under
differenttreatmentconditions.Eachdatapointdepictstheresponsivespinefractionfromone
experiment.Atotalof50newand849preexistingspinesfromallexperimentaltreatmentsare
included.B)Toppanel:lightͲresponsivefractionofnewspinesasafunctionoftheminimum
numberofcalciumimagingtrialsrecordedfromeachspine.Rectangleindicatesthedataused
in the bar plot for new spines in A). Bottom panel: lightͲresponsive fraction of preexisting
spines as a function of the minimum number of calcium imaging trials recorded from each
spine.RectangleindicatesthedatausedinthebarplotforpreexistingspinesinA).
In experiments with control 1 or control 3 treatment, hardly any light stimulation was given
until the last structural time point on the first experimental day was acquired. Therefore,
underthoseconditionsspinesreceivedfewerfunctionalimagingtrialscomparedtoplasticity
treatmentconditions.Toaccountforthisdifference,thelightͲresponsivefractionofnewand
preexisting spines was recalculated after the number of spines and trials per spine between
plasticity treatment experiments and those control experiments were equalized (for details
refer to section: Equalizing spine calcium imaging trials in Material & Methods). Spines and
their trials from all treatment experiments were shuffled and chosen at random until they
were equal to the total number of spines and trials from all experiments of the respective
control.Thiswasrepeated100timesandtherecalculatedresponsivefractions(mean±STD)
areshowninFigure4Ͳ15.Theresponsivespinefractionforcontrol1andcontrol3isgivenasa
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Figure 4Ͳ15: LightͲresponsivespine fractions after equalizing calcium imagingtrials between treatment andnoͲ
lightcontrolconditions.

LightͲresponsivespinefractioncalculatedafterthenumberofspinesandtrialsperspineswere
equalized between: A) control 1 (in green, no light + no F&R) and plasticity treatment
experiments(inblue,light+F&R,mean±STD)andB)control3(ingray,nolight+F&R)and
plasticitytreatmentexperiments(inblue,light+F&R,mean±STD).
single value because it was calculated from all spines from all experiments of the respective
control.
The results reproduce the previous finding (Figure 4Ͳ14), namely that the fractions of
responsive preexisting spines were comparable in treatment and control conditions (control
responsive spine fraction was in the range set by the 2.5th and the 97.5th percentile of the
shuffledtreatmentresponsivespinefractions).Furthermore,thefractionsofresponsivenew
spinesweresignificantlyhigherintreatmentthanincontrolexperiments(controlresponsive
new spine fraction were below the range set by the 2.5th and the 97.5th percentile of the
shuffledtreatmentresponsivenewspinefractions).
Yet, another interesting observation is that light stimulation alone contributed to increased
spinedynamicsascomparedtonoͲlightcontrolconditions(seeFigure4Ͳ6).Morenewspines
formedbetweenthefirsttwoimaging sessionsi.e.beforetheperfusionofF&Rorvehiclein
conditions with light stimulation (plasticity treatment and control 2) compared to conditions
without light stimulation (control 1 and control 3). The number of new spines and new
responsivespineswashigherwhenspinesformedafterthefirstbaselineimagingtimepoint
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Figure 4Ͳ16: Effect of light stimulation alone on the
formationofnewlightͲresponsivespines

A) For all four experimental conditions bars
indicatetheaveragenumberofnewspinesand
newresponsivespines.DashedͲlinebarsinclude
spinesthatformedafterthefirstimagingsession
i.e. also before F&R or vehicle perfusion, solidͲ
line bars depict new spines formed only after
thesecondimagingsessioni.e.onlyafterF&Ror
vehicleperfusion.B)DashedͲlinebarsdepictthe
average lightͲresponsive fraction of new spines
formedafterthefirstimagingsession.SolidͲline
bars show the average lightͲresponsive fraction
of new spines formed only after the second
imaging session. Individual data points are the
fractionsfromsingleexperiments.
wereconsideredcomparedtowhenspinesgeneratedafterthesecondbaselineimagingtime
point were included (Figure 4Ͳ16, in conditions of optical LTP, the average number of spines
formedafterthefirstandafterthesecondimagingtimepointwas7.4and4.7,respectively;
theaveragenumberofresponsivespinesformedafterthefirstandafterthesecondimaging
time point was 5 and 2.9, respectively). Therefore, in optical LTP experiments 2.71 ± 0.36
(mean±SEM)newspinesweregeneratedbetweenthefirsttwobaselineimagingsessions,in
control 2: 2.25 ± 0.24 (mean ± SEM) spines. In comparison, in conditions without light
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stimulation,therewerefewerspinesformedbetweenthefirsttwoimagingsessions:incontrol
1:0.29±0.07(mean±SEM)spines,incontrol3:0.55±0.11spines(mean±SEM).Thefraction
oflightͲresponsivenewspinesinalltreatmentconditions,however,wasnotaffected(Figure
4Ͳ16B).
Theeffectoflightstimulationaloneonspineplasticitymightbeduetothefactthatdespite
thelocalizedopticalstimulation(diameterof~70Ͳ80μm),thehighnumberof ChR2Ͳpositive
axonsandthelowMg2+concentrationinthebathcanresultinthesimultaneousactivationof

multiple spines and this can trigger the generation of dendritic calcium spikes. Indeed, such
calciumeventshavebeentriggeredbylightstimulationquiteoftenintheseexperiments.An
exampleofadendriticcalciumspikeisdepictedinFigure4Ͳ17.
Therefore, dendritic spikes evoked after light stimulation might have already induced some
plasticspinechangesthatwerefurtherreinforcedandenhancedbytheF&Rtreatment.


