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basal!ganglia!!

!
Abstract!

!
!

! All!animals!must!adapt!their!behaviors!by!experience!to!survive.!In!mammals,!

this!adaptive!process!is!thought!occur!through!a!synaptic!loop!involving!the!cortex,!basal!

ganglia!(BG)!and!thalamus.!Here!we!use!transgenic!mice!and!novel!recombinant!viruses!

(Chapter!1)!to!explore!the!brain!circuits!that!underlie!this!interaction.!Our!focus!is!on!

how!cell!types!within!the!BG!affect!cortical!feedback!during!development!and!in!

adulthood.!!

! Accepted!models!postulate!that!the!BG!modulate!cerebral!cortex!1)!indirectly!via!

an!inhibitory!output!to!thalamus!and!that!this!thalamic!output!is!2)!biSdirectionally!

controlled!from!within!the!BG!by!striatal!direct!(dSPNs)!and!indirect!(iSPNs)!pathway!

spiny!neurons.!In!Chapter!2,!we!show!that!activity!in!iSPNs!and!dSPNs!plays!a!

complementary!role!in!the!postSnatal!synaptic!wiring!of!the!BG.!Inhibiting!iSPNs!or!

dSPNs!results!in!opposite!changes!in!the!number!of!excitatory!synapses!made!onto!SPNs!

from!cortical!and!thalamic!inputs.!Our!results!suggest!that!the!cortexSBGSthalamus!

function!in!a!closedSloop!and!balanced!iSPN/dSPN!activity!is!required!for!proper!

synaptic!wiring!during!development.!!
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! In!Chapter!3,!we!describe!a!nonSthalamic!output!of!the!BG!to!the!frontal!cortex!

(FC)!emanating!from!globus!pallidus!externus!(GP).!The!GPSFC!projection!consists!of!two!

cell!types!that!release!GABA!and!GABA/Acetylcholine,!mostly!onto!cortical!interneurons,!

with!the!net!effect!of!increasing!cortical!firing!rate.!These!results!suggest!that!iSPNs!and!

dSPNs!can!affect!cortical!output!through!GPSbased!disinhibition!in!addition!to!thalamusS

based!excitation.!Moreover,!GPSFC!cells!provide!a!pathway!by!which!drugs!that!target!

dopamine!receptors!for!the!treatment!of!neuropsychiatric!disorders!can!act!in!the!BG!

yet!modulate!activity!in!FC.!The!presence!of!a!direct!BG!output!to!cortex!extends!the!

looped!architecture!through!which!the!cortexSBGSthalamus!control!adaptive!behavior!

and!can!become!dysregulated!to!cause!disease.!Together!our!thesis!results!support!the!

phenomenology!of!the!BG!pathway!model,!but!suggest!a!major!revision!to!the!

underlying!circuitry.!
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Chapter!1!

Introduction!

Experimental!framework!

This!thesis!works!toward!a!functional!description!of!the!brain!circuits!that!

interconnect!the!cortex!and!basal!ganglia.!The!goal!is!to!explain!how!individual!circuit!

components!interact!to!drive!complex,!emergent!processes!like!behavior!or!postSnatal!

development.!My!experimental!framework!focuses!on!four!aspects!of!neural!circuits!

and!are!generally!applicable!to!the!mammalian!brain:!!

1. Cell!types.!Brain!circuits!are!composed!of!distinct!cell!types!and!that!each!type!

has!plays!a!distinct!role!in!circuit!function.!While!no!two!cells!are!identical,!cells!

can!be!functionally!grouped!based!on!anatomical!location,!morphology!of!the!

axon!and!dendrites,!intrinsic!physiological!properties,!released!

neurotransmitters,!synaptic!properties!and!molecular!milieu,!including!

transcriptional!profile.!!

2. Synaptic!connectivity.!Building!a!blueprint!of!synaptic!connectivity!between!

constituent!cell!types!is!necessary!to!understand!how!action!potential!firing!in!a!

given!cell!type!affects!the!activity!of!other!cell!types!and!the!circuit!as!a!whole.!

Instances!of!ionotropic!receptor!signaling!should!be!characterized!by!released!

neurotransmitters,!postSsynaptic!receptors!and!shortSterm!plasticity!properties.!

Electrical!synapses!and!their!activitySdependent!properties!are!also!included.!!
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3. Modulatory!sensitivity.!Neuromodulators!affect!circuit!function!by!altering!both!

intrinsic!membrane!and!synaptic!properties.!To!understand!the!net!effect!of!a!

given!modulator!on!a!given!circuit,!it!is!necessary!to!define!the!sensitive!cell!type!

and!synaptic!components.!This!amounts!to!a!“modulation!layer”!that!overlays!

the!synaptic!blueprint!of!defined!cell!types.!!!

4. Monitoring!emergent!activity.!To!relate!how!cell!types!interact!through!their!

synaptic!and!modulatory!blueprints!to!produce!complex!processes,!it!is!

necessary!to!observe!the!circuit!in!action.!In#vivo!recordings!or!imaging!S!

especially!where!particular!cell!types!or!circuit!components!can!be!monitored!or!

manipulated!–!are!essential!for!mapping!the!mechanisms!by!which!emergent!

circuit!properties!arise.!For!processes!with!longer!time!scales!(e.g.!postSnatal!

development),!experiments!can!be!performed!at!various!time!points!and!these!

“snapshots”!aligned!to!infer!the!state!of!the!process.!!

!

Here!we!implement!this!framework!using!transgenic!mice!(Table!1.1)!and!

recombinant!viruses!(Table!1.2)!to!label!and!manipulate!genetically!defined!cell!types.!

Chapter!2!describes!novel!recombinant!adenoSassociated!viruses!(rAAVs)!S!used!in!all!

subsequent!chapters!S!that!define!the!circuit!function!of!one!cell!type!with!respect!to!its!

neighbors.!Chapter!3!explores!how!activity!in!two!known!cell!types!of!the!striatum!guide!

the!wiring!of!the!cortex!and!basal!ganglia!during!postSnatal!development.!Chapter!4!

characterizes!previously!unappreciated!cell!types!within!the!globus!pallidus!externus!

! !
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(GP)!and!determine!how!activity!in!these!cell!types!affect!circuit!function!of!the!basal!

ganglia!and!cortex!during!adulthood.!!!

!

The!direct!and!indirect!pathway!model!of!the!basal!gangliaFcortex!interactions!

! All!animals!must!adapt!their!behaviors!to!changing!environments!to!survive.!

Behavioral!adaptation!requires!new!thought!and!motor!programs!to!be!conceived,!

enacted!and!their!outcomes!evaluated.!In!humans,!this!process!helps!build!the!

behaviors!that!constitute!our!makeSup:!on!the!timescale!of!seconds,!our!choices!and!

reactions;!and!on!longer!timescales,!our!habits.!!This!remarkable!plasticity!is!a!product!

of!brain!cell!biology!and!the!circuit!architecture!in!which!these!brain!cells!reside.!!!!!!

! Lesion!studies!in!humans!and!growing!experimental!work!in!animals!suggest!the!

cerebral!cortex!generates!behavioral!programs,!while!the!subcortical!basal!ganglia!(BG)!S!

a!collection!of!highly!interconnected!forebrain!nuclei!S!are!responsible!for!evaluation.!

Enaction,!however,!depends!on!both!the!cortex!and!BG.!This!cooperativity!is!thought!to!

arise!because!of!closedSloop!architecture:!the!cortex!feeds!into!the!BG!while!the!BG!

feed!back!onto!the!cortex!via!the!thalamus.!This!cortexSBGSthalamus!loop!is!the!

accepted!neural!substrate!for!behavioral!adaptations!such!as!reinforcement!learning!

17,18!and!much!anatomical!work!has!built!a!working!–!albeit!highly!oversimplified!–!

circuit!model!for!how!this!process!take!place.!

! The!basal!ganglia!consist!of!two!input!nuclei,!two!output!nuclei!and!two!nuclei!

that!are!intrinsic!(Figure!1.1).!The!major!input!nucleus!is!the!striatum.!Dorsal!striatum!!
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Figure!1.1!Anatomical!schematic!depicting!accepted!position!of!BG!nuclei!within!the!

cortexFBGFthalamus!loop.!

The!accepted!neural!pathways!that!make!up!the!loop!are!illustrated!with!green!arrows.!

Cortical!inputs!enter!into!the!BG!through!the!striatum!or!subthalamic!nucleus.!BG!

output!nuclei!target!the!thalamus.!Thalamic!nuclei!can!directly!feed!back!into!the!BG!via!

the!striatum!or!indirectly!via!the!cortex.!!

! !
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!
Figure!1.1!(Continued)!
!
!
!
!
!
!
!
!
!
!
!

! !
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receives!topographic!glutamatergic!input!from!the!motor,!sensory!and!associative!areas!

the!cerebral!cortex,!as!well!as!the!thalamus,!hippocampus!and!amygdala.!The!ventral!

striatum!receives!glutamatergic!input!from!prefrontal!and!limbic!cortices,!thalamus,!and!

amygdala19.!The!minor!input!nucleus!is!the!subthalamic!nucleus!(STN),!which!receives!

glutamatergic!input!from!the!frontal!cortex!20.!The!two!output!nuclei!are!the!globus!

pallidus!internus!(GPi)!(called!the!entopenducular!nucleus!in!rodents!and!much!reduced!

in!size)!and!the!substantia!nigra!reticulata!(SNr).!The!GPi!and!SNr!provide!tonic!

GABAergic!inhibition!to!the!thalamus,!while!the!SNr!projects!additionally!to!the!

brainstem!21.!BG!inhibition!to!thalamus!directly!and!indirectly!affects!striatalSprojecting!

and!corticalSprojecting!glutamatergic!thalamic!nuclei22.!ThalamoScortical!nuclei!

innervate!multiple!cortical!areas23,!some!of!which!have!distinct!axonal!distributions!

across!layers24,25,!suggesting!BG!feedback!may!differ!by!cortical!area.!The!intrinsic!BG!

nuclei!are!the!globus!pallidus!externus!(GP),!which!provides!tonic!GABAergic!inhibition!

to!the!STN!and!SNr26!and!the!substantia!nigra!compacta!(SNc)!and!ventral!tegmental!

area!(VTA),!which!provide!a!large!dopaminergic!projection!to!the!dorsal!and!ventral!

striatum!respectively!27.!!

! The!longSstanding!direct!and!indirect!pathway!model!provides!a!simplified!circuit!

framework!for!understanding!how!the!internal!architecture!of!the!BG!affect!activity!

within!the!cortexSBGSthalamic!loop.!The!model!posits!that!activity!in!two!different!types!

of!spatially!intermingled!and!equally!abundant!striatal!GABAergic!projection!neurons!

results!in!opposite!effects!on!BG!output28,29.!The!direct!and!indirect!pathway!spiny!

projection!neurons!(dSPNs/dMSNs!and!iSPNs/iMSNs)!are!distinguished!by!dopamine!
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receptor!expression30,!expressed!neuropeptides31,!intrinsic!excitability32!and!most!

importantly,!axonal!projection!patterns33.!dSPNs!directly!(monosynaptically)!inhibit!the!

output!nuclei!and!the!SNc,!while!iSPNs!disinhibit!the!firing!of!the!SNr!and!GPi!via!the!GP!

(Figure!1.2a).!The!model!suggests!the!net!effect!of!dSPN!activity!is!to!promote!cortical!

activity!and!drive!behavior,!while!iSPN!activity!dampens!cortical!activity!and!inhibits!

behavior.!Because!both!dSPNs!and!iSPNs!receive!topographic!glutamatergic!inputs!from!

cortex34,!it!has!been!theorized!that!groups!of!neighboring!dSPNs!and!iSPNs!act!

synergistically!to!select!and!terminate!a!given!behavior!or!select!a!behavior!and!repress!

other!unwanted!behaviors35,36.!!!

The!model!also!posits!that!this!pushSpull!synaptic!organization!is!also!engaged!by!

behavioral!outcomeSdependent!release!of!neuromodulator!dopamine.!dSPNs!express!

Gαolf/s!!coupled!dopamine!1!receptors!(D1Rs)!which!drive!PKA!activation!and!increase!

intrinsic!excitability!by!regulating!voltage!dependent!calcium!channels!and!potentiating!

glutamatergic!signaling.!iSPNs!express!Gαi/o!coupled!dopamine!2!receptors!(D2Rs)!which!

inhibit!PKA!(via!Gαi)!and!further!decreasing!excitability!via!voltage!dependent!calcium,!

sodium!and!potassium!channels!(via!Gβδ)!and!dampen!glutamatergic!signaling37,38.!

Dopamine!is!thus!thought!to!promote!cortical!activation!by!increasing!dSPN!activity!and!

reducing!iSPN!activity.!Since!many!diseases!of!the!BG!result!in!either!hyperkinetic!or!

hypokinetic!movement!disorders,!the!pathway!model!suggests!the!underlying!

pathologies!could!result!from!imbalances!in!dSPN!vs.!iSPN!activity28.!!

! !
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Figure!1.2.!Cell!type!based!synaptic!connectivity!within!the!BG.!!

a.!The!major!cell!types!and!synaptic!connections!considered!in!the!direct!and!indirect!

pathway!model!of!BG!function.!According!to!the!model28,!direct!pathway!dSPNs!directly!

inhibit!tonically!active!BG!output!neurons!via!synaptic!GABA!release.!Indirect!pathway!

iSPNs!indirectly!activate!BG!output!neurons!by!disinhibiting!excitatory!glutamatergic!

inputs!from!STN!projection!neurons.!Dopaminergic!feedback!into!striatum!from!SNc!

projection!neurons!excites!dSPNs!and!inhibits!iSPNs!via!D1R!or!D2R!signaling!

respectively.!The!model!predicts!that!dSPN!activity!should!activate!cortex!while!iSPN!

activity!should!inhibit!cortex!and!dopamine!should!potentiate!this!functional!

antagonism.!!

b.!An!anatomically!accurate!depiction!of!a!subSset!of!known!cell!type!connections!within!

the!BG!that!complicate!the!predictions!of!the!direct!and!indirect!pathway!model.!In!

striatum,!dSPNs!and!iSPNs!reciprocally!inhibit!each!other!and!are!innervated!by!a!

handful!of!functionally!distinct!classes!of!local!interneurons!(shown!in!blue).!Moreover,!

both!iSPNs!and!dSPNs!project!to!the!GP.!GP!neurons!target!all!nuclei!of!the!BG,!making!

reciprocal!synaptic!loops!with!the!striatum!and!the!STN.!GP!neurons!also!project!to!

thalamus.!The!cell!types!within!the!SNr!and!GPi!are!incompletely!understood.!Within!the!

SNr,!GABAergic!neurons!inhibit!dopaminergic!of!the!SNc!in!addition!to!the!thalamus.!!
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Figure!1.2!(Continued)!
!
!
!
!
!
!
!

! !
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Indeed,!Parkinsonian!patients!who!lack!dopamine!tend!to!be!hypokinetic!and!the!nuclei!

controlled!by!the!putatively!dampened!iSPNs!(the!GP!and!STN)!exhibit!pathological!

oscillations!which!are!a!hallmark!of!the!disease39.!

Technical!breakthroughs!allowing!genetically!defined!cell!types!to!be!

manipulated!by!light40,!designer!drugs41,42,!or!selective!toxins43!have!allowed!the!direct!

and!indirect!pathway!model!to!be!tested!directly.!As!predicted!by!the!model,!

optogenetic!activation!of!dSPNs!from!dorsomedial!striatum!inhibits!activity!in!the!SNr!

and!increases!movement,!while!iSPN!activation!inhibits!GP!activity!and!decreases!

movement44.!Similar!manipulations!also!lead!to!the!predicted!increases!or!decreases!in!

activity!in!primary!motor!cortex45.!The!functional!opposition!of!dSPN!and!iSPN!activity!

has!also!been!extended!to!susceptibility!of!drugs!of!abuse,!a!wellSstudied!type!of!habit!

formation!that!involves!BG!circuits17,46.!In!both!dorsal!striatum47!and!ventral!striatum48,!

dampening!dSPNs!reduced!the!behavioral!responses!to!drugs!that!increase!dopamine!

signaling,!while!dampening!iSPNs!potentiated!these!responses.!!