Figure4Ͳ17:LightͲevokeddendriticcalciumspike

Whitedottedlineoutlinesadendriticstretchthatreceivedlightstimulation0.83secondsafter
thestartoftheimageacquisition.Afterstimulationcalciumsignalsinitiallyincreasedinseveral
spines(indicatedwithyellowarrows)andsubsequentlyinthewholeimageddendriticstretch.
ImagesdepictȴF/F0changeincalciumfluorescenceinpercentageasaheatmap(colorscale,
bottomright).Scalebar,5μm.
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4.5.4 Comparing the response properties of new and preexisting spines in optical
LTPconditions
To further characterize new spines formed after plasticity treatment, their response success
rates, response amplitudes and the lightͲresponsive fraction were compared to those of the
preexisting spines in the same experiments. For the comparison lightͲtriggered calcium
responses from 33 new and 240 preexisting spines were included. Only new spines formed
after the second baseline imaging time point were considered. Response success rate is
defined by the number of successful calcium responses to light stimulation in a spine,
expressedasafractionofallcalciumtrialsperformedonthespine.
There was no significant difference between the light response success rates of new and
preexistingspines(Figure4Ͳ18A,twoͲsampleKolmogorovͲSmirnovtestwasusedtocompare
the cumulativedistributionoftheresponsesuccessrateofnew andpreexistingspines.).For
simplicity, the cumulative distribution of the response success rate of all spines from all
plasticitytreatmentexperimentsisshown(Figure4Ͳ18A).
Thepeakamplitudesofsuccessfulcalciumresponsesafteropticalstimulationinnewlyformed
and preexisting spines were also similar (Figure 4Ͳ18B, mean ȴF/F0 response peak ± SEM, in
newspines:1670.6±14.8%,n=33newspines,inpreexistingspines:1572.5±1.3%,n=240
preexistingspines,MannͲWhitneytest,n.s.).
Furthermore, as already shown in Figure 4Ͳ14A, under optical LTP conditions, the lightͲ
responsivefractionsofnewandpreexistingspineswerealsocomparable(Figure4Ͳ18,mean
lightͲresponsivespines±SEM,newspines:0.64±0.04,n=33newspines;preexistingspines:
0.55 ± 0.02, n = 240 preexisting spines). To test whether the lightͲresponsive spine fractions
areaffectedbythefactthatnewspineswerefewerthanpreexistingones,thefractionswere
recalculatedafterthenumberofspinesandtrialsperspinewereequalizedbetweennewand
preexisting spines (for details refer to section: Equalizing spine calcium imaging trials in
Material & Methods). From all included treatment experiments preexisting spines and their
trialswereshuffledandchosenatrandomuntiltheywereequaltothenumberofnewspines
andtheirtrials.Thiswasrepeated100timesandtherecalculatedresponsivefractions(mean±
STD) are displayed as a function of the minimum number of trials performed on the spines
(Figure4Ͳ18D).Forexample,aminimumnumberofonetrialmeansthatallspinesthatwere
included in the analysis received at least one calcium imaging trial (Figure 4Ͳ18C). A single
valueisdepictedforthelightͲresponsivefractionofnewspineswhichisthefractionforall
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Figure 4Ͳ18: Response success rate, response amplitude and lightͲresponsive spine fractions are comparable
betweennewandpreexistingspinesinopticalLTPtreatmentexperiments

A) Cumulative distribution of the light response success rate of new (red) and preexisting
spines (blue). B) Individual (red and blue dots) and mean (black diamonds) peak response
amplitude of new and preexisting spines. C) LightͲresponsive spine fraction of new and
preexisting spines after the number of preexisting spines and trials per spine has been
equalizedtothenumberofnewspinesandtheirtrials.Barplotincludesdatafromspineswith
at least one calcium imaging trial. D) LightͲresponsive spine fraction of new and preexisting
spines as a function of the minimum number of calcium imaging trials recorded from the
spines.RectangleindicatesthedatausedforthebarplotinC).
newspineswithadefinedminimumnumberoftrialsfromallincludedtreatmentexperiments.
The lightͲresponsive fraction of new and preexisting spines is comparable (the responsive
fractionofnewspineswasintherangeset bythe2.5thand97.5thpercentileoftheshuffled
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responsivefractionsofpreexistingspines).Withanincreaseoftheminimumnumberoftrials
performedonthespines,thelightͲresponsivefractionsofpreexistingspinesincreasedslightly
sincethenumberofspinesconsideredasunresponsiveduetoinsufficientnumberoftrialswas
reduced.

4.5.5 Overnightsurvivalofnewspines
TTX,4ͲAPandserinewerenotwashedoutbeforetheslicesweremovedtotheincubatorfor
overnight but they were diluted by the added fresh culture medium, so that spontaneous
activitywaslikelytotakeplaceinthehippocampalsliceduringtheovernightincubation(not
tested).Aninterestingquestiontoaddressiswhetherthenetworkshowsapreferencetokeep
the new spines formed after optical LTP overnight even though spontaneous activity is
restored and might ‘overwrite’ the information introduced by the LTP. To address this
question,theovernightsurvivalofnewlightͲresponsivespineswascomparedtothesurvivalof
newunresponsivespines.
Overnightsurvivalfractionisthenumberofnewresponsiveornewunresponsivespinesthat
survived overnight (are present on the second experimental day) as a fraction of all new
responsive or all new unresponsive spines, respectively. New lightͲresponsive spines formed
after optical LTP showed a higher tendency (however, not significantly) to survive overnight
compared to new lightͲunresponsive spines (Figure 4Ͳ19, overnight survival fraction, mean ±
SEM, new responsive spines: 0.81 ± 0.03, new unresponsive spines: 0.58 ± 0.04, n = 7
cells/experiments,MannͲWhitneytest,n.s.).
For this quantification I included only new spines that formed after the second baseline
imagingtimepoint(i.e.afterLTPinductionintreatmentconditions)onthefirstexperimental
day. A new spine was considered responsive if it showed at least one successful calcium
responsetolightstimulationatanypointduringtheexperiment (i.e. eitheronexperimental
day1and/orday2).Therefore,anewspinewouldalsobeconsideredresponsiveifitshoweda
successfulcalciumresponsetoopticalstimulationonlyonthesecondexperimentalday.Inthis
way, spines that needed more than several hours to form a functional synapse were also
included.However,analternativeinterpretationcouldbethatsomenewlyformedspineshad
not been at first functionally connected to ChR2Ͳexpressing axons but became so overnight.
Thelaterscenarioisratherunlikelysincethesurvivalfractionofnewresponsivespinesdidnot
change much when functional imaging trials only from the first experimental day were
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considered(survivalfractionwhenonlyfunctionaltrialsrecordedonthefirstexperimentalday
were included, mean ± SEM: 0.82 ± 0.03, compared to when trials recorded from both days
were included: 0.81 ± 0.03). Interestingly, the survival fraction of unresponsive spines was
slightlyincreasedwhencalciumimagingtrialscollectedonlybeforeovernightincubationwere
considered(0.65±0.04ascomparedto0.58±0.04).Onepossiblereasoncouldbethatsome
ofthenewspinesthatwereconsideredunresponsivetolightstimulationbasedonfunctional
imagingtrialsrecordedonthefirstexperimentaldaywereindeedconnectedto ChR2Ͳpositive
axonsandstabilized.

In summary, new spines generated after optical LTP induction that functionally connect to
activeaxonsappeartobemoreprotectedfromeliminationthannewspinesthatfailedtoform
functionalsynapsewiththoseaxons.

Figure4Ͳ19:Overnightsurvivalofresponsiveandunresponsivenewspines

Left panel: Individual data points depict overnight spine survival fraction from single
experiments.BarsdepictthemeansurvivalfractionfornewlightͲresponsivespines(red)and
newlightͲunresponsivespines(blue).Rightpanel:Overnightsurvivalfraction(mean±STD)of
newspinesexpressedasafunctionoftheminimumnumberofcalciumimagingtrialsrecorded
fromthespines.Rectangleindicatesthedatausedforthebarplotontheleftside.
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5.

Discussion

Today,awidelyacceptedconceptisthatlearningandmemorycanoccurduetorestructuring
oftheexistingneuronalnetwork,i.e.changingtheconnectivitybetweenneurons.Moreover,
LTPisassumedtorepresentthelearningandmemoryprocessatafundamental,cellularand
molecularlevel.Therefore,LTPisawellͲestablishedandbroadlyusedmodelforinvestigating
the structural and functional changes that accompany synaptic plasticity. Hebb and Konorski
wereamongthefirsttoproposethatsynapseslinkingtwocellswerestrengthenedwhenthe
cells were active at the same time, known as the Hebbian plasticity rule: ‘Cells that fire
together, wire together’. Despite the fact that the true nature of the structural correlates of
memoriesstillremainelusive,therearemultiplestudies,invitroandinvivo,showingthatthe
formationofnewspinesisaninseparablepartofsynapticplasticityandlearning.However,a
direct experimental proof of the Hebbian rule at the level of newly formed synapses is still
missing.
Therefore,inmyPhDprojectIsetouttoinvestigateinmoredetailthefunctionalroleofnew
spines induced by LTP. In particular, I tested whether new spines formed after LTP followed
the Hebbian plasticity rule and, hence, were functionally connected to presynaptic partners
thathadbeenactivatedduringLTPinduction.Toachievethis,Icombinedpharmacologyand
optogenetics to strictly control the locus of synaptic transmission in a hippocampal
organotypic slice. Based on this approach, I developed an optical LTP induction paradigm.
Finally,usingtwoͲphotontimeͲlapsestructuralandcalciumimaging,Imonitoredtheeffectsof
opticalLTPonspinedynamicsandassessedthefunctionalityofnewandpreexistingspines.
First,IdemonstratedthatLTPcanbeinducedunderconditionsofsuppressedAPgeneration
and adapted a noninvasive optical LTP induction protocol. Second, I showed that optical LTP
induction resulted in spine structural changes similar to those reported after classical LTP
induction approaches. In particular, optical LTP increased spine formation, decreased the
stabilityofpreexistingspinesandincreasedthestabilityofnewspines.Third,Ifoundthatnew
spinesafteropticalLTPcanrapidlyform(withinhours)functionalsynapseswithactive(ChR2Ͳ
expressing)axons.Importantly,IdemonstratedthatopticalLTPnotonlyincreasedtherateof
spine formation but also increased the chance of new spines to form stable functional
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synapses with ChR2Ͳpositive axons i.e. the population of axons that was activated during the
LTPinduction.

5.1

AnoncanonicalapproachtotriggerLTP

TestingwhethernewspinesthatwereformedafterLTPinductioncontacttheaxonsthatwere
active during LTP requires a strict control over the locus of neuronal activity. Therefore, I
adapted the sCRACM approach which Pentreanu et al. developed to map monosynaptic
functional connections between ChR2Ͳexpressing presynaptic neurons and their postsynaptic
partners [82]. In the current work, LTP was induced under sCRACM conditions by combining
light stimulation with F&R treatment. LTP induction and maintenance were followed by
measuring fEPSPs. This approach allowed control over the region of neuronal activity and
plasticity induction in a noninvasive manner which enabled me to investigate longͲterm
functionalandstructuralchangesofdendriticspines.
It could be argued that the plasticity paradigm used here to test the Hebbian rule is quite
different from the classical LTP induction paradigms described in spikeͲtimingͲdependent
plasticity (STDP). In canonical STDP, a strict temporal relationship between preͲ and
postsynaptic spiking is required, i.e. when presynaptic action potentials precede the
postsynapticonesby~20ms,LTPtakesplaceandwhentheorderisreversedLTDistriggered
[88, 89]. There is strong evidence suggesting that the postsynaptic spiking during STDP
providestheessentialdepolarizationforreleasingtheMg2+blockfromNMDARswhichinturn
facilitates the calcium influx [90Ͳ92]. However, in this study, Mg2+ block was decreased by
keeping the Mg2+ concentration in the bath reduced throughout the experiment which
facilitatedtheopeningofNMDARsduringtheLTPinduction.InthisworkIshowedthatLTPcan
be triggered in the absence of AP generation. Indeed, there is accumulating evidence
indicating that AP firing is not required for the induction of LTP but rather the cooperative
synaptic inputs that drive regenerative calcium dendritic spikes are essential [93, 94].
Furthermore,itappearsmorephysiologicallyrelevantthatdendriticspikesandnotartificially
triggered APs contribute to the postsynaptic depolarization and calcium influx. Moreover,
whilebackpropagationofAPsisquiteefficientintheproximalpartsofthedendritictree,this
declines significantly with the increased distance from the soma. Therefore, plasticity rules
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mightvarywithdistancefromthesoma.ThismightexplainwhytherearemanytypesofSTDP
andLTPͲinductionprotocols.
Ithasrecentlybeenshownthatoptogeneticscanalsobeusedtotriggersynapticplasticity.In
one report, LTP was induced by pairing a brief postsynaptic depolarization with lightͲevoked
EPSCs [95]. Yet, another study triggered LTP by pairing APs in the presynaptic cells (CA3
neuron) with ChR2Ͳmediated depolarization of postsynaptic cell (CA1 neuron) [96]. Both of
theseprotocolsareunfortunatelynotsuitableforthisproject.ThefirstonerequireswholeͲcell
configuration of the postsynaptic cell for depolarization which makes it unsuitable for longͲ
term spine imaging. The second approach lacks optogenetic control over the presynaptic
population.Therefore,inthisworkforLTPinductionaprotocolfromOtmakhovetal.[81]was
modifiedandthelightstimulationofthepresynapticneuronalpopulationwascombinedwith
a15minutechemicaltreatmentwithF&Rinthebath.LTPtriggeredbythecombinationofF&R
treatment with presynaptic activation has been shown to be NMDARͲdependent, to require
presynapticactivationi.e.tobeinputͲspecificandtooccludesubsequentLTPtriggeredbyTBS,
indicating that it shares common mechanisms with the latter [81, 97]. A brief application of
F&R is known to increase the intracellular concentration of cAMP and trigger signaling
cascadesandbiochemicalmachineryinthecellsthatarerequiredforLTPinduction[38,98].
This treatment relies on the activation of PKA which is known to play an important role not
onlyinLͲLTPinduction[87,99,100],butalsoinlearningandmemory[57,101,102].