Experiments!monitoring!dSPN!and!iSPN!activity!during!behavior!compliment!

largeSscale!gain!or!loss!of!function!studies!to!refine!our!understanding!of!how!both!

pathways!are!recruited!to!enact!behaviors.!In!mice!performing!an!operant!task,!both!

dSPN!and!iSPN!activity!preceded!lever!pressing,!suggesting!activity!in!both!cell!types!are!

involved!in!initiating!a!motor!sequence49.!Consistent!with!these!results,!in!learned!

sequences!of!actions,!individual!dSPNs!and!iSPNs!can!discharge!at!the!beginning,!end!or!

throughout!the!motor!sequence.!Interestingly,!the!proportions!SPNs!active!during!each!

stage!of!a!sequence!differs!by!pathway!and!these!differences!change!during!learning50.!
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These!manipulation!and!monitoring!experiments!suggest!that!dSPNs!and!iSPNs!have!

opponent!effects!on!basal!ganglia!activity,!motor!behavior!and!habit!formation,!but!

concomitant!activity!in!both!pathways!is!required!for!the!learning!or!enacting!behavior.!

The!explanatory!power!of!the!direct!and!indirect!pathway!model!is!almost!

miraculous!when!the!simplified!circuitry!the!model!was!based!on!(Figure!1.2a)!is!

compared!to!the!described!anatomical!complexity!within!the!BG!(Figure!1.2b).!Some!of!

these!nonScanonical!features!directly!confound!the!classic!model!and!may!thus!

contribute!to!nonSorthogonal!function!attributed!to!dSPNs!and!iSPNs51,52.!For!example,!

dSPNs!innervate!the!GP!in!addition!to!iSPNs33,53.!Additionally,!GP!neurons!project!widely!

throughout!the!BG54,!including!into!the!striatum55,56.!Thus!SPNs!can!feedback!onto!

striatum!through!a!single!GP!synapse,!rather!than!the!approximate!6!synapses!predicted!

by!the!pathway!model!and!the!cortexSBGSthalamus!loop.!A!complete!understanding!of!

BG!circuits!underlying!behavior!and!disease!necessitates!incorporating!these!nonS

canonical!circuit!elements;!a!challenge!heightened!by!the!rich!anatomical!literature!

often!overlooked!by!the!field.!Transgenic!animals!and!viral!reagents!offer!a!chance!to!

extend!these!anatomical!observations!in!functional!manipulations!following!the!

Experimental!Framework!outlined!above.!!

!

The!role!of!neural!activity!in!developmental!wiring!

! The!structure!of!adult!brain!circuits!arises!from!an!interaction!of!genetic!

programs!and!neural!activity.!The!role!activity!plays!in!shaping!circuit!structure!is!

especially!pronounced!during!postSnatal!development,!when!animals!are!first!exposed!
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and!must!adapt!to!their!external!world.!Our!understanding!of!this!process!has!been!

most!informed!by!the!sensory!systems.!Sensory!epithelia!can!be!lesioned!and!inputs!

controlled!experimentally,!allowing!the!resulting!abnormalities!in!circuit!structure!to!be!

studied.!In!contrast,!little!is!known!about!how!postSnatal!activity!affects!and!is!organized!

by!the!circuits!in!the!central!brain.!This!gap!in!knowledge!has!been!due!in!large!part!to!a!

lack!of!tools!for!cell!type!specific!molecular!lesions!that!affect!neurotransmitter!release.!!

! The!early!visual!system!has!provided!a!powerful!model!system!for!understanding!

how!activity!within!a!feedSforward,!excitatory!circuit!refines!synaptic!development.!Two!

prominent!features!of!this!circuit!are!profoundly!activity!dependent.!Retinotopy,!by!

which!visual!areas!are!endowed!a!map!of!visual!space,!is!refined!by!spontaneous!waves!

of!activity!generated!in!the!retina!before!eye!opening57,58.!FeedSforward!glutamatergic!

synapses!from!the!retina!to!the!lateral!geniculate!nucleus!(LGN)!and!from!the!LGN!to!

primary!visual!cortex!(V1)!maintain!the!spatial!coSactivation!of!neighboring!neurons!that!

are!strengthened!through!Hebbian!mechanisms!of!longSterm!potentiation59,60.!The!

second!is!binocularity,!where!eyeSspecific!activity!contributes!to!the!segregation,!

pruning!and!strengthening!of!retinogeniculate!synapses61S63!and!to!the!response!

properties!of!V1!neurons64S66.!Screening!for!genes!involved!in!these!striking!refinements!

has!led!to!the!identification!of!many!important!signaling!pathways!engaged!by!activity!

to!drive!structural!changes!in!synaptic!organization67S71.!! !

! Given!their!role!in!sculpting!behavioral!repertoire,!the!BG!would!be!predicted!to!

undergo!dynamic!changes!as!animals!become!independent.!Indeed!in!songbirds,!neural!

activity!within!the!anterior!forebrain!pathway!–!the!equivalent!circuit!to!the!BG!in!
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mammals72!–!is!necessary!for!song!learning!during!postSnatal!development73,74.!In!adult!

birds,!the!AFP!encodes!the!discrepancy!between!the!perceived!and!target!song,!an!

instructional!signal!used!to!guide!song!modification75.!AFP!activity!likely!plays!a!similar!

role!in!sensorySmotor!learning!during!development76.!Despite!this!behavioral!relevance,!

how!activity!modifies!or!is!sculpted!by!the!underlying!circuit!architecture!is!unknown.!

Mammalian!BG!neurons!are!mostly!GABAergic!and!recurrently!connected,!suggesting!

the!principles!of!how!activity!controls!synaptogenesis!within!BG!and!across!the!BGS

thalamoScortical!circuit!may!be!different!from!those!of!the!early!visual!system.!!

!

Dopamine!2!receptor!drugs!and!the!circuitry!of!the!globus!pallidus!externus!

! AntiSpsychotic!drugs!used!to!treat!the!hallucinations!and!delusions!of!

schizophrenia77!and!symptoms!of!other!psychiatric!disorders!such!as!bipolar78!and!

obsessive!compulsive!disorder79!all!antagonize!D2Rs!(Figure!1.3a)80.!This!pharmacology!

is!a!cornerstone!of!the!hypothesis!that!hyperactive!dopamine!signaling!may!contribute!

to!schizophrenia81,82!and!suggests!a!privileged!role!of!D2R!expressing!cells!in!etiology!

and!treatment!of!these!psychiatric!diseases.!iSPNs!are!the!most!abundant!class!of!D2R!

expressing!neurons!in!the!brain!and,!as!predicted,!the!striatum!is!the!major!site!of!antiS

psychotic!binding83!(Figure!1.3b).!Since!iSPNs!exclusively!innervate!the!GP!and!ventral!

pallidum!(VP)!(Figure!1.3c),!the!therapeutic!effects!of!antiSpsychotic!drugs!are!likely!

mediated!through!GP/VP!circuits.!Indeed,!GP!lesions!produce!psychiatric!symptoms!in!!

!
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Figure!1.3.!AntiFpsychotic!drugs!target!D2Rs!in!the!striatum!and!implicate!iSPNs!and!

GP!cell!types!in!their!mechanism!of!action.!!

a.!Competitive!binding!assays!of!different!antiSpsychotic!drugs!demonstrate!a!striking!

linear!relationship!between!D2R!affinity!and!daily!dose!necessary!to!relieve!symptoms!

(adapted!from!http://www.scholarpedia.org/article/Dopamine_and_schizophrenia).!!!

b.!The!striatum!has!the!highest!levels!of!D2R!expression!and!is!the!major!location!of!

antiSpsychotic!binding.!Top,!in#situ#hybridization!on!a!sagittal!section!of!mouse!brain!

showing!high!levels!of!D2R!mRNA!expressed!in!the!striatum!(Allen!Institute).!Bottom,!

positron!emission!tomography!image!from!a!horizontal!section!of!human!brain!showing!

reduced!occupancy!of!striatal!D2/3Rs!after!treatment!with!the!antiSpsychotic!

Clozapine83.!!

c.!Sagittal!section!from!a!BAC!transgenic!mouse!where!GFP!is!driven!by!D2R!regulatory!

elements!(D2RSGFP).!Striatal!iSPNs!are!the!most!abundant!D2R!expressing!cell!type!in!

the!brain!and!project!exclusively!to!the!GP!and!VP.!
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Figure!1.3!(Continued)!
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humans84!and!mice!carrying!mutations!in!corticoSstriatal!synapses85!or!overexpressing!

D2Rs!in!the!striatum86!exhibit!analogous!behavioral!impairments.!!

! While!antiSpsychotics!target!the!striatum,!converging!evidence!suggests!

alterations!in!prefrontal!cortex!(PFC)!circuits!are!associated!with!schizophrenia.!Disease!

onset!occurs!most!often!in!late!adolescence,!a!period!associated!with!excitatory!

synaptic!pruning87!and!inhibitory!synaptic!proliferation88!in!the!PFC.!PostSmortem!

analyses!of!the!PFC!have!identified!diseaseSassociated!changes!in!neural!architecture!

and!gene!expression89.!These!include!pronounced!deficits!in!dendritic!spine!

morphology90,91!and!reductions!in!GABA!signaling!in!subsets!of!cortical!interneurons92S94.!

Global!analyses!agnostic!to!cell!type!further!suggest!that!genes!involved!in!presynaptic!

release95!and!the!neurotransmission!of!GABA96,97,!glutamate98,99!and!acetylcholine100!are!

also!misregulated.!

! Importantly,!antiSpsychotics!do!not!treat!the!cognitive!and!depressive!symptoms!

which!precede!and!persist!through!psychosis.!This!selectivity!suggests!these!sets!of!

symptoms!arise!from!at!least!partially!distinct!neural!substrates.!To!date,!only!the!

cognitive!symptoms!have!been!preliminary!linked!to!PFC!pathology101.!Nevertheless,!

treating!healthy!rodents!with!antiSpsychotics!is!sufficient!to!drive!the!opposite!changes!

in!genes!that!participate!in!diseaseSimplicated!pathways!in!frontal!cortex102,103.!This!

suggests!that!subcortical!D2Rs!blockade!by!antiSpsychotics!induces!therapeutic!changes!

in!frontal!cortex,!some!of!which!may!involve!the!same!signaling!molecules!either!

directly!or!indirectly!misregulated!by!the!disease!itself.!!
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! Despite!60!years!of!clinical!use,!the!circuit!mechanisms!by!which!antiSpsychotics!

target!the!striatum!to!affect!frontal!cortex!are!not!understood.!One!limitation!has!been!

the!dearth!of!knowledge!concerning!the!cell!types!in!the!GP!that!iSPNs!control.!GP!

neurons!tend!to!be!GABAergic104S106,!spontaneously!active!in#vitro107#and!in#vivo108#and!

project!throughout!the!BG,!including!the!STN,!GPi,!SNr/SNc,!and!the!striatum109,110.!GP!

neurons!also!project!to!the!reticular111,112!and!parafasicular113!nuclei!of!the!thalamus.!

Thus!the!GP!is!thought!to!coordinate!the!timing!of!subcortical!activity!through!

inhibition26,114.!While!the!GP!is!one!of!the!most!transcriptionally!distinctive!regions!of!

the!human!brain115,!our!understanding!of!how!this!molecular!diversity!maps!onto!

distinct!cell!types!is!in!its!infancy.!

! Electrophysiological!descriptions!of!GP!neurons!identified!three!distinct!neuronal!

groups!in!acute!slices116,117.!However!this!categorization!must!be!interpreted!with!

caution,!as!individual!GP!neurons!can!exhibit!a!large!diversity!of!activity!profiles118.!The!

definition!of!GP!cell!types!has!been!aided!by!correlating!electrophysiological!and!

anatomical!properties!with!distinct!molecular!markers,!including!parvalbumin!(PV),!

preproenkephilin!(PPE)!and!the!transcription!factor!Lhx656,113,119.!PV+!GP!neurons!largely!

lack!PPE!and!Lhx6!and!tend!to!project!STN,!SNr,!and!reticular!nucleus!of!the!thalamus,!

while!striatalSprojecting!GP!neurons!tend!to!express!PPE+!and!Lhx6+.!Preliminary!

evidence!from!dopamine!manipulations!followed!by!anesthetized!in#vivo!recordings120!

or!gene!expression!assays121!suggest!these!two!cell!groups!may!be!functionally!distinct.!

Nevertheless!these!markers!identify!trends,!not!rules,!in!GP!connectivity!and!no!cell!

types!have!yet!been!linked!to!particular!behaviors!or!circuit!functions.!!
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! In!many!species!including!humans,!neurons!expressing!choline!acetyltransferase!

(ChAT)!are!present!within!and!around!the!GP,!especially!concentrated!at!ventral!and!

posterior!borders122S125.!These!neurons!have!historically!been!considered!the!dorsal!

most!extent!of!the!nucleus!Basalis,!the!tip!of!a!nebulous,!spiraling!collection!of!neurons!

that!project!axons!throughout!the!entire!cortical!mantle126!and!release!the!

neurotransmitter!acetylcholine.!Anatomical!work!combining!anterograde!labeling!with!

light!and!electron!microscopy!demonstrated!that!ChAT+!GP!neurons!did!receive!

asymmetrical!synaptic!contacts!from!putative!iSPNs!of!dorsal!striatum127,128.!However,!

the!relative!sparseness!of!these!synapses!did!not!constitute!the!inclusion!of!ChAT+!cells!

into!the!BG!circuits!that!process!motor,!sensory!and!cognitive.!Instead,!these!cells!have!

been!functionally!grouped!with!other!ChAT+!cells!of!the!basal!forebrain!cholinergic!

system,!which!confer!limbic!information!to!cortex129,!including!attentional!state130,131,!

and!have!important!roles!in!the!synaptic!plasticity!of!cortical!circuits132S134.!

!
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Novel!recombinant!adenoFassociated!viruses!for!Cre!activated!

and!inactivated!transgene!expression!in!neurons!
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Abstract!

Understanding!the!organization!of!the!nervous!system!requires!methods!for!

dissecting!the!contributions!of!each!component!cell!type!to!circuit!function.!One!widely!

used!approach!combines!genetic!targeting!of!Cre!recombinase!to!specific!cell!

populations!with!infection!of!recombinant!adenoSassociated!viruses!(rAAVs)!whose!

transgene!expression!is!activated!by!Cre!(“CreSOn”).!Distinguishing!how!the!CreS

expressing!neurons!differ!functionally!from!neighboring!CreSnegative!neurons!requires!

rAAVs!that!are!inactivated!by!Cre!(“CreSOff”)!and!can!be!used!in!tandem!with!CreSOn!

viruses.!Here!we!introduce!two!rAAV!vectors!that!are!inactivated!by!Cre!and!carry!

different!fluorophore!and!optogenetic!constructs.!We!demonstrate!single!and!dual!rAAV!

systems!to!achieve!CreSOn!and!CreSOff!expression!in!spatiallySintermingled!cell!

populations!of!the!striatum.!Using!these!systems,!we!uncovered!cryptic!genomic!

interactions!that!occur!between!multiple!CreSsensitive!rAAVs!or!between!CreSsensitive!

rAAVs!and!somatic!CreSconditional!alleles!and!devised!methods!to!avoid!these!

interactions.!Our!data!highlight!both!important!experimental!caveats!associated!with!

CreSdependent!rAAV!use!as!well!as!opportunities!for!the!development!of!improved!

rAAVs!for!gene!delivery.!!!