5.2

OpticalLTPleadstospinestructuralplasticity

Because the plasticity paradigm used in this study has not been described previously, it was
essential to validate that it triggers spine structural changes similar to those triggered by
classicalLTPinduction.IshowedthatopticalLTPledtoanincreasednumberofgainedspines,
increased spine turnover rate, destabilization of preexisting spines and stabilization of new
spines.Indeed,similarchangesafterLTPinductionhavealreadybeenreported.Engertet al.
[68]andMaleticͲSavaticetal.[70]werethefirsttoshowacorrelationbetweenLTPinduction
andnewspineformation.AnotherreportfromthesameyearusingEMandtheaccumulation
of calcium precipitation to label active spines reported an increase in the number of
perforated synapses and multiͲspine boutons after LTP [69]. After these pioneering reports,
therehavebeenanumberofpublicationsshowingsimilarresults.Nägerletal.[103]described
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thatTBSledtothegenerationofnewspines,whilelowͲfrequencystimulationresultedinspine
retraction.Yet,anotherreport[71]followedstructuralchangesfor3daysandconfirmedthat
TBSledtoaroughly2Ͳ3foldincreaseofspineformationandturnover.Thesenumbersare,in
fact,compatiblewiththeresultsIreporthere.Veryfewstudiesdescribetheeffectonspine
structural plasticity after LTP induction by F&R treatment. One report showed that a single
application of forskolin resulted in LTP but not in synaptogenesis and only after repeated
applicationofforskolinandwithadelayof1weeksynaptogenesiscouldtakeplace[104,105].
Inthecurrentwork,however,formationoffunctionalsynapsesoccurredrapidly(withinhours)
and after a single application of F&R combined with lightͲdriven presynaptic activation. This
discrepancymightbeduetothefactthattheplasticitytreatmentprotocolsusedinthecited
papersandinthisstudyweredifferent.Whiletheforskolintreatmentinthecitedreportstook
placeintheincubatorinnormalculturemedium,inthisstudymoreplasticconditionscouldbe
achieved by reducing Mg2+ concentration in the bath combined with optically generated
synapticinputduringthe pharmacologicaltreatment.Moreover,inthisworkthestimulation
of cAMP synthesis by forskolin was complemented with rolipram treatment, a
phosphodiesteraseinhibitorwhichpreventsthedegradationofcAMP.Insummary,theoptical
LTP plasticity paradigm used in this study triggers spine structural changes comparable to
those reported to take place after LTP and therefore offers a suitable approach to study
synapticplasticity.
NewspinegenerationhasnotonlybeenreportedtoaccompanyLTPinductionbutalsototake
placeduringlearningandmemory.Inapioneeringworkthestructuralspineplasticityduring
whiskertrimmingwaschronicallyfollowedinvivoandrevealedtheformationandstabilization
ofnewspinesynapsesandthedestabilizationofpreviouslypersistentspines[106].Newspines
triggered by changes in sensory experience, such as closure of one eye (monocular
deprivation),werestabilizedandsurvivedevenaftereyereopening,i.e.restorationofnormal
sensory input, and might be responsible for the rapid functional change that happens after
repeatedmonoculardeprivation[72].Inanotherwork,spinechangesinthemotorcortexwere
investigated upon learning of a motor task. Here, the rapidly formed new spines were
stabilizedbysubsequenttrainingsessionsandthenumberofnewspineswerecorrelatedwith
theproficiencyofthetaskperformance[73].
With the current study I aim to understand the role of new spines in LTP. However, this, in
turn, might also shed some light into their function in learning and memory given that at a
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fundamentallevelLTPandmemorysharemanyoftheirunderlyingmechanisms.Thefactthat
LTPgeneratesnewspinesthatpotentiallycarrysynapsesmakesittemptingtothinkthatthese
newspinesarethestructuralcorrelateofthepotentiatedsynaptictransmission.However,this
cannotbetheonlymechanismbecauseLTPinductionresultsinaninstantaneouspotentiation
whilespineoutgrowthtakesatleastseveralminutes[68].ItisalreadyquitewellͲacceptedthat
initially,aftertriggeringofLTP,strengtheningoccursatpreexistingsynapsesbymodificationof
the postsynaptic receptor composition and synaptic release properties [31, 107, 108]. Later,
theappearanceofnewspinesmakesthempotentialcandidatestosupportthelatephaseof
LTP and provide the longͲlasting restructuring of the network. However, to confirm this, it
needs to be shown that new spines form functional synapses with presynaptic partners that
arecoactiveduringtheLTPinduction.