! !
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!

Introduction!

Labeling!and!manipulating!geneticallySdefined!neurons!in#vivo!is!essential!for!

understanding!how!specific!cell!types!contribute!to!brain!function,!but!requires!

methods!to!accurately!introduce!and!potently!express!transgenes.!One!such!method!

combines!transgenic!animals!in!which!siteSspecific!recombinases!(SSRs)!expressed!in!

specific!cell!populations!trigger!transgene!expression!by!activating!DNASbased!

recombinant!adenoSassociated!virus!(rAAV)!vectors!1S3.!!

Cre!recombinase,!like!all!SSRs,!excises!or!recombines!DNA!depending!on!the!

relative!orientation!of!short,!directional!DNA!sequences!4.!The!34!bp!lox!sites,!

recognized!by!Cre,!consist!of!two!13!base!pair!(bp)!palindromic!regions!and!an!

intervening!nonSpalindromic!8!bp!spacer!that!determines!the!orientation!of!the!site.!!

When!two!lox!sites!are!oriented!in!the!same!direction,!Cre!excises!the!DNA!flanked!by!

the!lox!sites,!leaving!a!single!lox!site!behind.!Conversely,!when!the!lox!sites!are!oriented!

in!the!opposite!direction,!Cre!flips!the!flanked!DNA!into!the!antisense!orientation.!Both!

reactions!involve!the!exchange!of!DNA!between!the!two!lox!sites!and!are!normally!

reversible!5.!!!

Differences!in!palindromic!or!spacer!regions!of!lox!sites,!either!naturally!

occurring!6!or!randomly!mutated!7,!can!confer!specificity!to!Cre!recognition.!Exploiting!

lox!variants!that!undergo!variantSspecific!recombination!has!enabled!strategies!for!

making!Cre!recombination!effectively!irreversible!8S10.!The!FLEx!system,!first!used!as!a!

CreSreporter!11!and!then!applied!to!rAAV!transgenes!2,8,!uses!recombination!between!
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two!pairs!of!like!loxP!and!lox2272!sites!to!confer!a!permanent!recombination!event.!!!

Expression!in!the!presence!of!Cre!(“CreSOn”)!is!achieved!by!FLEx!recombination!of!a!

transgene!that!changes!the!orientation!of!the!coding!sequence!with!respect!to!the!

promoter!from!the!antiSsense!to!sense.!Conversely,!inactivation!of!expression!in!the!

presence!of!Cre!(“CreSOff”)!can!be!achieved!by!simply!starting!the!transgene!in!the!

sense!orientation.!!

CreSOn!rAAVs!have!been!used!widely!to!study!the!function!of!CreSexpressing!

neuron!populations!12S14,!whereas!CreSOff!rAAVs,!despite!their!experimental!value,!have!

received!only!minor!attention!8,15.!In!brain!regions!of!transgenic!Cre!animals!with!

intermingled!cell!types,!CreSOff!rAAVs!can!be!used!to!compare!morphology,!

physiological!properties,!or!behavioral!function!with!that!of!CreSexpressing!populations.!!

Whereas!transgenic!Cre!reporter!animals!that!differentially!label!cells!with!and!without!

Cre!expression!are!of!great!utility!16S18,!these!reporters!are!of!limited!use!for!comparing!

cell!populations!from!defined!brain!regions!at!specific!stages!of!development,!since!Cre!

reporting!is!permanent!and!occurs!throughout!the!whole!animal.!CoSinfection!of!CreSOn!

and!CreSOff!rAAVs!would!allow!such!comparisons!to!be!made!in!the!same!animal.!

However,!due!to!our!incomplete!understanding!of!the!AAV!life!cycle!in!cells,!it!is!unclear!

how!transduction!of!multiple!rAAVs!with!engineered!genetic!elements!may!interact!with!

each!other!and!with!engineered!sites!in!the!host!cell!genome.!

Here!we!show!that!the!presence!of!the!same!lox!site!variants!in!the!CreSOn!and!

CreSOff!rAAVs!prevents!their!use!to!simultaneously!target!two!cell!populations.!To!

circumvent!this!problem,!new!rAAVs!were!developed!for!the!simultaneous!manipulation!
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of!multiple!cellSpopulations!via!CreSOn!and!CreSOff!expression!of!transgenes.!Using!the!

FLEx!system!and!a!third!alternative!lox!site,!we!created!a!panel!of!CreSOff!rAAVs!carrying!

geneticallySencoded!fluorophores!or!optogenetic!constructs!(Table!2.1)!and!validated!

two!systems!for!simultaneous!CreSOn!and!CreSOff!expression.!In!addition,!we!identify!

important!caveats!of!using!Cre!sensitive!rAAVs!with!genomic!Cre!conditional!alleles!and!

demonstrate!how!these!can!be!avoided!with!the!new!tools.!!

!
Methods!
rAAV!cloning!and!production!

Cloning!of!DoubleSfloxed!Inverted!Orientation!(DIO)!CreSOn!and!DoubleSfloxed!

Orientation!(DO)!!/!FAS!CreSOff!vectors!was!based!on!the!pAAVSEf1aSDIOS

hChR2(H134R)SmCherrySWPRESpA!vector!from!the!Deisseroth!Lab!

(http://www.stanford.edu/group/dlab/optogenetics/sequence_info.html).!Cloning!and!

sequence!confirmation!was!done!either!in!house!or!outsourced!(Genscript).!DIO!and!DO!

vectors!were!cloned!using!the!Asc1!and!Nhe1!restriction!sites,!introduced!at!the!ends!of!

transgenes!through!transgeneSspecific!primers!and!PCR!amplification.!All!transgenes!

were!amplified!from!existing!vectors!except!for!ChETASTdTomato,!which!was!custom!

synthesized!(Genscript).!For!DIO!cloning,!the!Asc1!site!was!NSTerminal!and!the!Nhe1!site!

CSTerminal!with!respect!to!the!transgene;!for!DO!cloning,!the!sites!were!reversed.!All!NS

Terminal!sites!included!a!Kozak!sequence!(GCCACC)!directly!preceding!the!start!codon.!!

To!generate!FAS!vectors,!a!custom!insert!was!synthesized!to!replace!the!FLEx!insert!and!

subScloned!into!the!original!pAAVSEf1aSDIOShChR2(H134R)SmCherrySWPRESpA!backbone!

using!BamHI!and!EcoRI!sites.!The!FAS!insert!preserves!the!original!multiple!cloning!site!
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of!the!FLEx!insert!and!contains!Asc1!and!Nhe1!sites!within!the!FAS!sites!which!were!

used!to!subclone!the!other!FAS!transgenes.!Full!maps!and!clones!are!available!on!

Addgene!(http://www.addgene.org/).!

All! vectors! were! amplified! with! recombination! deficient! bacteria! (OneShot!

Stbl3,!Invitrogen)!and!tested!functionally!for!CreSOn!and!CreSOff!expression!by!calcium!

phosphate! transfection! (Invitrogen)! into! HEK! 293! cells,! HEK! 293! cells! constitutively!

expressing!Cre!19,!or!HEK!293!cells!coStransfected!with!fluorophore!tagged!Cre.!After!2S6!

days! of! expression,! fluorescence! was! compared! across! conditions! to! ensure! that!

transgene!expression!was!Cre!sensitive.!Functional!vectors!were!packaged!as!serotype!8!

by!a!commercial!vector!core!facility!(University!of!North!Carolina).!!!

!

Stereotaxic!injections!

For! intracranial! injections,! postSnatal! day! 14! S! 40!mice!were! anesthetized!with!

isofluorane! and! placed! into! a! stereotaxic! apparatus.! For! coSinjections,! viruses! were!

mixed! at! ratios! that! were! adjusted! empirically! to! achieve! approximately! equal!

expression! levels! of!GFP!and!mCherry/TdTomato! fluorophores.!Virus!was!delivered! at!

100!nl/minute!using!a!Microinject!system!(WPI).!Striatum!was!targeted!by!directing!the!

needle! approximately! 0.9!mm!anterior! and! 2.4!mm! lateral! from!Bregma! and! 2.1!mm!

from! the! pial! surface.! Cortical! injections! were! targeted! using! the! same! anteriorS

posterior!and!medialSlateral!coordinates,!but!the!needle!was!directed!0.4!mm!from!the!

pial! surface.!Coordinates!were!adjusted! slightly!by!age!and!300S1000!nl!were! injected!

bilaterally.!Following!injections!and!wound!closure,!mice!received!ketoprofen!(10mg/kg)!
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for!analgesia!and!were!returned!to!home!cages!for!3S4!weeks.!All!surgical!procedures,!

animal!handling,!and!euthanasia!were!carried!out!in!accordance!with!federal!guidelines!

and!were! approved! by! the!Harvard!Medical! School! Institutional! Animal! Care! and!Use!

Committee.!

!

Fixed!tissue!preparation,!immunostaining!and!imaging!!

Isoflorane!anesthetized!mice!were!transcardially!perfused!with!4%!

paraformaldehyde!and!the!brains!were!postSfixed!for!1S7!days.!Brains!were!sectioned!

coronally!or!sagitally!at!40S50!µm!thickness!using!a!Vibratome.!No!immuneS

enhancement!was!used!to!increase!the!signal!of!native!fluorophores.!For!Cre!

immunohistochemistry,!slices!were!incubated!overnight!at!4°C!with!mouse!antiSCre!

antibody!(1:250,!Millipore)!in!1x!PBS!containing!5%!normal!goat!serum!(GIBCO)!and!

0.3%!TritonXS100.!The!following!day,!tissue!was!rinsed!in!PBS,!reacted!with!goat!antiS

mouse!Alexa!647!(1:500,!Molecular!Probes)!for!1!hour!at!room!temperature!in!the!same!

blocking!buffer!as!for!the!primary!antibody!reaction.!Slices!were!rinsed,!mounted!onto!

superfrost!slides,!dried!and!coverslipped!under!ProLong!antifade!reagent!with!DAPI!

(Molecular!Probes).!WholeSslide!images!were!acquired!with!a!VS110!slice!scanning!

microscope!(Olympus).!To!determine!fluorophore!coSexpression,!confocal!stacks!were!

taken!with!a!Zeiss!LSM!150!or!Olympus!FV1000!and!analyzed!using!ImageJ.!!!
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Results!
We!used!the!DoubleSfloxed!Inverted!Orientation!(DIO)!CreSOn!vector!pAAVSEf1aS

DIOShChR2(H134R)SmCherrySWPRESpA!2!as!the!parent!vector!to!generate!DoubleSfloxed!

Orientation!(DO)!CreSOff!vectors!by!cloning!fluorophores!and!optogenetic!constructs!in!

the!forward!orientation!with!respect!to!the!Ef1a!promoter!(Figure!2.1).!These!DO!

vectors!(Table!2.1)!express!the!encoded!protein!until!CreSmediated!recombination!

reverses!the!orientation!of!the!transgene,!leading!to!the!transcription!of!nonSfunctional!

mRNA!(Figure!2.1A).!In!addition,!we!generated!CreSSwitch!vectors!in!which!the!coding!

sequences!for!two!proteins!are!inserted!with!inverted!orientations!relative!to!each!

other!such!that!CreSmediated!recombination!and!inversion!switches!which!protein!is!

expressed!(Figure!2.1A).!Lastly,!the!alternative!lox!site!“FAS”!6!was!used!to!generate!an!

independent!FAS!CreSOff!vector!in!which!the!coding!sequence!of!the!protein!of!interest!

is!flanked!by!two!FAS!sites!and!is!excised!by!Cre!recombinase,!turning!off!expression!

(Figure!2.1B).!All!vectors!generated!for!this!study,!as!well!as!additional!CreSOn!and!CreS

Off!viruses!of!similar!design!(Table!2.1),!are!available!from!Addgene!

(http://www.addgene.org/).!!!

To!test!the!CreSOff!vectors,!we!took!advantage!of!the!anatomy!of!the!striatum.!

The!vast!majority!(>!95%)!of!striatal!neurons!are!medium!spiny!neurons!(MSNs),!which!

provide!the!only!striatal!output.!MSNs!come!in!two!types!which!can!be!grouped!by!

axonal!projection!pattern!and!dopamine!receptor!expression!20.!Indirect!pathway!

(iMSNs)!express!the!dopamine!receptor!2!(D2)!and!project!exclusively!to!the!Globus!

Pallidus!(GP).!Direct!pathway!MSNs!(dMSNs)!express!the!dopamine!receptor!1!(D1)!and!

project!primarily!to!the!Substantia!Nigra!reticulata!(SNr)!as!well!as!a!!



!41!

Table!2.1.!rAAV!vectors!and!transgenes!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
! !
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Figure!2.1.!!Strategies!to!achieve!CreFdependent!rAAV!transgene!expression!!

A.!Oppositely!oriented!loxP!(grey!triangle)!and!lox2272!(black!triangle)!sites!permit!CreS

mediated!recombination!and!inversion!of!the!flanked!transgene!with!respect!to!the!EFS

1α!promoter.!!Downstream!sequences!stabilize!the!mRNA!(woodchuck!polyresponse!

element,!WPRE)!and!trigger!polyadenylation!(human!growth!hormone!polyadenylation,!

hGH!polyA).!!After!recombination,!the!transgene!is!flanked!by!one!loxP!and!one!lox2272!

site,!which!do!not!recombine!efficiently,!effectively!locking!the!transgene!into!position.!

The!starting!orientation!of!the!transgene!determines!the!Cre!dependence!of!expression.!!

The!doubleSfloxed!orientation!(1,!DO)!configuration,!in!which!the!open!reading!frame!

(ORF)!of!the!transgene!begins!in!the!functional!orientation!with!respect!to!the!

promoter,!maintains!expression!only!in!cells!lacking!Cre!(CreSOff).!!In!the!opposite!

starting!orientation,!the!doubleSfloxed!inverted!(2,!DIO)!ORF!must!be!recombined!to!be!

functional!and!expression!is!achieved!only!in!Cre!expressing!cells!(CreSOn).!!A!single!

transgene!containing!two!ORFs!oriented!oppositely!with!respect!to!each!other!and!

separated!by!stop!codons!(3,!CreSSwitch)!switches!expression!between!the!two!ORFs!

depending!on!Cre!expression.!!For!CreSSwitch!transgenes,!the!first,!forward!orientated!

ORF!is!expressed!in!Cre!negative!cells!whereas!the!second,!inverted!ORF!is!activated!in!

Cre!positive!cells.!ITR!=!inverted!terminal!repeats.!!!

B.!CreSOff!control!of!transgene!expression!can!also!be!achieved!by!CreSbased!excision!of!

the!ORF!using!alternative!lox!FAS!sites.!!loxFAS!sites!flank!the!ORF!and!are!oriented!in!

the!same!direction!such!that!the!flanked!sequence!is!excised!by!Cre.!!!

! !
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Figure!2.1!(Continued)!

! !
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more!minimal!axon!collateral!in!the!GP!21.!!Since!dMSNs!and!iMSNs!are!equal!in!number,!

spatially!intermingled,!and!selectively!targetable!for!Cre!expression!using!BAC!

transgenes!22,!the!anatomy!of!the!striatum!provides!an!ideal!test!system!for!CreSOn!and!

CreSOff!rAAVs.!!!

Using!transgenic!mice!in!which!Cre!expression!is!driven!by!the!dopamine!

receptor!2!regulatory!sequences!(D2SCre)!22!and!thus!restricted!to!iMSNs,!we!infected!

the!striata!with!DIOSGFP!or!DOSmCherry!rAAVs!and!compared!the!GFP/mCherry+!

projections!in!sagittal!slices!of!fixed!tissue!3S4!weeks!postSinfection.!As!expected,!DIOS

GFP!expression!was!restricted!to!projections!to!the!GP,!the!sole!innervation!zone!of!

iMSNs!(Figure!2.2A).!Conversely,!DOSmCherry!expression!was!restricted!to!projections!

that!provided!a!very!minimal!arbor!in!the!GP!but!a!large!arbor!in!the!SNr,!the!main!

innervation!zone!of!dMSNs!(Figure!2.2B).!These!anatomical!results!suggest!that!DOSGFP!

expression!was!excluded!from!CreSexpressing!iMSNs.!