5.3

PreexistingandnewspinesshowlightͲevokedcalciumtransients

In the current work I showed that under sCRACM conditions [82] the expression of calcium
indicator GCaMP6s in the postsynaptic cell allowed the detection of lightͲevoked calcium
transientsinspines.Inthisway,functionalsynapsescanbevisualizednoninvasivelyandtheir
formation can be assessed. Schaffer collaterals were stimulated locally with blue light
(diameter of 70 μm) at their contact sites with the apical dendrite of CA1 cells. Since Na+Ͳ
dependentAPgenerationwasblockedundersCRACMconditionsthisdepolarizationcouldnot
travel back along the axon to the CA3 cell bodies and trigger recurrent activity but rather
remainedcontainedattheboutons.There,itservedtoopenVGCCsthroughwhichcalciumcan
enter the boutons and trigger synaptic release from the synaptic vesicles [109Ͳ111]. The
released neurotransmitter together with the reduced Mg2+ concentration facilitated the
openingofAMPARsandNMDARsonthepostsynapticsideofthesynapsewheretheinfluxof
calciumthoughtNMDARswasdetectedbythechangeinGCaMP6sfluorescencesignal.Ithas
been shown in previous studies that the detection of calcium increase in spines after
presynaptic stimulation is a reliable method to identify functional synapses [112]. Calcium
imaging of genetically encoded calcium indicators (GECI) under sCRACM conditions can be
used to reliably localize in a noninvasive and optogenetically controlled manner functional
synapticcontactsandcanprovideavaluabletooltomapmonosynapticconnectivitybetween
neuronalpopulationsatthesinglesynapselevel.
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While detection of a lightͲdriven calcium response in the spine indicates that it possesses a
functionalsynapsewithaChR2Ͳexpressingaxon,thelackofsucharesponsecanhavemultiple
interpretations. The following interpretations should be considered: 1. a spine can have a
functional contact with a ChR2Ͳpositive axon but light stimulation does not provide the
necessarydepolarizationforsynaptictransmissiontotakeplace,2.thespinelacksasynapse
altogether, 3. the spine has a synapse with uninfected axon i.e. axon that lacks ChR2. To
simplifytheinterpretation,itisassumedinthisworkthatasuccessfulspineͲlocalizedcalcium
response to light indicates a functional contact with a ChR2Ͳpositive axon and a lack of such
response means that a functional contact is missing. To remove this ambiguity each of the
lightͲunresponsivespinesshouldhavebeenassessedforfunctionalitybyothermeanssuchas
calciumresponsivenesstolocalelectricalstimulation,visualizationatEMlevelorlabellingfor
typical postsynaptic makers (e.g PSD 95). However, establishing these methods for further
analysiswasnotwithinthescopeofmyPhDthesisandfutureexperimentswillberequiredto
addressthis.
With the approach I used in this study, silent synapses could not be differentiated from the
restofthesynapsesbecauseofthereducedMg2+blockattheNMDARsandweremostlikely
activated as well. Silent synapses exhibit NMDARsͲmediated currents but lack AMPARs
currentsandtheyhavebeendetectedinhighnumbersinthedevelopinghippocampusbutare
alsopresentatadultstages[113,114].Therefore,itisnotpossibletoexcludethepossibility
thatsomeofthenewlyformedfunctionalsynapsesaresilent.
I demonstrated that in many trials light stimulation resulted in a global calcium event that
invaded the complete dendrite in the imaged field of view. Despite the presence of global
dendritic spikes I showed that synaptic inputs could still be detected because the calcium
signalincreasedfasterinthespinesreceivingdirectpresynapticinputwhencomparedtotheir
neighboringdendrites.
Interestingly,Iobservedthattheaveragecalciumpeakamplitudeinspines(1578.2±1.52%)
was higher than that recently reported in an in vivo study where spine calcium signals
triggeredbymotoractivitywerereportedtobeonaveragearound500%[115].Thisdifference
in the calcium response amplitude could be due to the fact that in the current study the
extracellularMg2+concentrationwasreducedandthiscouldhaveresultedinlargerNMDARs
currentsthanunderphysiologicalconditions.
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Furthermore, I report here that the average spine peak response amplitude did not change
over time, however, some spines that showed light responses when tested on the first
experimentaldaydidnotrespondtoopticalstimulationonthesecondexperimentalday.This
couldbedueeithertolostsynapsesorasynapticchangeofthepresynapticpartnerͲfroma
ChR2Ͳexpressing bouton to a ChR2Ͳlacking one. However, with the current experimental
approachisnotpossibletodifferentiatebetweenthosetwopossibilities.

5.3.1 Newspinescanrapidlyformfunctionalsynapses
The majority (16 out of 20) of new spines formed after optical LTP treatment showed
successfulcalciumresponsestolightstimulationonthefirstexperimentalday.Thisindicates
that new spines can form functional synapses with ChR2Ͳexpressing axons on average just
several hours after they have become structurally detectable. The time required for synapse
formationisstillunresolvedintheliterature.Therefore,thisfindingisinagreementwithonly
somestudies.
Zito et al. used glutamate uncaging to test whether spontaneously formed new spines have
postsynaptic components of a functional synapse. They reported that new spines possessed
AMPARandNMDARcurrentsthatwereindistinguishablefromthoseofpreexistingspinesonly
35 minutes after their formation [116]. In another study [117], it has been shown that new
spine formation can be induced in cortical slices from early postnatal animals by applying a
glutamate uncaging protocol or TBS. There, it was reported that in 5 out of 7 new spines
calcium transients after glutamate uncaging could be detected within 30 minutes after their
formation,indicatingtheypossessthecharacteristicsofafunctionalsynapse.
However,therearemultiplestudiesthathavesuggestedthatdespitethefastspineformation,
synaptogenesis requires a longer time. A study [118] that used TBS to trigger new spine
formation showed by means of EM that spines only a few hours old and in physical contact
with boutons lacked typical staining of mature synapses in their synaptic cleft and therefore
werenotconsideredtopossessfunctionalsynapses.Theyconcludedthatasynapserequires
morethan19hoursafterspineformationtoform.
Interestingly,studiesthatrelyonspinecalciumimagingtoidentifyfunctionalsynapses(asthe
one described here) detect faster synaptogenesis compared to studies relying on EM.
Therefore,thedifferentresultsmightbeduetothedifferenceinthedetectionmethod.One
possibleexplanationcouldbethatwithEMthethresholdforsynapsedetectionishigherthan
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with calcium imaging. However, to be able to compare the results relying on these two
detection approaches, a detailed and systematic study is needed where all spines displaying
calciumresponsestopresynapticactivationarereevaluatedwithEM.
Although it cannot be completely ruled out that the new spine synapses I detected in this
studywerepresentonthedendriteasshaftsynapsesbeforethespinegrowth,thisscenariois
rather unlikely since previous work has showed that the spine outgrowth precedes
accumulation of postsynaptic markers [119, 120]. Mechanistically and experimentally, rapid
synapse assembly is possible and has been demonstrated. By means of immunostaining and
liveͲcell imaging it was shown that all necessary protein components for a glutamatergic
synapse assembly can be detected several hours after axodendritic contact and that the
accumulation of presynaptic components preceded postsynaptic ones [120Ͳ122]. Thus, since
the cell machinery is capable of gathering and assembling all building blocks of a synapse
withinseveralhours,itisfeasiblethatfunctionalsynapsescanappearinarapidmanner.Of
course,thisdoesnotnecessarilymeanthatallsynapsesformwiththesamespeed.However,a
perpetual change in the environment requires mechanisms that provide the nervous system
withanabilitytochangerapidlyandadapt.

5.3.2 Newspinesgeneratedunderlightstimulationconditionsformsynapseswith
lightͲactivatedaxons
HereIdemonstratedthatunderopticalLTPtreatmentthefractionofnewspinesthatshowed
successful calcium responses to light stimulation i.e. had successfully formed functional
synapseswithChR2Ͳpositiveaxons,wasthehighest(inopticalLTP:0.64,control1:0,control2:
0.13, control 3: 0.11). The number of ChR2Ͳpositive axons in treatment and control
experiments was similar because slices received comparable amounts of virus injection
independentofwhichtreatmentwouldbeappliedtothematlaterstagesoftheexperiment.
Moreover, the lightͲresponsive fraction of preexisting spines was also comparable between
differentexperimentalconditions(opticalLTP:0.55;control1:0.29;control2:0.36;control3:
0.43) indicating again that the innervation density of ChR2Ͳactivated axons was similar. The
lightͲresponsive fraction of preexisting spines can be used as a rough estimate for the
innervation density of ChR2Ͳactivated axons. This estimate does not give information about
the absolute number of ChR2Ͳexpressing axons, but provides the only possible (given the
experimental data) approach to approximate the ratio between lightͲstimulated and lightͲ
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unstimulated axons. This ratio is essential for determining the preference of a new spine to
synapse with a ChR2Ͳactivated axon. However, because in optical LTP experiments the lightͲ
responsivefractionofpreexistingspines(0.55±0.02)isnotsignificantlylowerthanthelightͲ
responsive fraction of the new spines (0.64 ± 0.04) I cannot exclude, at this point, that new
spinesformwithoutaclearpreferenceforactiveversusinactivepresynapticpartners.
AnothertestedapproachtoestimatethefractionofChR2Ͳpositiveaxonswastousemaximum
likelihood estimation for the probability that a certain number of spines are connected to a
ChR2Ͳexpressing axon (personal communication with Prof. Leibold). In this analysis, the spine

response success rate after optical stimulation was used to calculate the most likely
subpopulation of spines connected to ChR2Ͳpositive axons that would produce the observed
success rate. Although such estimation was adequate for the preexisting spines, it was,
however,notsuitableforthenewspinesbecauseoftheirlownumbers.
Why new spines formed under optical LTP conditions are more likely to functionally contact
theactive,ChR2Ͳexpressingaxons,comparedtospinesformedundercontrolconditions?One
possibleexplanationisthatglutamatespilloverintheimmediateproximityoflightͲstimulated
boutons might serve as an initiating cue for the growth of new spines. Indeed, it has been
shownthatglutamateuncagingclosetoadendritecantriggerspineoutgrowthinslicesfrom
early postnatal animals [117]. Yet, another study reported that exogenous application of
glutamate and spontaneous glutamate release can trigger the formation of spine head
protrusions, structures consisting of a filopodiaͲlike process and a terminal swelling that
originatedfromaspine[123].Thereducedsynaptictransmissionincontrolexperimentswhere
no light stimulation was given before the last structural imaging time point on the first
experimental day, can explain the reduced number of new spines that functionally contact
ChR2Ͳpositive boutons. Moreover, light stimulation alone can result in massive synaptic
transmission and trigger dendritic spikes. This can explain why there were on average more
new spine synapses connected to ChR2Ͳexpressing axons in lightͲonly control (control 2)
compared to the noͲlight control conditions (control 1 and control 3). Calcium spikes are
regenerative calcium events that can span large portions of the dendritic tree. Multiple
studies,bothinvivoandinvitro,haveindicatedtheimportanceofdendriticcalciumspikesin
plasticity induction and in behavior [86, 93, 124, 125]. A possible confirmation of the above
proposedideathatnewspinesgrowinthedirectionofaglutamatesourcewouldbetoshow
that new spines preferentially form in the proximity of a lightͲresponsive preexisting spine.
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However,thisspatialinformationcaneasilybemissedconsideringthatthedendritesofonly
oneofthenumerousCA1cellswerelabelled.
However,Ididnotdetectsuccessfulcalciumresponsesinallofthenewlyformedspinesafter
optical LTP, i.e. not all of them managed to functionally contact ChR2Ͳpositive axons. Indeed,
thelightͲresponsivefractionofnewspines(~63%)isnotsignificantlydifferentfromthelightͲ
responsivefractionofpreexistingspines(~55%).Unfortunately,thelackofinformationabout
whethernewspinesthatareunresponsivetolightpossessasynapseandwithwhichtypeof
presynaptic partner (with or without ChR2), makes the interpretations speculative.
Nevertheless,onecanimagineatleastthreepossiblescenarios.Firstly,itispossiblethatnew
spines,despitebeingunresponsivetolight,contactChR2Ͳpositiveaxonsbutneedmoretimeto
develop their synapses. Indeed, 4 out of the 20 new spines formed under optical LTP
treatment conditions showed lightͲtriggered calcium response only on the second
experimentalday(afterovernightincubation).However,manyspinesstoprespondingtolight
stimulationonthesecondexperimentaldayduetounknownreasonsand,thus,someofthe
newspinesmightlosetheirlightͲresponsivenessbeforeitcouldbedetected.Secondly,itcould
be that all new unresponsive spines completely lack synapses. To confirm this, future
experiments are required to test whether lightͲunresponsive spines possess a putative
functional synapse by means of EM, local electrical stimulation or glutamate uncaging.
Alternatively,alesstechnicallydemandingapproachwouldbetolabelpostsynapticmarkersin
lightͲresponsiveandunresponsivespinesandcomparetheirexpressionlevels.Ifeitherofthe
first two scenarios is taking place, this indicates that new functional spine synapses
preferentiallyformtowardstheactiveaxons.However,thereisalsoathirdpossiblescenario.
ItcouldbethatnewlightͲunresponsivespinespossessafunctionalsynapsewithanaxonthat
lacksChR2.Manynewunresponsivespineswerealsopresentafterovernightincubation(~58
%),indicatingtheyhadenoughtimetomatureandobtainafunctionalsynapse.Ifnewspines
do not display a preference for active versus inactive axons this indicates that optical LTP
enhancedinthepostsynapticcellaglobalunspecificsynapseformationprocessthatoccurred
independently of the nature of the presynaptic partner i.e. towards both active and inactive
axons. Such a result would deviate from one of the currently proposed ideas in the field,
namely that new spines triggered by LTP or learning target preferentially active presynaptic
partners immediately after their formation and thus contribute to storing new information.
TherearemultiplestudiesfollowingthepioneeringworkofPerAndersen[21],showingthat