To!quantify!the!efficiency!with!which!stable,!transgenic!Cre!expression!turns!off!

DO!rAAV!expression,!CreSexpressing!(Cre+)!neurons!in!the!striatum!of!D2SCre!mice!

infected!with!DOSGFP!were!identified!with!an!antibody!against!Cre.!Confocal!imaging!of!

the!infection!zone!and!quantification!of!the!number!of!cells!positive!for!Cre!and/or!GFP!

revealed!that!of!692!Cre+!and!496!GFP+!cells!(N=4!infections)!only!1!cell!was!doubleS

positive!(Figure!2.2C).!Similarly,!to!quantify!the!ability!of!virally!introduced!Cre!to!turn!

off!DO!expression,!we!infected!the!striata!of!wildStype!mice!simultaneously!with!rAAVs!

carrying!CreSmCherry!and!DOSGFP!at!titers!that!resulted!in!roughly!equal!numbers!of!

cells!expressing!CreSmCherry!and!GFP!(Figure!2.2D).!After!3S4!weeks!of!infection,!of!295!!
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Figure!2.2.!DIO!and!DO!rAAVs!achieve!CreFOn!and!CreFOff!expression!but!exhibit!

interfering!interactions!when!coFinfected.!!!

A.!!Sagittal!section!through!a!D2SCre!mouse!infected!with!DIOSGFP!in!the!striatum.!!GFP+!

axons!emanating!from!the!striatal!infection!innervate!the!globus!pallidus!(GP),!the!

target!of!indirect!pathway!medium!spiny!neurons!(iMSNs).!No!GFP+!expression!is!

observed!in!the!substantia!nigra!reticulata!(SNr,!inset).!!COR!=!cortex,!STR!=!striatum.!

B.!Sagittal!section!through!a!D2SCre!mouse!infected!with!DOSmCherry!in!the!striatum!

such!that!mCherry!expression!is!excluded!from!iMSNs.!!mCherry+!axons!leaving!the!

striatum!innervate!the!SNr!(inset),!consistent!with!expression!in!direct!pathway!MSNs!

(dMSNs).!!

C.!!Antibody!staining!against!Cre!in!D2SCre!striatum!infected!with!DOSmCherry!reveals!

that!Cre!efficiently!turns!off!mCherry!expression,!indicative!of!CreSOff!behavior.!!top,!a!

single!confocal!plane!showing!mCherry!expression!excluded!from!cells!with!Cre+!nuclei.!!

bottom,#Quantification!of!coSexpression!of!Cre!and!mCherry!(N=4!infections,!N=1,187!

cells)!reveals!that!mCherry!expression!(N=495!cells)!was!almost!completely!excluded!

from!Cre+!cells!(N=1/691!cells!doubleSpositive!for!mCherry!and!Cre).!!!

D.!CoSinfection!of!rAAVs!encoding!a!CreSmCherry!fusion!and!DOSGFP!into!the!striatum!of!

a!wild!type!(WT)!mouse!efficiently!prevents!GFP!expression!in!CreSmCherry!expressing!

cells.!!top,#a!single!confocal!plane!containing!interspersed!mCherry+!and!GFP+!cells.!!Note!

that!the!mCherry!expression!is!nuclear!due!to!nuclear!targeting!of!Cre.!!The!arrowhead!

indicates!a!cell!coSexpressing!mCherry!and!GFP.!bottom,!confocal!imaging!of!infected!

tissue!(N=2!infections,!N=521!cells)!reveals!that!cells!expressing!CreSmCherry!(N=237)!!!
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Figure!2.2!(Continued)!

and!cells!expressing!GFP!(N=284)!are!largely!nonSoverlapping!(N=11/521!cells!were!

doubleSpositive!for!both!fluorophores).!!

E.!!Sagittal!section!through!a!D2SCre!mouse!infected!with!DIOSmCherry!and!DOSGFP!in!

the!striatum.!!Despite!the!physical!intermixing!of!Cre!positive!and!negative!neurons!in!

the!striatum,!the!resulting!GFP!and!mCherry!expression!is!spatially!segregated.!!!below,!

separate!visualization!of!the!green!and!red!fluorescence!channels!demonstrates!that!

mCherry!is!excluded!from!of!the!striatal!volume!expressing!GFP.!!!

F.!!Normalized!mean!fluorescent!values!for!GFP!and!mCherry!quantified!from!boxed!

inset!in!E,!bottom#right.!!!

G.!!Confocal!imaging!around!the!border!regions!(N=2!infections,!N=865!cells)!containing!

both!GFP+!(N=529)!and!mCherry+!(N=336)!cells!revealed!no!overlap!in!expression.!!!

! !
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Figure!2.2!(Continued)!
!
! !
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CreSmCherry+!and!237!GFP+!cells,!11!cells!were!double!positive!(N=4!infections).!!Thus,!

either!constitutive!expression!of!Cre!from!a!BAC!or!simultaneous!viral!introduction!of!

Cre!efficiently!turns!off!expression!of!DO!rAAVs.!

!

Interference!of!expression!with!coFinfection!of!DIO!and!DO!viruses!

Many!experiments!would!benefit!from!simultaneous!expression!of!different!

transgenes!in!CreSexpressing!and!nonSCre!expressing!cell!populations.!!We!tested!

whether!DIO!and!DO!rAAVs!can!be!used!to!target!expression!to!distinct!cell!populations!

by!simultaneously!infecting!the!striata!of!D2SCre!mice!with!DIOSmCherry!and!DOSGFP!

(Figure!2.2E).!!While!both!mCherry+!and!GFP+!cells!were!observed!in!striatum,!their!

fluorescent!signals!were!not!intermingled:!GFP!expression!dominated!around!the!

injection!site,!whereas!mCherry!expression!was!strongest!on!the!edges!of!the!infection!

volume.!This!mutually!exclusive!expression!pattern!was!quantified!by!comparing!the!

GFP!and!mCherry!fluorescence!signals!in!the!infected!area!(Figure!2.2F).!Despite!the!lack!

of!intermingled!expression,!the!Cre!dependence!of!the!CreSOn!and!CreSOff!rAAVs!was!

maintained,!as!GFP+!and!mCherry+!axons!were!restricted!to!the!GP!and!SNr!respectively,!

and!confocal!imaging!in!the!small!border!areas!containing!intermingled!GFP!and!

mCherry!expressing!cells!demonstrated!nonSoverlapping!expression!at!the!cellular!level!

(Figure!2.2G):!of!336!mCherry+!cells!and!529!GFP+!cells,!none!expressed!both!

fluorophores!(N=4!infections).!!

!

!
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CreFSwitch!and!alternative!CreFOff!systems!

We!hypothesized!that!the!lack!of!DIO!CreSOn!expression!in!striatal!volumes!with!

strong!DO!CreSOff!expression!was!due!to!the!presence!of!loxP!and!lox2272!sites!in!both!

vectors.!We!therefore!designed!two!new!CreSsensitive!rAAV!vectors!to!achieve!

simultaneous!CreSOn!and!CreSOff!expression.!We!tested!whether!differential!CreSOn!

and!CreSOff!expression!could!be!achieved!using!CreSmediated!inversion!of!a!single!

transgene!11.!!This!“CreSSwitch”!transgene!encodes!two!open!reading!frames!positioned!

backStoSback!but!in!inverted!orientations!such!that!the!coding!sequence!located!next!to!

the!promoter!is!in!the!sense!orientation!(Figure!2.1A).!We!synthesized!a!CreSSwitch!

transgene!encoding!CreSOff!TdTomato!and!CreSOn!GFP,!and!injected!the!rAAV!

containing!this!construct!into!the!striata!of!mice!where!Cre!is!expressed!behind!the!

dopamine!receptor!1!regulatory!sequences!(D1SCre)!and!is!thus!restricted!to!dMSNs.!!

(Figure!2.3)!22.!GFP!and!TdTomato!expressing!cells!were!intermingled!within!the!

striatum!(Figure!2.3A,!top!left)!and!quantification!of!normalized!average!GFP!and!

TdTomato!signals!revealed!no!spatial!interference!(Figure!2.3B).!Consistent!with!

differential!Cre!expression,!CreSOn!GFP+!projections!were!observed!in!the!SNr,!while!

CreSOff!TdTomato+!projections!were!visible!in!the!GP!(Figure!2.3A).!Confocal!microscopy!

revealed!that!of!494!GFP+!cells,!and!307!TdTomato+!cells,!only!5!cells!were!doubleS

positive!(N=3!infections).!Since!TdTomato!is!expressed!in!the!absence!of!Cre,!the!larger!

proportion!of!GFP+!vs.!TdTomato+!cells!likely!reflects!undetectably!low!levels!of!

TdTomato!expression!rather!than!inefficient!recombination.!Thus!CreSSwitch!transgenes!!

!
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!
Figure!2.3.!A!single!orientation!switching!transgene!can!mediate!CreFOn!and!CreFOff!

expression!without!spatial!interference.!!!

A.!!Left,!Sagittal!section!through!a!D1SCre!mouse!infected!with!a!CreSSwitch!transgene!

encoding!CreSOff!TdTomato!and!CreSOn!GFP!in!the!striatum.!!Right,!more!medial!section!

containing!the!GP!and!both!TdTomato+!and!GFP+!projections.!Bottom,!GFP!and!

TdTomato!fluorescence!is!spatially!intermingled.!

B.!!Normalized!mean!fluorescent!values!for!GFP!and!TdTomato!quantified!from!boxed!

inset!in!A,!bottom#right.!!

C.!!Confocal!imaging!through!the!infection!volume!(N=3!infections,!N=796!cells)!revealed!

that!GFP!(N=489!cells)!and!TdTomato!(N=302!cells)!were!expressed!in!largely!nonS

overlapping!cell!populations!(N=7/791!cells!were!doubleSpositive!for!GFP!and!

TdTomato).!!

!

!

!

!

!

!

!

!

!

!
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Figure!2.3!(Continued)!
! !
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!

efficiently!target!the!expression!of!different!transgenes!to!CreSexpressing!and!nonS

expressing!cell!populations.!!!

CreSSwitch!transgenes!are!limited!both!by!the!small!packaging!capacity!of!rAAVs!

and!the!cost!associated!with!building!unique!rAAVs!to!achieve!the!desired!combinations!

of!transgenes!for!expression!targeting.!!We!therefore!designed!an!alternative!CreSOff!

rAAV!vector!that!could!be!coSinfected!with!DIO!CreSOn!vectors!without!spatial!

interference.!Based!on!our!hypothesis!that!spatial!interference!results!from!shared!lox!

sites!on!the!CreSOn!and!CreSOff!vectors,!we!designed!a!set!of!CreSOff!rAAVs!that!uses!

the!FAS!lox!site!variant!(Table!2.1).!LoxFAS!sites!do!not!undergo!efficient!recombination!

with!either!loxP!or!lox2272!in!bacteria!6.!To!achieve!CreSOff!expression,!the!sense!

oriented!rAAV!transgene!was!flanked!by!loxFAS!sites!oriented!in!the!same!direction!

(Figure!2.1B),!leading!to!CreSmediated!excision!of!the!flanked!transgene.!!The!CreSOff!

FAS!vector,!henceforth!called!FAS,!was!tested!by!injecting!FASStdTomato!into!the!striata!

of!D2SCre!and!D1SCre!mice!and!examining!the!labeled!projections!(Figure!2.4).!!Cre!

expression!in!iMSNs!resulted!in!large!TdTomato+!arborizations!to!the!SNr!but!only!minor!

arborizations!in!GP!(Figure!2.4A)!whereas!Cre!expression!in!dMSNs!resulted!in!a!large!

arborization!in!GP!and!no!expression!in!SNr!(Figure!2.4B),!indicating!that!Cre!efficiently!

eliminates!FAS!rAAV!transgene!expression.!!!

The!efficiency!of!stable!transgenic!Cre!expression!in!turning!off!FAS!expression!

was!quantified!in!fixed!slices!of!striatum!of!D2SCre!mice!infected!with!FASSTdTomato!!
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Figure!2.4.!LoxFAS!excision!achieves!efficient!CreFOff!rAAV!expression!that!does!not!

interfere!with!DIO!CreFOn!expression.!

A.!Sagittal!section!through!a!D2SCre!mouse!infected!with!FASSTdTomato!in!the!striatum.!!

TdTomato!is!excluded!from!iMSNs.!!TdTomato+!axons!arborize!in!the!SNr!(inset)!but!only!

minimally!in!the!GP,!consistent!with!expression!in!dMSNs.!

B.!!Sagittal!section!through!a!D1SCre!mouse!infected!with!FASSTdTomato!in!the!striatum.!!

TdTomato!expression!is!excluded!from!dMSNs.!!TdTomato+!axons!leaving!the!striatum!

target!the!GP,!but!not!the!SNr!(inset),!consistent!with!exclusion!from!dMSNs.!

C.!Antibody!staining!against!Cre!in!D2SCre!striatum!infected!with!FASSTdTomato!reveals!

efficient!CreSOff!expression!in!the!presence!of!Cre.!!top,!a!single!confocal!plane!showing!

Cre+!nuclei!excluded!from!interspersed!TdTomato+!cells.!!bottom,!confocal!imaging!

through!infected!and!stained!tissue!volumes!(N=4!infections,!N=929!cells)!revealed!that!!

TdTomato!expression!(N=477!cells)!was!completely!absent!in!Cre+!cells!(N=452).!!!

D.!CoSinfection!of!rAAVs!CreSGFP!and!FASSTdTomato!into!the!striatum!of!a!wild!type!

(WT)!mouse!leads!to!efficient!exclusion!of!TdTomato!in!CreSGFP!expressing!cells.!!top,#a!

single!confocal!plane!containing!interspersed!GFP+!and!TdTomato+!cells.!!Note!that!the!

GFP!expression!is!nuclear!due!to!the!targeting!of!Cre.!!The!arrowheads!indicate!cells!coS

expressing!GFP!and!TdTomato.!bottom,!confocal!imaging!of!volumes!of!infected!tissue!

(4!infections,!N=1,258!cells)!reveal!that!a!small!fraction!of!the!total!GFP!!expressing!cells!

(N=948)!also!expressed!TdTomato!(N=40!cells).!!Conversely,!the!majority!of!TdTomato+!

cells!(N=610)!did!not!express!CreSGFP.!

!
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Figure!2.4!(Continued)!

E.!Sagittal!section!through!a!D2SCre!mouse!infected!with!DIOSGFP!and!FASSTdTomato!in!

the!striatum.!GFP+!axons!arborize!in!the!GP,!whereas!TdTomato+!axons!pass!through!GP!

en!route!to!the!SNr.!bottom,!GFP!and!TdTomato!signals!exhibit!spatially!intermingled!

expression!patterns.!!!

F.!!Normalized!mean!fluorescent!values!for!GFP!and!TdTomato!quantified!from!boxed!

inset!in!E,!bottom#right.!!GFP!and!TdTomato!expression!levels!mirror!each!other!

throughout!the!infection!area.!!!

G.!Confocal!imaging!through!infected!volumes!(N=3!infections,!N=1116!cells)!revealed!

that!DIO!and!FAS!coSinfection!targeted!expression!to!mostly!nonSoverlapping!cell!

populations!(FASSTdTomato,!N=!578!cells;!DIOSGFP,!N=519;!FASSTdTomato!and!DIOSGFP,!

N=19).!!!

! !
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Figure!2.4!(Continued)!
! !
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and!immunostained!for!Cre!(Figure!2.4C).!Of!477!TdTomato+!cells!and!452!Cre+!cells,!no!

cells!were!doubleSpositive!(N=4!infections).!Thus!stable!transgenic!Cre!expression!

efficiently!eliminates!FAS!rAAV!transgene!expression,!leading!to!undetectable!

fluorophore!expression!within!3S4!weeks.!!!

To!quantify!the!efficiency!of!virally!introduced!Cre!to!turn!off!FAS!expression,!we!

infected!the!striata!of!wildStype!mice!simultaneously!with!rAAVs!carrying!CreSGFP!and!

FASSTdTomato!at!titers!where!approximately!equal!numbers!of!cells!expressed!CreS

mCherry!and!GFP!(Figure!2.4D).!!We!used!confocal!microscopy!to!image!areas!of!the!

infection!zone!with!interspersed!CreSGFP!and!TdTomato!expressing!cells!and!quantified!

the!number!of!cells!positive!for!CreSGFP,!TdTomato,!or!doubleSpositive!for!both.!!Of!948!

CreSGFP+!and!650!TdTomato+!cells,!40!were!doubleSpositive!(N=4!infections).!Thus!viral!

introduction!of!Cre!efficiently!turns!off!expression!of!simultaneously!infected!FAS!rAAVs.!!

To!test!whether!CreSOff!FAS!and!CreSOn!DIO!rAAVs!could!be!coSinfected!without!

spatial!interference,!FASSTdTomato!and!DIOSGFP!were!injected!into!the!striatum!of!D2S

Cre!mice!(Figure!2.4E).!!GFP+!and!TdTomato+!cells!were!intermingled!in!the!striatum!and!

did!not!exhibit!interference!(Figure!2.4F).!!GFP+!but!not!TdTomato+!projections!were!

observed!in!the!GP!and!only!TdTomato+!were!observed!en!route!to!the!SNr,!consistent!

with!CreSOn!GFP!expression!in!iMSNs!and!CreSOff!TdTomato!expression!in!dMSNs.!!

Confocal!microscopy!revealed!that!of!519!GFP+!cells,!and!578!TdTomato+!cells,!19!cells!

were!doubleSpositive!(Figure!2.4G)!(N=4!infections).!!Thus!coSinfection!of!FAS!and!DIO!

rAAVs!targets!efficient!CreSOff!and!CreSOn!expression!without!spatial!interference.!!!

!
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CreFOn/Off!viral!use!in!mice!with!CreFconditional!alleles!

CreSreporter!alleles!are!used!to!visualize!the!spatial!distribution!of!cells!that!have!

expressed!Cre!at!any!point!in!development.!!Cre!activates!the!reporter!by!excising!a!stop!

cassette!flanked!by!loxP!sites!and!located!between!the!promoter!and!the!reporter!gene!

23.!!Many!anatomical!or!physiological!experiments!would!benefit!from!simultaneous!

labeling!of!a!CreSreporter!and!CreSOn!or!CreSOff!rAAVs.!!We!used!a!mouse!in!which!Cre!

expression!is!driven!under!the!regulatory!control!of!Parvalbumin!and!reported!by!

TdTomato!fluorescence!(PVSCre;Ai9SlslStdTomato)!to!test!whether!CreSOff!rAAV!labeling!

could!be!used!in!conjunction!with!a!Cre!reporter!allele!23.!!Injection!of!DOSGFP!into!the!

cortex!of!PVSCre;Ai9SlslStdTomato!mouse,!resulted!in!a!robust!drop!in!TdTomato!

reporter!fluorescence!in!the!infection!area!(Figure!2.5A),!indicating!shutSdown!of!the!

previously!active!genomic!allele.!!Quantification!of!normalized!average!GFP!and!

TdTomato!signals!illustrates!this!inverse!relationship!between!expression!levels!of!the!

two!fluorophores!(Figure!2.5B).!In!contrast,!when!CreSOff!FASSGFP!was!injected,!no!

reduction!in!TdTomato!reporter!fluorescence!was!observed!(Figure!2.5C).!!

Quantification!of!normalized!average!GFP!and!TdTomato!signals!illustrates!no!spatial!

interference!between!the!two!fluorophores!in!this!case!(Figure!2.5D).!

Confocal!microscopy!demonstrated!that!fluorophore!expression!from!DOS!and!

FASSbased!CreSoff!viruses!was!efficiently!excluded!from!PVSCre!cortical!interneurons.!!Of!

527!DOSGFP+!cells!and!43!TdTomato+!cells,!none!were!double!positive!(N=2!infections)!

(Figure!2.5E).!!!

! !
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Figure!2.5.!CreFOff!infection!with!DO!rAAV!interferes!with!the!expression!of!

fluorescent!Cre!reporter!allele!whereas!infection!with!FAS!rAAV!does!not.!

A.!!Coronal!section!through!the!cortex!of!PVSCre;Ai9SlslSTdTomato!mouse!after!infection!

with!DOSGFP.!!Separate!GFP!and!TdTomato!fluorescent!channels!demonstrate!that!Cre!

reporter!fluorescence!is!drastically!reduced!in!the!area!of!DOSGFP!infection.!!!

B.!!Normalized!mean!fluorescent!values!for!GFP!and!TdTomato!quantified!from!boxed!

inset!in!A.!!!

C.!Coronal!section!through!the!cortex!of!PVSCre;!Ai9SlslSTdTomato!mouse!after!infection!

with!FASSGFP.!!Separate!GFP!and!TdTomato!fluorescent!channels!demonstrate!that!Cre!

reporter!fluorescence!is!not!reduced!in!the!area!of!FASSGFP!infection.!!!

D.!!Normalized!mean!fluorescent!values!for!GFP!and!TdTomato!quantified!from!boxed!

inset!in!C.!!!

E.!!DOSGFP!expression!is!excluded!from!remaining!TdTomato+!cells!in!the!conditions!

shown!in!(A).!!top,#a!single!confocal!plane!at!the!border!region!of!the!infection!

containing!both!TdTomato+!and!GFP+!cells.!!bottom,!confocal!imaging!of!volumes!of!

infected!tissue!(N=2!infections,!N=527!GFP+!cells!,!N=43!TdTomato+!cells)!reveal!GFP!

expression!is!excluded!from!TdTomato+!cells.!!!

F.!!FASSGFP!expression!is!excluded!from!TdTomato+!cells!in!the!conditions!shown!in!(C).!!

top,#a!single!confocal!plane!of!the!infection!containing!both!TdTomato+!and!GFP+!cells.!!

bottom,!confocal!imaging!of!volumes!of!infected!tissue!(N=2!infections,!N=177!GFP+!

cells,!N=105!TdTomato+!cells)!reveal!GFP!expression!is!almost!completely!excluded!from!

TdTomato+!cells!(N=1/282!cells!doubleSpositive!for!GFP!!and!TdTomato).!
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Figure!2.5!(Continued)!

! !
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Of!177!FASSGFP+!cells!and!105!TdTomato+!cells,!1!was!doubleSpositive!(N=2!infections)!

(Figure!2.5F).!Exclusion!of!GFP!from!TdTomato+!cells!suggests!that!Cre!was!present!in!

these!cortical!PVSCre!cells!at!the!time!of!infection!and!efficiently!recombines!or!excises!

the!transgene!to!turn!off!GFP!expression.!!

!

CoFexpression!of!multiple!rAAV!transgenes!

Due!to!the!limited!packaging!capacity!of!rAAVs,!infecting!multiple!CreSOn!or!CreS

Off!rAAVs!may!be!an!effective!way!to!introduce!more!than!one!transgene!in!the!same!

cell!populations.!We!tested!whether!multiple!CreSOn!or!CreSOff!rAAVs!could!be!coS

infected!without!spatial!interference!of!transgene!expression!by!infecting!the!striatum!

and!quantifying!GFP!and!mCherry/TdTomato!fluorescence.!CoSinfection!of!the!striatum!

of!D2SCre!mice!with!DIOSmCherry!and!DIOSGFP!resulted!in!similar!levels!of!mCherry!and!

GFP!expression!(Figure!2.6A)!without!spatial!interference.!CoSinfection!of!the!striatum!

from!wild!type!mice!with!3!different!CreSOff!rAAV!combinations!(DO+DO,!DO+FAS,!and!

FAS+FAS)!also!resulted!in!expression!patterns!lacking!spatial!interference!(Figure!2.6BS

D).!!!!

!

!

!

!

!

!
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!

!

Figure!2.6.!!CoFinfection!with!DIO!or!DO/FAS!rAAVs!drives!coFexpression!without!

spatial!interference.!!!

A.!Infection!of!multiple!DIO!CreSOn!rAAVs!results!in!coSexpression!of!transgenes!without!

interference.!!left,!a!sagittal!section!of!a!D2SCre!mouse!infected!with!DIOSGFP!and!DIOS

mCherry!in!the!striatum.!!right,!normalized!mean!fluorescent!values!for!GFP!and!

mCherry!quantified!from!boxed!inset!in!A.!!!

BFD.!Infection!of!multiple!CreSOff!rAAVs!results!in!coSexpression!of!transgenes!without!

spatial!interference.!!left,!sagittal!sections!from!wild!type!mice!infected!with!B.!DOS

mCherry!+!DOSGFP,!C.!DOSmCherry!+!FASSGFP!or!!D.!FASSTdTomato!+!FASSGFP!in!the!

striatum.!!right,!normalized!mean!fluorescent!values!for!GFP!and!mCherry/TdTomato!

quantified!from!boxed!inset!in!to!the!left.!!!

! !
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Figure!2.6!(Continued)!
! !
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Discussion!

Achieving!Intermingled!Cre<On!and!Cre<Off!rAAV!expression!

We!designed!rAAV!expression!vectors!that!allow!different!transgenes!to!be!

simultaneously!targeted!to!spatially!intermingled!cell!populations!with!and!without!Cre.!

Although!the!FLEx!system!is!widely!used!to!achieve!CreSOn!(DIO)!expression,!CreSOff!

rAAVs!are!not!readily!available.!Therefore,!we!used!the!FLEx!system!to!generate!CreSOff!

rAAVs!(DO)!and!confirmed!the!efficacy!of!this!design!using!striatal!injections.!High!

efficiency!CreSOn!and!CreSOff!expression!when!each!system!is!used!in!isolation!was!!

confirmed!both!for!constitutive!genomic!Cre!expression!as!well!as!for!acute!virallyS

induced!Cre!expression.!

Whereas!DIO!and!DO!rAAVs!achieve!the!expected!CreSOn!and!CreSOff!expression!

when!injected!individually,!when!coSinfected,!DIO!expression!was!absent!in!areas!with!

DO!expression.!This!data!suggests!that!many!cells!within!the!infection!volume!were!

transduced!by!both!DIO!and!DO!rAAV!particles,!yet!expression!failed!to!occur!only!in!Cre!

expressing!cells.!However,!the!presence!of!Cre!and!multiple!FLEx!rAAVs!is!not!sufficient!

for!interference,!since!DIO/DIO!rAAV!coSinfection!led!to!robust!expression!from!both!

vectors.!The!absence!of!DO!expression!at!the!periphery!of!the!example!infection!was!

not!present!in!all!DIO!and!DO!combinations!and!thus!likely!represents!a!lack!of!DO!rAAV!

spread!and!infection!rather!than!CreSindependent!interference.!Therefore!the!

interference!we!describe!requires!Cre!and!FLEx!rAAVs!with!oppositely!oriented!

transgenes.!!!
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Although!the!exact!nature!of!the!destructive,!CreSdependent!interference!

occurring!between!DIO!and!DO!rAAVs!present!in!the!same!cell!is!unknown,!we!

hypothesize!that!it!resulted!from!intermolecular!recombination!involving!loxP!and!

lox2272!sites.!Intermolecular!recombination!between!rAAVs!is!well!documented!24.!!

rAAV!genomes!are!single!stranded!but!most!undergo!second!strand!synthesis!in!the!

nucleus!before!becoming!competent!for!transgene!expression.!Double!strand!synthesis!

is!initiated!through!selfSpriming!DNA!hairpins!formed!by!the!inverted!terminal!repeats!

(ITRs).!These!single!stranded!rAAVs!are!subject!to!other!types!of!folding!based!on!DNA!

complementarity!and!these!interactions!can!mediate!both!intraS!and!interSmolecular!

recombination!24,25!and!can!be!exploited!to!fuse!two!independent!rAAV!genomes!into!a!

single!expression!system!26S28.!Lox!sites!could!therefore!be!a!feasible!substrate!for!CreS

dependent!intermolecular!interactions!in!the!nucleus.!Alternatively,!interSmolecular!

recombination!could!result!in!the!transcription!of!doubleSstranded!RNAs!that!alter!

protein!translation!by!many!mechanisms!29S31.!

We!describe!two!solutions!for!simultaneous!CreSOn!and!CreSOff!expression!that!

are!consistent!with!this!idea.!First,!CreSSwitch!rAAVs!avoid!recombination!across!

heterogeneous!rAAV!vectors!since!only!a!single!rAAV!type!is!present.!Second,!rAAVs!

which!use!the!loxFAS!site!to!achieve!CreSOff!expression!avoid!recombination!with!DIO!

rAAVs,!since!the!loxFAS!site!does!not!efficiently!recombine!with!loxP!or!lox2272.!!!

!

rAAV!and!somatic!genome!interactions!involving!loxP!
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Fluorescent!CreSreporter!alleles!are!routinely!used!to!visualize!cells!that!express!

Cre.!The!Ai9!reporter!uses!a!loxP!flanked!stop!cassette!to!prevent!TdTomato!

transcription!driven!by!a!CAG!promoter!23.!CreSmediated!recombination!excises!the!stop!

cassette!allowing!TdTomato!transcription.!This!process!leaves!behind!a!single!loxP!site.!!

In!mice!in!which!this!reporter!is!used!to!visualize!cells!expressing!Cre!under!control!of!

the!parvalbumin!regulatory!sequence,!cortical!injections!of!DOSGFP!rAAV!produced!a!

striking!drop!in!TdTomato!fluorescence!in!the!infection!area.!!Similar!effects!have!been!

observed!with!DIO!rAAVs!and!in!other!cell!types!throughout!the!brain!(A.S.,!unpublished!

observation).!Thus,!FLEx!rAAVs!should!be!used!with!caution!in!animals!with!loxPS

dependent!conditional!alleles!and!the!status!of!the!genomic!allele!must!be!examined!in!

infected!tissue.!In!contrast,!injections!with!FASSGFP!do!not!affect!reporter!fluorescence,!

indicating!that!reduced!reporter!fluorescence!with!FLEx!viruses!is!not!due!to!rAAV!

infection!or!overSexpression,!but!is!due!to!elements,!such!as!the!loxP!sites,!that!differ!

between!the!FAS!and!DO/DIO!viral!genomes.!!!

One!intriguing!possibility!is!that!the!single!loxP!sites!remaining!in!each!of!the!

rAAV!and!somatic!genomes!following!Cre!mediated!recombination!may!mediate!

integration!of!rAAV!DNA!between!the!CAG!promoter!and!TdTomato!coding!sequence.!!

Integration!of!even!a!single!DO!rAAV!genome!(~4.5!kb)!might!be!sufficient!to!interfere!

with!transcription!and!be!considered,!in!effect,!insertion!of!an!exogenous!rAAVSbased!

stop!cassette.!Since!loxFAS!sites!do!not!efficiently!recombine!with!loxP,!this!putative!

integration!would!be!inefficient!in!FAS!rAAVs!6.!
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AAV!integration!into!somatic!genomes!is!well!documented!32!and!CreSlox!can!

mediate!integration!reversibly!with!excision!4.!The!robust!drop!in!reporter!fluorescence!

suggests!a!highly!efficient!and!irreversible!process,!but!how!DOSGFP!integration!could!

become!permanent!is!unclear.!Regardless!of!the!mechanism,!FLEx!rAAVs!may!interact!

cryptically!with!other!genomic!loxP!sites,!such!as!those!left!behind!by!conditionally!

deleted!alleles.!Once!understood,!these!interactions!may!be!useful!for!introducing!DNA!

back!into!targeted!genomic!sites!using!somatic!loxP!and!rAAVs.!