78


Discussion
_____________________________________________________________________________

LTPisinputͲspecific,meaningitcanonlybeinducedbetweenconnectionsthatexperiencethe
LTP triggering stimulation and not between connections that received a control stimulation
andarefartherthan70μmawayfromthepotentiatedconnections[22].However,sinceitis
currently not clear whether the inputͲspecific potentiation is carried by the enhancement of
thepreexistingconnectionsaloneoralsobythenewlyformedspinesitcannotbeconcluded
that functional spine synapses also form in an inputͲspecific manner. Could in fact such a
globalnewsynapsefunctionalizationbetakingplaceafterLTPandonlylaternetworkactivity
determineswhichofthesynapsesareneededandpreservedordispensableandremoved?At
thispointthemoststraightforwardwaytotacklethiswouldbetousetheapproachhereand
toobtainamorepreciseestimationaboutthefractionofChR2Ͳexpressingaxonsortoanalyze
infurtherdetailthelightͲunresponsivespines.

5.3.3 Comparing the response properties of new and preexisting spines in optical
LTPconditions
In the present work I find that new and preexisting spines in optical LTP experiments show
comparable response success rate, response amplitude and lightͲresponsive fractions.
However,atleasttwostudiesreportedthattheamplitudeofcalciumtransientsinnewspines
wassmallerthaninpreexistingspines[116,117].Onepossiblereasonforthedifferenceinthe
resultsisthatinoneofthesestudiesonlyspontaneouslyformednewspineswereinvestigated
andcalciumresponsesweretriggeredbyuncagingandnotbypresynapticstimulationasinthis
work.Inthesecondstudy,newspinesformedonstilldevelopingneuronsweretested.

5.3.4 Overnightsurvivalofnewspines
Finally, I demonstrated that in conditions of optical LTP new spines that formed functional
synapseswithoneoftheactive,ChR2Ͳexpressingaxonsweremoreprotectedfromelimination
thannewspinesthatdidnotrespondtolightstimulationandmostlikelylackedafunctional
synapsewithaChR2Ͳpositiveaxon.Onaverage81%ofallnewlightͲresponsivespineswerestill
present on the second experimental day as compared to 58% of all new lightͲunresponsive
spines. This finding makes it tempting to speculate that new spines synapsing with ChR2Ͳ
positiveaxonsandpresumablycarryinginformationbroughtintotheneuronalnetworkbythe

opticalLTPstimulusarepreferentiallypreserved.Indeed,ithasbeenshownthatapplyingLTP
inducingstimulionspontaneouslyformednewspinesincreasedtheirstabilityandprolonged
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theirsurvivalcomparedtothestabilityandsurvivalofnewlyformedunstimulatedspines[62].
This stabilization might be facilitated by the activityͲdriven translocation of CaMKII to the
dendritic spines [126, 127]. At the spine, CaMKII might contribute to spine stabilization by
regulating PSD composition [128], receptor trafficking [129], actin polymerization [130].
Furthermore,LTPstimulustriggersthetranslocationofpolyribosomesintopreexistingspines
[131]anditcouldachievethestabilizationofnewspinesviasimilarmechanisms.
Insummary,theenhancedprobabilityofnewspinestoformfunctionalsynapsewithanactive
presynapticpartnerafteropticalLTPcombinedwiththeirprotectionfromeliminationmight,
indeed,representtheHebbianplasticityruleatnewlyformedspinesFigure5Ͳ1.

Figure5Ͳ1:Aschematicrepresentationofthecentralquestionofthisstudyandtheresultsoftheexperimental
data

A)ThegoaloftheprojectwastotestwhethernewspinesgeneratedafterLTPformsynapses
inaHebbianmanneri.e.withcoͲactiveaxonsornot.B)Dataindicatesthatsomeofthenew
spinesformfunctionalsynapsesinaHebbianmanneri.e.withactive,ChR2Ͳexpressingaxons
and respond to light (yellow spines). However, there were also new spines that were not
responsive to light stimulation (white spine). These findings speak against Hebbian and antiͲ
Hebbianmannerofnewspineformation.BecauseitisunclearwhethernewlightͲunresponsive
spines possess a synapse, currently it is not possible to differentiate between the two
remainingscenarios–partiallyHebbianandnonͲHebbianmannerofspineformation.
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6.