!
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!

Abstract!

Neural!activity!during!development!critically!shapes!postnatal!wiring!of!the!

mammalian!brain.!This!is!best!illustrated!by!the!sensory!systems,!in!which!the!patterned!

feedSforward!excitation!provided!by!sensory!organs!and!experience!drives!the!

formation!of!mature!topographic!circuits!capable!of!extracting!specific!features!of!

sensory!stimuli1,2.!In!contrast,!little!is!known!about!the!role!of!early!activity!in!the!

development!of!the!basal!ganglia,!a!phylogenetically!ancient!group!of!nuclei!

fundamentally!important!for!complex!motor!action!and!rewardSbased!learning3,4.!These!

nuclei!lack!direct!sensory!input!and!are!only!loosely!topographically!organized5,6,!

forming!interlocking!feedSforward!and!feedSback!inhibitory!circuits!without!laminar!

structure.!Here!we!use!transgenic!mice!and!viral!gene!transfer!methods!to!modulate!

neurotransmitter!release!and!neuronal!activity!in#vivo!in!the!developing!striatum.!We!

find!that!the!balance!of!activity!between!the!two!inhibitory!and!antagonist!pathways!in!

the!striatum!regulates!excitatory!innervation!of!the!basal!ganglia!during!development.!

These!effects!indicate!that!the!propagation!of!activity!through!a!multiSstage!network!

regulates!the!wiring!of!the!basal!ganglia,!revealing!an!important!role!of!positive!

feedback!in!driving!network!maturation.!

!

!

!
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!

Introduction,!Results!&!Discussion!

Excitatory!input!from!the!cortex!and!thalamus!enters!the!basal!ganglia!through!

the!striatum,!where!it!is!locally!processed!and!transformed!into!two!inhibitory,!

GABAergic!outputs!called!the!direct!and!indirect!pathways7.!Each!pathway!arises!from!a!

distinct!class!of!spatially!intermixed!medium!spiny!neurons!(MSNs)!with!differing!

projections!and!molecular!characteristics8.!These!projection!patterns!suggest!opponent!

effects!on!basal!ganglia!output:!direct!pathway!MSNs!form!synapses!in!substantia!nigra!

reticulata!(SNr),!the!basal!ganglia!output!nucleus,!whereas!indirect!pathway!MSNs!form!

synapses!in!globus!pallidus!(GP),!which!in!turn!inhibits!the!SNr9.!Because!the!SNr!

provides!GABAergic!inhibition!to!the!thalamus,!which!subsequently!activates!cortex!

through!glutamatergic!synapses,!the!interactions!of!basal!ganglia,!thalamus!and!cortex!

can!be!simplified!as!a!closed!loop,!differentially!controlled!by!the!direct!and!indirect!

pathways!(Figure!3.1).!Anatomical!evidence!supports!this!model10,11!!and!the!opponent!

roles!of!the!two!pathways!on!motor!behaviour!have!been!recently!demonstrated!in!

adult!rodents12,13.!In!addition,!in#vivo!recordings!and!circuit!tracing!indicate!that!

different!corticoSstriatal!inputs!are!processed!through!segregated,!parallel!

networks6,10,11,14.!Given!this!organization,!establishing!correct!wiring!of!the!cortexSbasal!

ganglia–thalamus!circuitry!poses!a!significant!developmental!challenge,!requiring!that!

functional!interactions!be!maintained!over!polysynaptic!networks!comprised!of!mixed!

inhibitory!and!excitatory!projections.!

!
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Figure!3.1.!Schematic!of!cortexFBGFthalamus!circuitry!illustrating!the!impact!of!

perturbing!GABA!release!in!the!direct!or!indirect!pathway.!

a.!Diagram!showing!basic!inhibitory!and!excitatory!connections!intrinsic!to!the!basal!

ganglia!nuclei!and!the!major!inputs!and!outputs!to/from!the!cortex!and!thalamus.!!For!

simplicity,!only!the!reciprocal!inhibitory!connections!between!direct!and!indirect!

pathway!MSNs!are!shown,!omitting!the!many!reciprocal!feedback!connections!between!

nuclei.!Inhibitory!synapses!are!indicated!by!circles,!excitatory!synapses!are!marked!by!

arrows.!!!

b.!A!highly!simplified!BG!circuit!model!based!on!canonical!connections!shown!in!(a).!

Activity!of!direct!pathway!MSNs!inhibits!the!SNr!and!hence!disinhibits!the!thalamus!and!

cortex.!!In!contrast,!activity!of!the!indirect!pathway!inhibits!the!GP,!which!disinhibits!the!

SNr,!hence!decreasing!activity!of!thalamus!and!cortex.!!!

c.!Circuit!models!of!BG!predict!that!silencing!the!direct!pathway!output!increases!

inhibition!of!the!thalamus,!consequently!decreasing!excitation!of!cortex!and!striatum.!!!

d.!In!contrast,!silencing!the!indirect!pathway!is!expected!to!decrease!inhibition!of!the!

thalamus,!increasing!excitation!of!cortex!and!striatum.!!Although!the!diagrams!in!bFd!are!

highly!overSsimplified,!consideration!of!additional!elements!such!as!the!STN!does!not!

alter!the!signs!of!the!predicted!effects!on!corticoSstriatal!activity.!!

! !
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Figure!3.1!(Continued)!
! !
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To!investigate!how!striatal!activity!contributes!to!circuit!development,!we!

generated!mice!incapable!of!releasing!GABA!from!direct!or!indirect!pathway!MSNs!

through!conditional!knockout!of!Slc32a1,!which!encodes!the!vesicular!GABA!transporter!

(VGAT)!(Figure!3.2)15.!GABAergic!neurons!lacking!VGAT!are!unable!to!package!GABA!into!

synaptic!vesicles!for!release16,17.!Pathway!specificity!was!conferred!by!bacterial!artificial!

chromosome!(BAC)!transgenic!mice!that!express!Cre!recombinase!under!the!control!of!

the!type!1a!or!type!2!dopamine!receptors18.!In!Drd1a!Cre!(D1SCre)!mice,!Cre!expression!

in!GABAergic!neurons!is!largely!limited!to!direct!pathway!MSNs,!although!Cre!is!also!

found!in!nonSGABAergic!cortical!neurons!(Figures!3.2a,!3.3!and!3.4).!In!Drd2!Cre!(D2S

Cre)!mice,!Cre!expression!is!largely!limited!to!indirect!pathway!MSNs!(Figures!3.2a!and!

3.3).!Mice!with!Slc32a1!deletion!in!direct!or!indirect!pathway!MSNs!showed!opposing!

locomotor!phenotypes!and!survived!until!weaning!(Figure!3.5),!a!time!of!increasing!

reliance!on!rewardSbased!complex!motor!actions.!

To!test!the!efficacy!of!silencing!of!GABA!release!we!relied!on!optogenetic!

analysis!of!MSNStoSMSN!collateral!synapses19.!Channelrhodopsin2–mCherry!fusion!

protein!(ChR2–mCherry)!was!expressed!in!CreSpositive!MSNs!by!injecting!an!adenoS

associated!virus!(AAV)!containing!a!double!floxed!inverted!ChR2–mCherry!transgene!

into!the!striatum!at!postnatal!(P)!days!3–5!(Figure!3.2b)20.!!WholeScell!voltageSclamp!

recordings!of!ChR2Snegative!MSNs!demonstrated!lightSevoked!GABAergic!currents!in!

acute!brain!slices!from!P13–18!D1Vcre;Slc32a1f/+!mice!(−1,477!±!352!pA,!n!=!20)!and!D2V

cre;Slc32a1f/+!mice!(−1,319!±!221!pA,!n!=!12);!these!currents!were!absent!in!littermate!
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Slc32a1f/f!mice!(D1Vcre;Slc32a1f/f,!−2.19!±!1.6!pA,!n!=!7;!D2Vcre;Slc32a1f/f,!−9.91!±!2.4!pA,!

n!=!7)!(Figures!3.2c!and!3.6).!!

! !
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!
Figure!3.2!Conditional!knock!out!of!Slc32a1!from!direct!or!indirect!pathway!MSNs!

abolishes!GABAergic!output.!

a.!Cre!expression!driven!by!Drd1a!(D1SCre,!top)!and!Drd2!(D2SCre,#bottom)!BACs!was!

visualized!via!activation!of!TdTomato!in!a!reporter!mouse.!Red!fluorescence!reveals!

expression!throughout!striatum!and!in!axons!in!expected!target!nuclei!of!direct!and!

indirect!pathway!MSNs!(SNr!and!GP,!respectively).!Green!fluorescence!reflects!

expression!of!a!GAD67SGFP!that!reports!GABAergic!neurons.!!As!seen!in!the!red!channel,!

there!is!diffuse!cortical!expression!of!Cre!in!the!D1SCre!mice;!however,!this!occurs!in!

nonSGABAergic!neurons!as!noted!by!the!lack!of!overlap!with!GFP!fluorescence!(see!

Figure!3.3!for!complete!analysis).!Scale!bar:!500!µm.!

b.!AAV!DIOSChR2SmCherry!injected!into!the!striatum!of!a!mouse!carrying!D2SCre!and!D2S

GFP!transgenes!shows!ChR2SmCherry!labeling!in!GFP+!cells,!indicating!pathway!specific!

conditional!expression!of!the!virally!encoded!protein.!ChR2SmCherrySexpressing!somata!

are!marked!with!an!asterisk!and!represent!over!2/3!of!the!GFP+!MSNs!in!the!area!of!

dense!infection.!ChR2SmCherry!was!never!observed!in!D2SGFPS!MSNs!in!these!mice.!

Scale!bar:!10!µm.!

c.!VoltageSclamp!recordings!from!ChR2SmCherry–!MSNs!demonstrate!GABAergic!

synaptic!currents!evoked!by!2!msSlong!pulses!of!473!nm!light!that!stimulates!

neighboring!ChR2SmCherry+!MSNs.!Example!currents!from!MSNs!in!D1SCre!(left)!and!D2S

Cre!(right)!mice!that!were!either!homozygous!(gray,!Slc32a1f/f)!or!heterozygous!(black,!

Slc32a1f/+)!for!the!Slc32a1!conditional!allele!are!shown.!GABAergic!currents!are!inward!

due!to!high!intracellular!ClS!concentration.!Insets,!graphs!of!average!peak!current!!
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Figure!3.2!(Continued)!

amplitudes!evoked!in!animals!of!each!genotype.!*!indicates!p<0.05!for!comparison!of!

Slc32a1f/+!and!Slc32a1f/f!data.!!

! !
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Figure!3.2!(Continued)!
!
! !
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Figure!3.3.!WholeFbrain!anatomical!mapping!of!D1F!and!D2FCre!expression!in!

inhibitory!neurons.!

a.!Triple!transgenic!mice!were!generated!carrying!the!D1S!or!D2SCre!transgene,!a!red!

fluorescent!Cre!reporter!allele!(Ai14SlslStdTomato),!and!a!GAD67SGFP!knockSin!allele!to!

label!GABAergic!neurons!in!green!and!CreSexpressing!neurons!in!red37.!Example!shows!a!

sagittal!section!from!a!D1VCre;#Ai14VlslVtdTomato;#GAD67VGFP!brain.!!!

b.!D1SCre!is!expressed!predominantly!in!the!striatum!and!to!a!lesser!extent!in!the!

cerebral!cortex.!Striatal!Cre!expression!(inset!1)!occurs!in!GABAergic!cells,!consistent!

with!D1SCre!expression!in!direct!pathway!MSNs.!Cortical!Cre!expression!is!largely!

restricted!to!nonSGABAergic!cells,!as!shown!for!medial!prefrontal!(inset!2)!and!

somatosensory!cortex!(inset!3).!!!

c.!A!single!sagittal!section!from!a!D2VCre;#Ai14VlslVtdTomato;#GAD67VGFP!brain.!!!

d.!D2SCre!is!expressed!predominantly!in!striatum!and!to!a!lesser!extent!in!cerebellum.!

Striatal!Cre!expression!occurs!in!GABAergic!cells,!consistent!with!D2SCre!expression!in!

indirect!pathway!MSNs.!Cerebellar!Cre!is!expressed!mainly!in!a!subset!of!GABAergic!

Purkinje!neurons!(inset!2).!Scale!bars:!whole!brain!images,!500!µm;!insets,!50!µm.!!! !
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Figure!3.3!(Continued)!
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Figure!3.4.!D1FCre!is!not!expressed!in!the!vast!majority!of!parvalbumin!positive!

neurons!in!the!striatum.!

a.!A!single!sagittal!section!from!a!D1VCre;Ai14VlslVtdTomato!animal!immunostained!for!

Parvalbumin.!!

b.!A!single!confocal!plane!illustrating!the!lack!of!coSexpression!of!Parvalbumin!and!D1S

Cre.!!Confocal!imaging!of!339!Parvalbumin!positive!neurons!from!4!animals!revealed!

only!1!that!expressed!TdTomato.!!!Scale!bars:!whole!brain!images,!500!µm;!confocal!

images,!50!µm.!!*!indicates!three!representative!cells!that!are!clearly!PV!positive!and!

TdTomato!negative.!

!

! !
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!

!
Figure!3.4!(Continued)!
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Figure!3.5.!Phenotypes!of!mice!with!conditional!knock!out!of!Slc32a1!in!direct!or!

indirect!pathway!MSNs.!

a.!Photographs!of!P12!siblings!from!crosses!of!D1S!or!D2SCre!mouse!lines!with!a!floxed!

Slc32a1!mouse!line.!Arrows!point!to!Slc32a1#f/f#littermates.!!

b.!Weight!curves!for!postnatal!week!2S3!mice.!Both!D1VCre;!Slc32a1#f/f!and!D2VCre;!

Slc32a1#f/f#mice!fail!to!gain!weight!starting!in!postnatal!week!2!(n=6S8!mice/group).!*!

indicates!p<0.05!for!main!effects!and!post!hoc!comparisons!across!genotypes.!!

c.#left,!survival!curves!for!D1VCre!and!D2VCre;!Slc32a1#f/f#mice.#Slc32a1#f/+#controls!

survived!at!100%!during!this!period!(not!shown).!D1VCre;#Slc32a1#f/f#mice!died!earlier!

than!D2VCre;#Slc32a1#f/f#mice.!right,!average!survival!in!days!for!direct!and!indirect!

pathway!silenced!mice!(n=5S8!mice/group).!*!indicates!p<0.05!for!comparison!of!direct!

and!indirect!pathway!Slc32a1!nulls.!

d.!View!from!the!top!of!the!arena!(gray)!used!to!test!locomotor!activity!with!examples!

of!tracks!for!individual!mice!of!each!genotype!(red).!

e.!Average!distance!traveled!in!1!hr!is!shorter!in!direct!pathway!Slc32a1!null!mice!

compared!to!paired!littermate!controls.!In!contrast,!indirect!pathway!Slc32a1#null!mice!

travelled!a!longer!distance!compared!to!respective!controls!(n=6S8!mice/group).#

!
! !
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Figure!3.5!(Continued)!
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Figure!3.6.!Optogenetic!activation!of!MSNs!of!direct!and!indirect!pathways.!

a.!ChR2SmCherry!was!introduced!into!direct!or!indirect!pathway!MSNs!through!infection!

of!D1SCre!or!D2SCre!mice!with!AAV!DIOSChR2SmCherry.!A!ChR2+!MSN!produces!a!single!

timeSlocked!action!potential!in!response!to!optical!activation!(2!msSlong!pulse!at!20!mW!

of!wholeSfield!473!nm!light!illumination)!or!a!400!pA!4!msSlong!somatic!current!

injection.!Note!the!typical!afterSspike!depolarization!characteristic!of!ChR2Sinduced!

firing.!!!

b.!VoltageSclamp!recordings!(Vhold!=!S70!mV)!with!highSCl!internal!(ECl!~0!mV)!and!CPP,!