Conclusion&Outlook

Anexpandingbodyofliteraturehassuggestedthatstructuralandfunctionalsynapticchanges
are tightly interleaved and provide the basis of activityͲdependent modification of neuronal
networks. In my thesis, I used an optical LTP induction protocol, light stimulation and spine
calcium imaging of GECI to study the formation of functional synapses after plasticity
induction. I demonstrated that the optical LTP protocol led to structural spine changes that
werecomparabletothechangesalreadyreportedtotakeplaceafterclassicalLTPprotocols.
Furthermore,theresultsfromthisworksupportaviewofarapidfunctionalizationofspines
afterplasticityinductionandindicatethatLTPnotonlytriggersthegenerationofnewspines
butalsoincreasestheprobabilityofthosenewspinestobuildafunctionalsynapsewiththe
axonsthatwereactiveduringLTPinduction.Thisfindingmakesittemptingtospeculatethat
the newly formed synapses are the structural correlate that incorporates the information
introducedbyLTPinthenetwork.
The current work, however, leaves some open questions behind. It will be important to
determine whether spines formed after LTP that did not show calcium responses to light
stimulation possess putative functional synapses. Furthermore, it is essential to test the
findings described here in vivo and investigate whether they still hold true. Learning–driven
optogenetic targeting (e.g under cFos promoter) of a presynaptic cell population combined
with calcium imaging of newly formed spines on the postsynaptic cell might provide the
answer to this question. Finally, to ultimately resolve the role of new spines in learning and
memory, a complementary study is required to address the question whether the selective
destruction of new spines formed after learning results in loss of the memory of the learnt
task.
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AppendixA
SequenceofplasmidDNA
pAAVͲhSyn1ͲmTurquoise2ͲRSGͲP2AͲGC6s
AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGT
TTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCC
CAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACA
GGAAACAGCTATGACCATGATTACGCCAGATTTAATTAAGGCCTTAATTAGGCTGCGCGCTCGCTCGCT
CACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAG
CGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTTGTAGTTAATGATTAACCCGCC
ATGCTACTTATCTACGTAGCCATGCTCTAGGAAGATCTCTGCAGAGGGCCCTGCGTATGAGTGCAAGTG
GGTTTTAGGACCAGGATGAGGCGGGGTGGGGGTGCCTACCTGACGACCGACCCCGACCCACTGGACA
AGCACCCAACCCCCATTCCCCAAATTGCGCATCCCCTATCAGAGAGGGGGAGGGGAAACAGGATGCGG
CGAGGCGCGTGCGCACTGCCAGCTTCAGCACCGCGGACAGTGCCTTCGCCCCCGCCTGGCGGCGCGCG
CCACCGCCGCCTCAGCACTGAAGGCGCGCTGACGTCACTCGCCGGTCCCCCGCAAACTCCCCTTCCCGG
CCACCTTGGTCGCGTCCGCGCCGCCGCCGGCCCAGCCGGACCGCACCACGCGAGGCGCGAGATAGGG
GGGCACGGGCGCGACCATCTGCGCTGCGGCGCCGGCGACTCAGCGCTGCCTCAGTCTGCGGTGGGCA
GCGGAGGAGTCGTGTCGTGCCTGAGAGCGCAGTCGAATTCAAGCTGCTAGCAAGGATCCACCCGCCAC
CATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGAC
GTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCC
TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGTCCTGGG
GCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCG
AAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTG
AAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCA
ACATCCTGGGGCACAAGCTGGAGTACAACTACTTTAGCGACAACGTCTATATCACCGCCGACAAGCAG
AAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCG
ACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC
GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCCGGAGCCACGAACTT
CTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGTCCTGGTTCTCATCATCATCATCATCA
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TGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGAT
CTCGCCACCATGGTCGACTCATCACGTCGTAAGTGGAATAAGACAGGTCACGCAGTCAGAGCTATAGG
TCGGCTGAGCTCACTCGAGAACGTCTATATCAAGGCCGACAAGCAGAAGAACGGCATCAAGGCGAACT
TCCACATCCGCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCTACCACTACCAGCAGAACACCCCC
ATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCGTGCAGTCCAAACTTTCGAAAGA
CCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCA
TGGACGAGCTGTACAAGGGCGGTACCGGAGGGAGCATGGTGAGCAAGGGCGAGGAGCTGTTCACCG
GGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA
GGGTGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCG
TGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACA
TGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACATCCAGGAGCGCACCATCTTCTTCA
AGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACCTG
CCGGACCAACTGACTGAAGAGCAGATCGCAGAATTTAAAGAGGCTTTCTCCCTATTTGACAAGGACGG
GGATGGGACAATAACAACCAAGGAGCTGGGGACGGTGATGCGGTCTCTGGGGCAGAACCCCACAGAA
GCAGAGCTGCAGGACATGATCAATGAAGTAGATGCCGACGGTGACGGCACAATCGACTTCCCTGAGTT
CCTGACAATGATGGCAAGAAAAATGAAATACAGGGACACGGAAGAAGAAATTAGAGAAGCGTTCGGT
GTGTTTGATAAGGATGGCAATGGCTACATCAGTGCAGCAGAGCTTCGCCACGTGATGACAAACCTTGG
AGAGAAGTTAACAGATGAAGAGGTTGATGAAATGATCAGGGAAGCAGACATCGATGGGGATGGTCA
GGTAAACTACGAAGAGTTTGTACAAATGATGACAGCGAAGCTAGTGCGGCCGCTTATGAAAGCTATCG
ATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACG
CTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCC
TTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTG
TGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGG
ACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAG
GGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGC
TCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGC
GGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACG
AGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCTCGACCCGGGCGGCCGCTTCGA
GCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTT
TATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAAC
AACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAAC
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CTCTACAAATGTGGTAAAATCGATAAGGATCTTCCTAGAGCATGGCTACGTAGATAAGTAGCATGGCG
GGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGC
TCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGA
GCGAGCGCGCAGCCTTAATTAACCTAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCC
TGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGC
CCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCG
CATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGG
GCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG
TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAAT
AGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGA
TTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAA
AATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTT
TCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAA
AAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTG
TTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGT
TACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATG
ATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTC
GGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACG
GATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTT
ACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATG
CCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAA
CAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGG
CTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGC
CAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGA
AATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCA
TATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAA
TCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAA
AGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCA
GCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCG
CAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGC
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CTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG
GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA
CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGC
CACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCG
CACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACT
TGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCT
TTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGG
ATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAG
TCAGTGAGCGAGGAAGCGGAAG
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AppendixB
Anoverviewofallspineresponses
An overview of spine Ca2+ signals after light stimulation for all experiments of the same
experimental treatment is schematically depicted below. The experimental treatments are
labeled with a vertical line colorͲcoded as follows: control 1 (no light stimulation + no F&R
treatment) Ͳ green vertical line indicates the time point when under the other experimental
conditionsperfusionofvehicleorF&Rtakesplace;control2(lightstimulation+vehicle)Ͳred
verticallineindicatesthetimepointofvehicleperfusion;control3(nolightstimulation+F&R
treatment) – black vertical line indicates the time point of F&R perfusion; treatment (light
stimulation+F&Rtreatment)ͲblueverticallineindicatesthetimepointofF&Rperfusion.
Every horizontal line contains colorͲcoded pixel information about the presence and the
responsivenessofonespineovertime.Preexistingspinesareshownintheupperpartofthe
panel(abovethehorizontallinecoloreddependingontheexperimentaltreatment),whilenew
spines are shown in the lower part of the panel (below the horizontal line). For both
preexistingandnewspines,spinesthatdidnotshowCa2+responsesafteropticalstimulation
(marked on the left side by a white rectangle) are displayed above the spines that were
responsivetolightstimulation(markedontheleftsidebypatternedrectangle).Foreveryline
(spine) lightͲgray colored pixels indicate the calcium imaging trials without any information
abouttherespectivespine.Redpixelsindicatethetimeofthetrialswhenthespineshowed
successful Ca2+ responses to light stimulation. Orange pixels show trials when the spine was
tested but failed to display lightͲtriggered Ca2+ responses. DarkͲgray color marks the time
when the spine is absent (either still not formed or eliminated). DarkͲshaded rectangle
indicatesthetimewhensliceswereleftovernightintheincubatorandwerenotimaged.
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