NBQX!and!scopolamine!in!the!bath!were!made!from!ChR2S!MSNs!neighboring!ChR2+!

MSNs.!An!example!recording!demonstrates!inhibitory!postsynaptic!currents!evoked!by!

stimulation!with!different!light!intensities.!!!

c.!Average!peak!current!amplitudes!from!D1VCre;!Slc32a1#f/+#and#D2#VCre;!Slc32a1#f/+#

MSNs!(n=20!and!12).!Evoked!synaptic!currents!reach!their!maximal!amplitudes!by!2S9!

mW.!!

!
! !
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!
Figure!3.6!(Continued)!
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We!examined!whether!GABA!release!from!MSNs!is!required!for!cell!survival!and!

longSrange!axonal!projections.!The!proportion!of!Cre+!cell!nuclei!was!45–48%!in!D1SCre!

and!D2SCre!mice!and!independent!of!the!number!of!conditional!Slc32a1!alleles!(Figure!

3.7).!MSNs!lacking!GABA!release!form!qualitatively!normal!longSrange!axonal!

projections,!on!the!basis!of!examination!of!ChR2–mCherry!fluorescence!in!the!SNr!and!

GP!(SNr,!18–19%;!GP,!15–16%!fractional!area!coverage)!(Figure!3.8).!These!observations!

confirm!that!MSNs!lacking!GABA!release!are!maintained!in!normal!numbers!and!extend!

grossly!normal!axons.!

In!contrast,!silencing!GABA!release!had!profound!consequences!on!the!number!

of!excitatory!synapses!received,!which!are!typically!associated!with!dendritic!spines21,22.!

In!the!rodent!striatum,!inhibitory!synapse!density!is!relatively!constant!throughout!

postnatal!development,!whereas!excitatory!synapse!density!rises!markedly!between!

P10!and!P2123.!Therefore,!we!restricted!analyses!to!pairs!of!littermate!control!and!

Slc32a1!null!mice!at!P14–15.!We!identified!MSNs!of!each!pathway!using!ChR2–mCherry!

expression!delivered!by!either!CreSOn!or!CreSOff!AAVs!(Figure!3.9a)24.!Even!within!this!

narrow!developmental!window,!we!detected!an!increase!in!miniature!excitatory!

postsynaptic!current!(mEPSC)!frequencies,!but!not!amplitudes,!among!littermates!of!the!

same!genotype!(frequency:!P14,!0.14!±!0.06!Hz;!P15,!0.34!±!0.1!Hz;!amplitude:!P14,!

14.4!±!1.0!pA;!P15,!13.9!±!0.4!pA)!(Figure!3.9b).!In!mice!lacking!GABA!release!in!direct!

pathway!MSNs,!mEPSC!frequency!was!reduced!in!both!direct!and!indirect!pathway!

MSNs!compared!to!heterozygous!sibling!controls!!

! !
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Figure!3.7.!GABA!release!is!not!required!for!MSN!survival.!

a.!Confocal!photomicrographs!illustrating!the!pattern!of!Cre!immunolabeling!in!the!

indicated!genotypes!(Cre,!green;!DAPI,!blue).!Scale!bar:!20!µm.!

b.!The!proportion!of!Cre+!and!CreS!DAPI!nuclei!matches!the!expectation!for!D1!and!D2!

MSNs!(~40S50%)!and!does!not!depend!on!the!presence!of!a!functional!Slc32a1!allele!

(n=3S4!mice/group,!6S7!brain!sections!and!>600!cell!bodies!examined!in!each!mouse).!!!!!

!

!
! !
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Figure!3.7!(Continued)!
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Figure!3.8.!GABA!release!is!not!required!for!the!development!of!longFrange!axonal!

projections.!

a.!ChR2SmCherry!was!introduced!into!direct!or!indirect!pathway!MSNs!through!infection!

of!AAV!DIOSChR2SmCherry.!Schematic!illustrates!the!injection!location!and!expected!

projections.!!!

b.!Low!magnification!images!show!fluorescence!in!the!expected!target!nuclei!for!Slc32a1!

null!mice!and!respective!controls!(SNr!for!direct!pathway!MSNs,!GP!for!indirect!pathway!

MSNs).!Scale!bar:!250!µm.!

c.!Confocal!photomicrographs!of!ChR2SmCherry+!axonal!puncta!in!the!expected!target!

nuclei.!Scale!bar:!20!µm.!

d.!Area!fraction!fluorescence,!estimated!based!on!binarized!confocal!images,!did!not!

differ!across!genotypes!(n=9S18!brain!sections!from!3S4!mice/group).!!!!

! !
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Figure!3.8!(Continued)!
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Figure!3.9.!Spontaneous!mEPSCs!in!direct!and!indirect!pathway!MSNs!of!mice!with!

conditional!knockout!of!Slc32a1.!

a.!ChR2SmCherry!was!selectively!introduced!into!direct!or!indirect!medium!spiny!

neurons!through!infection!of!AAV!DIOSChR2SmCherry.!For!examining!CreS!pathway,!CreS

Off!DOSChR2SmCherry!AAV!was!used!instead.!A!schematic!for!the!analyses!of!direct!and!

indirect!pathway!in!animals!with!0!or!1!functional!copy!of!Slc32a1!allele!is!shown.!!

b.!For!several!experiments,!data!from!different!siblings!of!the!same!genotype!and!

experimental!group!were!compared!on!P14!and!P15,!controlling!for!MSN!class!and!

experiment!type.!Each!data!point!reflects!an!averaged!parameter!from!several!cells!of!

the!same!class!recorded!in!the!same!animal.!mEPSC!frequency!rates!are!significantly!

increased!at!P15!relative!to!P14!(*!indicates!p<0.05!for!comparison!of!P14!and!P15!

mEPSC!frequencies,!n=7!experiments),!implying!increased!number!of!excitatory!

synapses,!while!amplitudes!of!currents!remain!unchanged.!Because!of!this!pronounced!

change!within!a!narrow!24!hr!developmental!window,!mEPSC!frequency!data!are!

presented!normalized!to!respective!controls.!!!!#

c.!For!direct!pathway!manipulated!mice,!the!amplitude!of!mEPSCs!in!direct!pathway!

MSNs!did!not!significantly!differ!between!siblings!with!1!or!0!functional!copy!of!Slc32a1#

in!the!direct!pathway!MSN!(n=14S17!cells/group),!but!was!decreased!in!the!indirect!

pathway!of!direct!pathway!Slc32a1!null!MSNs!(*!indicates!p<0.05!for!comparison!of!CreS!

pathway!in!D1SCre!mice,!n=16S18!cells/group).!For!indirect!pathway!manipulated!mice,!

the!amplitudes!of!mEPSCs!did!not!differ!across!genotypes!(n=5S14!cells/group).!

! !
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Figure!3.9!(Continued)!
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(direct!pathway!MSNs:!D1Vcre;Slc32a1f/+,!0.22!±!0.04!Hz,!n!=!18;!D1Vcre;Slc32a1f/f,!

0.08!±!0.02!Hz,!n!=!16;!indirect!pathway!MSNs:!D1Vcre;Slc32a1f/+,!0.32!±!0.07!Hz,!n!=!14;!

D1Vcre;Slc32a1f/f,!0.1!±!0.03!Hz,!n!=!15)!(Figure!3.10a,c).!Conversely,!mEPSC!frequency!

was!increased!in!MSNs!of!mice!with!outputSsilenced!indirect!pathway!(direct!pathway!

MSNs:!D2Vcre;Slc32a1f/+,!0.11!±!0.04!Hz,!n!=!9;!D2Vcre;Slc32a1f/f,!0.28!±!0.07!Hz,!n!=!6;!

indirect!pathway!MSNs:!D2Vcre;Slc32a1f/+,!0.15!±!0.06!Hz,!n!=!5;!D2Vcre;Slc32a1f/f,!

0.37!±!0.04!Hz,!n!=!14)!(Figure!3.10b,d).!mEPSC!amplitudes!were!largely!unaffected!by!

either!manipulation!(Figure!3.9c,d).!

Changes!in!mEPSC!rates!were!paralleled!by!alterations!in!dendritic!spine!density,!

indicating!concurrent!changes!in!structural!and!functional!correlates!of!excitatory!

synapse!number.!Dendritic!spine!density!of!all!MSNs!was!decreased!by!silencing!the!

direct!pathway!(direct!pathway!MSNs:!D1Vcre;Slc32a1f/+,!0.84!±!0.03!spines!per!µm,!n=6;!

D1Vcre;Slc32a1f/f,!!0.45!±!0.05!spines!per!µm,!n!=!7;!indirect!pathway!MSNs:!D1V

cre;Slc32a1f/+,!0.68!±!0.05!spines!per!µm,!n!=!5;!D1Vcre;Slc32a1f/f,!!0.41!±!0.02!spines!per!

µm,!n!=!5)!and!increased!by!silencing!the!indirect!pathway!(direct!pathway!MSNs:!D2V

cre;Slc32a1f/+,!0.41!±!0.02!spines!per!µm,!n!=!6;!D2Vcre;Slc32a1f/f,!0.63!±!0.08!spines!per!

µm,!n!=!6;!indirect!pathway!MSNs:!D2Vcre;Slc32a1f/+,!0.56!±!0.03!spines!per!µm,!n!=!5;!

D2Vcre;Slc32a1f/f,!1.02!±!0.05!spines!per!µm,!n!=!!6)!(Figure!3.10).!Together!these!data!

show!that!the!degree!of!excitatory!innervation!of!MSNs!is!determined!by!striatal!output,!

such!that!excitatory!hypoS!or!hyperSinnervation!is!triggered!by!silencing!the!direct!or!

indirect!pathway,!respectively.!

! !
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Figure!3.10.!Conditional!knock!out!of!Slc32a1!in!direct!and!indirect!pathway!MSNs!

results!in!opposing!changes!to!excitatory!synapse!number.!

a.!left,!2PLSM!image!of!a!direct!pathway!Slc32a1f/+!MSN!filled!with!Alexa!Fluor!594!

through!the!recording!pipette!during!wholeScell!voltageSclamp!analysis!of!mEPSCs.!right,!

At!a!higher!magnification,!dendritic!spines!are!visible.!Examples!of!a!dendrite!from!a!

control!direct!pathway!MSN!(top)!and!of!a!less!spiny!dendrite!from!a!direct!pathway!

MSN!of!a!Slc32a1!null!sibling!(bottom)!are!shown.!!Scale!bars:!20!µm,!2!µm.!

b.!As!in!(a),!but!illustrating!the!increase!in!dendritic!spine!density!seen!with!silencing!of!

indirect!pathway!MSNs.!

c.!Examples!and!summary!of!frequencies!of!mEPSCs!in!direct!pathway!Slc32a1!null!mice!

and!their!heterozygous!sibling!controls.!!Preventing!GABA!release!from!direct!pathway!

MSNs!reduced!mEPSCs!frequency,!compared!to!direct!pathway!MSNs!in!Slc32a1#f/+!

sibling!controls!(top).!Summary!graph!illustrates!the!decrease!in!direct!and!indirect!

pathway!MSNs!that!were!paralleled!by!differences!in!the!density!of!dendritic!spines.!*!

indicates!p<0.05!for!comparison!of!Slc32a1f/+!and!Slc32a1f/f!data.!!

d.!As!in!(c)!for!indirect!pathway!mutants!indicating!that!preventing!GABA!release!from!

indirect!pathway!MSNs!increased!mEPSC!frequency!and!dendritic!spine!density!in!

indirect!and!direct!pathway!MSNs.!*!indicates!p<0.05!for!comparison!of!Slc32a1f/+!and!

Slc32a1f/f!data.!!

! !



!96!

Figure!3.10!(Continued)!
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Complementary,!pathwaySdependent!effects!on!excitatory!input!could!be!due!to!

cellSintrinsic!differences!in!direct!and!indirect!pathway!MSNs.!Alternatively,!common!

activitySdependent!wiring!rules!could!be!differentially!activated!by!each!perturbation!of!

basal!ganglia!output.!For!example,!a!net!increase!in!SNr!inhibitory!output,!caused!by!

silencing!direct!pathway!MSNs,!could!diminish!thalamic!and!cortical!activity,!decreasing!

glutamate!release!and!glutamatergic!synapse!formation!in!the!striatum.!In!contrast,!

silencing!the!indirect!pathway!could!have!the!converse!set!of!effects!(Figure!3.1b–d).!

The!observation!that!direct!or!indirect!pathway!MSNs!show!similar!perturbations!

despite!selective!deletion!of!Slc32a1!only!in!MSNs!of!the!CreSexpressing!pathway!(Figure!

3.10)!provides!support!for!the!circuitSlevel!model.!

To!test!for!cellSautonomous,!Slc32a1Sdependent!regulation!of!glutamatergic!

innervation,!we!deleted!Slc32a1!in!a!small!and!sparse!subpopulation!of!striatal!neurons!

by!injecting!small!quantities!of!AAV!encoding!Cre–mCherry!into!D2VGFP;Slc32a1f/f!mice!

at!P0–1!(Figure!3.11a,!b).!Analysis!of!mEPSCs!and!dendritic!spines!in!neighbouring!Cre+!

and!Cre−!MSNs!(identified!by!nuclear!mCherry!fluorescence)!belonging!to!the!direct!and!

indirect!pathway!(identified!by!GFP!expression)!revealed!no!changes!in!mEPSC!

frequency!or!dendritic!spine!density!(Figure!3.11c–e).!Thus,!Slc32a1Vdependent,!cellS

intrinsic!mechanisms!are!unlikely!to!contribute!to!differential!effects!on!glutamatergic!

innervation!seen!with!silenced!direct!or!indirect!pathways.!

We!examined!the!consequences!of!manipulating!striatal!activity!specifically!

during!the!period!of!striatal!excitatory!synaptogenesis23!using!the!RASSL!(GSproteinS

coupled!receptor!activated!solely!by!a!synthetic!ligand)!hM4D25,26!in!direct!or!indirect!!
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Figure!3.11.!Sparse!postnatal!Slc32a1!deletion!does!not!alter!the!frequency!of!mEPSCs!

or!density!and!morphology!of!dendritic!spines!in!MSNs.!

a.!Schematic!of!the!experiment.!To!examine!the!possibility!that!Slc32a1!has!cellStypeS

intrinsic!functional!implications!for!direct!and!indirect!pathway!MSNs,!we!postnatally!

deleted!Slc32a1!in!small!populations!of!both!pathway!MSNs!in!Slc32a1f/f!animals!

through!low!titer!CreSmCherry!AAV!infection!at!P0S1.!!

b.!Coronal!section!through!a!brain!hemisphere!showing!the!spread!of!mCherrySCre!

infection!in!the!D2SGFP!striatum.!Inset!shows!a!representative!mEPSC!trace!recorded!in!

a!D2SGFPS,!CreSmCherryS!control!direct!pathway!MSN.!Scale!bar:!image,!500!µm;!mEPSC!

trace,!200!pA!and!1!sec.!!

c.!2PLSM!of!dendrites!confirms!the!identity!of!recorded!neurons!as!MSNs!and!enables!

the!estimation!of!dendritic!spine!density!and!shape.!Scale!bar:!2!µm.!!

d.!Recordings!of!spontaneous!mEPSCs!in!mCherry!fluorescent!regions!of!striatum!were!

performed!in!nearby!Cre+!and!CreS!neurons!in!the!same!slice.!There!were!no!differences!

in!frequency!or!amplitude!of!mEPSCs!in!direct!or!indirect!pathway!MSNs!when!only!a!

small!population!of!neurons!were!prevented!from!releasing!GABA!(n=6S7!cells/group).!

e.!This!lack!of!difference!in!mEPSCs!was!paralleled!by!absence!of!differences!in!dendritic!

spine!density!for!direct!or!indirect!pathway!MSNs!that!were#Slc32a1!floxed!or!Slc32a1!

null,!when!largeSscale!circuit!activity!was!relatively!unperturbed!(n=5!cells/group).!!!

! !
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Figure!3.11!(Continued)!
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pathway!MSNs!(Figure!3.12).!hM4D!is!activated!by!a!blood–brain!barrier!permeable!

molecule!clozapineSnSoxide!(cno),!allowing!nonSinvasive!in#vivo!manipulation!of!neural!

activity.!hM4D!couples!to!the!Gαi/o!pathway,!which!reduces!action!potential!firing!in!

many!cell!types!(Figure!3.13)!by!activating!K+!channels13.!AAV!carrying!the!double!floxed!

inverted!hM4D–mCherry!transgene26!was!injected!in!D1SCre!or!D2SCre!mice!at!P0–1!

and,!starting!at!P8,!cno!(1!mg!kg−1)!or!saline!was!administered!subcutaneously!twice!per!

day!to!littermate!pups.!Consistent!with!our!hypothesis,!animals!with!large!bilateral!

injections!of!AAV!to!dampen!activity!of!many!direct!or!indirect!pathway!MSNs,!

respectively,!downS!or!upregulated!mEPSC!frequency!and!dendritic!spine!density,!

relative!to!salineSinjected!littermates!(D1Vcre,#direct!pathway!MSNs:!frequency,!saline!

0.8!±!0.1!Hz,#n!=!18;!cno!0.36!±!0.07!Hz,!n!=!25;!spine!density,!saline!0.96!±!0.04!spines!

per!µm,!n!=!5;!cno!0.49!±!0.05!spines!per!µm,!n!=!5;!D2Vcre,#indirect!pathway!MSNs:!

frequency,!saline!0.04!±!0.01!Hz,!n!=!7;!cno,!0.27!±!0.09!Hz,!n!=!8;!spine!density,!saline!

0.54!±!0.05!spines!per!µm!versus,!n!=!5;!cno!0.98!±!0.06!spines!per!µm,!n!=!5)!(Figure!

3.12a–c!and!Figure!3.14a).!Similar!results!were!observed!with!the!Adora2aVcre!mouse,!

based!on!the!adenosine!2A!receptor!promoter,!another!Cre!driver!line!for!indirect!

pathway!MSNs!(Figure!3.15).!

In!contrast,!sparse,!unilateral!hM4D!delivery,!designed!to!have!a!minimal!impact!

on!circuit!dynamics,!did!not!alter!mEPSC!frequency!and!dendritic!spine!density!in!hM4DS

expressing!neurons!relative!to!uninfected!neighbouring!MSNs!of!the!same!pathway!

(Figure!3.12d–f!and!3.14b).!These!data!also!indicate!that!hM4DSmediated!!

! !
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Figure!3.12.!In!vivo,!developmentallyFrestricted!postnatal!manipulation!of!activity!in!

direct!and!indirect!pathway!MSNs!results!in!opposing!changes!to!excitatory!synapse!

number.!

a.!Schematic!of!experimental!design!and!hypotheses!for!changes!in!excitatory!synapse!

number!induced!by!extensive!and!bilateral!expression!of!hM4D!in!direct!or!indirect!

pathway!MSNs!and!subsequent!injections!of!cno!or!saline.!Widespread!inhibition!of!

direct!pathway!MSN!firing!with!cno!is!expected!to!decrease!excitatory!synapse!number,!

whether!circuit!level!or!cellSintrinsic!mechanisms!dictate!corticoSstriatal!synaptogenesis.!

The!converse!is!expected!for!widespread!inhibition!of!indirect!pathway!MSNs.!

b.#left,!hM4DSmCherry+!MSNs!in!tissue!densely!infected!with!hM4DSencoding!AAV!

(mCherry,!red;!DAPI,!blue).!Scale!bar:!20!µm.!right,!Summary!data!demonstrate!that!in#

vivo!manipulation!of!neuronal!activity!in!direct!or!indirect!pathway!MSNs!in!the!time!

window!of!excitatory!synaptogenesis!led!to!opposing!changes!in!excitatory!synapse!

number.!Decreased!mEPSC!frequency!was!observed!in!cnoStreated!D1SCre!mice,!

whereas!mEPSC!frequency!was!enhanced!in!cnoStreated!D2SCre!mice,!compared!to!

respective!salineSinjected!controls.!*!indicates!p<0.05!for!the!comparison!of!same!

pathway!MSNs!from!saline!and!cnoSinjected!mice.!

c.!left#top,!2PLSM!images!of!a!dendrite!from!a!direct!pathway!MSN!in!a!salineSinjected!

mouse!and!a!less!spiny!dendrite!from!a!cnoSinjected!sibling.!Scale!bar:!2!µm.!left#

bottom,!Images!showing!an!example!of!increased!spine!density!in!indirect!pathway!

MSNs!of!cnoStreated!animals!compared!to!saline!controls.!!right,!Summaries!of!spine!

density!in!cnoS!and!salineStreated!animals!demonstrating!the!opposite!sign!changes!!
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Figure!3.12!(Continued)!

resulting!from!inhibition!of!the!direct!or!indirect!pathway.!*!indicates!p<0.05!for!the!

comparison!of!same!pathway!MSNs!from!saline!and!cnoSinjected!mice.!

d.!Schematic!of!experimental!design!and!hypotheses!for!possible!changes!in!excitatory!

synapse!number!induced!by!sparse!and!unilateral!expression!of!hM4D!in!direct!or!

indirect!pathway!MSNs!and!subsequent!injections!of!cno.!Manipulation!of!activity!in!a!

small!subset!of!neurons!is!not!expected!to!engage!circuitSwide!mechanisms!regulating!

synapse!numbers.!In!contrast,!unknown!cellSintrinsic!mechanisms!could!regulate!the!

number!of!synapses!formed!onto!the!manipulated!neurons,!compared!to!same!pathway!

uninfected!MSNs.!!!

e.!left,#Confocal!image!showing!an!hM4DSmCherry!expressing!MSN!in!a!sparse!injection!

configuration!(mCherry,!red;!DAPI,!blue).!Scale!bar:!20!µm.!right,#With!sparse!activity!

manipulations,!no!differences!in!mEPSC!frequency!were!observed!in!either!direct!or!

indirect!pathway!infected,!compared!to!uninfected,!MSNs.!

f.!left#top,!2PLSM!images!of!a!dendrite!from!control!or!neighboring!hM4DSexpressing!

direct!pathway!MSN.!Scale!bar:!2!µm.!left#bottom,!Images!of!spiny!dendrites!from!

control!or!neighboring!hM4DSexpressing!indirect!pathway!MSN.!right,!Summary!graph!

shows!that!inhibiting!activity!of!a!sparse!subset!of!MSNs!does!not!alter!dendritic!spine!

density!in!manipulated!direct!or!indirect!pathway!neurons.!!

! !
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Figure!3.12!(Continued)!
! !
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Figure!3.13.!Cno!application!reduces!optogenetically!evoked!spiking!in!MSNs!and!

corticoFstriatal!projection!neurons!expressing!hM4DFmCherry.!

a.!DIO!ChR2SYFP!and!DIOShM4D!AAVs!at!approximately!equal!titers!were!injected!into!

the!striata!of!P1S3!mice!carrying!the!D1SCre!or!D2SCre!BAC!transgenes!or!into!the!cortex!

of!mice!carrying!the!Rbp4SCre!BAC!transgene.!!!right,!cell!attached!recordings!were!

made!from!neurons!of!each!class!expressing!both!hM4DSmCherry!and!ChR2SYFP.!!!

b.!A!500!ms!pulse!of!473!nm!laser!light!was!delivered!through!a!60x!objective.!!The!

strength!of!the!laser!light!was!slowly!increased!to!achieve!firing!rates!of!4!–!20!Hz.!!Laser!

light!pulses!were!delivered!every!20!or!30!seconds.!!After!steady!baselines!were!

achieved!(~5!minutes),!cno!(10!µM)!was!added!into!the!bath!and!firing!rates!were!

monitored!in!response!to!the!same!500!ms!laser!pulse!until!no!further!changes!in!

spiking!were!observed!(~5–!20!minutes).!!In!a!subset!of!experiments,!as!illustrated,!laser!

power!was!subsequently!increased!to!examine!if!spiking!could!be!returned!to!baseline!

levels!even!in!the!presence!of!cno.!!!

c.!left,!Summary!data!for!optogenetically!evoked!firing!during!the!baseline!and!after!cno!

was!applied.!!For!all!three!classes!of!neurons!expressing!hM4D,!10!µM!cno!reduced!

firing!rates!(average!of!5!baseline!and!cno!trials)!and!this!reduction!was!not!significantly!

different!across!cell!classes!(right).!!!

! !
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Figure!3.13!(Continued)!
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Figure!3.14.!In!vivo!hM4DFbased!manipulation!of!neural!activity!does!not!influence!the!

amplitudes!of!spontaneous!miniature!EPSCs!in!MSNs.!

a.!Sagittal!brain!section!showing!a!dense!infection!of!AAV!DIOShM4DSmCherry!in!the!

striatum!of!a!D1SCre;!D2SGFP!mouse.!Left#and#center,!DAPI!and!D2SGFP!fluorescence!

allow!for!easy!visualization!of!boundaries!between!the!cortex,!striatum!and!other!major!

brain!structures.!!Right.!!hM4dSmCherry!expression!is!confined!to!the!striatum.!Despite!

Cre!expression!in!cortex,!14!days!after!injection!into!the!striatum!of!P2!mouse!pup,!little!

or!no!mCherry!signal!is!observed!in!cortex.!!Scale!bar:!500!µm.!

b.!HighSdose!bilateral!(extensive)!or!lowSdose!unilateral!(sparse)!injections!of!DIOS

hM4DSmCherry!AAV!were!delivered!at!P0S1.!Recordings!of!spontaneous!mEPSCs!were!

carried!out!as!described!before.!Amplitudes!of!mEPSCs!of!hM4D+!direct!or!indirect!MSNs!

did!not!differ!between!saline!and!cnoSinjected!siblings!with!extensive!striatal!hM4D!

expression!(n=18!and!25;!7!and!8).!!!

c.!Amplitudes!of!mEPSCs!of!hM4D+!MSNs!in!mice!sparsely!infected!with!DIOShM4DS

mCherry!AAV!did!not!differ!between!mCherry+!and!mCherryS!MSNs!of!either!pathway!

(n=7S9!cells/group).##

! !
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Figure!3.14!(Continued)!
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Figure!3.15.!In!vivo!inhibition!of!indirect!pathway!MSNs!using!the!Adora2aFCre!BAC!

recapitulates!the!increase!in!excitatory!synaptogenesis!observed!using!the!D2FCre!

BAC.!

a.!Mice!carrying!the!Adora2aSCre!transgene!were!injected!with!AAV!DIO!hM4DSmCherry!

between!P1S3!to!achieve!dense!infection!of!indirect!pathway!MSNs.!!After!administering!

cno!or!saline!between!P8SP15,!acute!slices!were!taken!from!sibling!pairs!on!P14!or!P15.!!

left,!indirect!pathway!MSNs!expressing!hM4DSmCherry!were!targeted!for!recording!and!

imaging.!!Scale!bar:!20!µm.!!right,!2PLSM!of!dendrites!of!MSNs!from!sibling!animals!

treated!with!either!cno!or!saline.!!Scale!bar:!2!µm.!!!

b.!Representative!voltage!clamp!traces!of!mEPSC!recordings!from!MSNs!of!sibling!

animals!treated!with!either!cno!or!saline.!

c.!Summary!data!demonstrating!that!hM4DSmediated!inhibition!of!indirect!pathway!

MSNs!using!the!Adora2aSCre!transgene,!as!with!the!D2SCre!transgene,!increases!indirect!

MSN!mEPSC!frequency!(left)!and!spine!density!(right),!without!a!change!in!mEPSC!

amplitude!(center)!(n=20!and!18;!n=8/group)!*!indicates!p<0.05!for!the!comparison!of!

hM4DSmCherry+!MSNs!from!saline!and!cnoSinjected!mice.!

!

! !
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Figure!3.15!(Continued)!
! !
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!

perturbation!of!GSproteinScoupled!intracellular!signalling!pathways!is!not!responsible!for!

the!changes!in!excitatory!synapses.!

Three!lines!of!evidence—analyses!of!nonSmanipulated!MSNs!in!pathwaySspecific!

conditional!Slc32a1!knockouts,!of!sparse!Slc32a1!null!MSNs,!and!of!the!effects!of!

widespread!versus!sparse!hM4d!manipulation!of!neural!activity—support!the!

hypothesis!that!circuitSlevel!patterns!of!activity,!rather!than!cellSintrinsic!mechanisms,!

determine!the!degree!of!glutamatergic!innervation!of!striatal!MSNs.!Inherent!to!this!

proposed!mechanism!is!the!assumption!that!the!basal!ganglia!output!modulates!corticoS

striatal!or!thalamoSstriatal!glutamatergic!activity,!which,!in!turn,!regulates!excitatory!

synaptogenesis!in!the!striatum.!To!probe!this!mechanism,!we!directly!tested!the!ability!

of!glutamate!exposure!to!drive!spinogenesis!in!the!striatum,!and!the!effect!of!

manipulating!corticoSstriatal!activity!on!striatal!spinogenesis!and!synaptogenesis.!

To!test!whether!glutamate!release!in!the!striatum!is!sufficient!to!induce!

spinogenesis,!we!focally!stimulated!nonSspiny!segments!of!P8–11!MSN!dendrites!with!

twoSphoton!laser!uncaging!of!glutamate27.!Sparse!viral!delivery!of!Cre!was!used!to!

activate!tdTomato!reporter!fluorescence!in!a!small!subset!of!MSNs!in!D2VGFP;Ai14VlslV

tdTomato!mice.!TwoSphoton!laserSscanning!microscopy!was!used!to!monitor!dendritic!

structure!during!glutamate!stimulation!(Figure!3.16a,b).!Stimulation!power!was!

calibrated!to!evoke!moderate!~7!pA!currents!from!existing!spines!(Figure!3.17).!Using!

protocols!that!robustly!induce!synaptogenesis!in!layer!2/3!pyramidal!neurons!of!

developing!cortex27,!we!observed!growth!of!a!new!dendritic!spine!at!the!glutamate!!
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Figure!3.16.!CorticoFstriatal!activity!drives!synaptogenesis!in!MSNs.!

a.!Focal!release!of!glutamate!is!sufficient!to!trigger!de#novo!spinogenesis!in!MSNs.!

2PLSM!image!of!a!tdTomato!(red)!and!GFP!(green)!expressing!MSNs!in!a!D2VGFP;!

tdTomatof/f#mouse!sparsely!injected!with!CreSmCherry!encoding!AAV!at!P0.!Imaging!was!

performed!in!an!acute!slice!of!striatum!at!P10.!Scale!bar:!20!µm.!right,!higher!

magnification!image!of!a!dendrite!before!(top)!and!after!(bottom)!triggering!new!spine!

growth.!!Scale!bar:!2!µm.!!The!stimulation!protocol!consisted!of!40!uncaging!pulses!

directed!at!the!indicated!spot!(arrow)!with!15!mW!of!720!nm!light!measured!at!the!

objective!back!aperture.!

b.!Summary!graph!demonstrating!~50%!success!rate!in!generating!new!spines!with!

glutamate!uncaging!in!direct!and!indirect!pathway!MSNs!at!P8S11.!!

c.!left,!Cre!expression!driven!by!an!Rbp4#BAC!(Rbp4SCre)!targets!Cre!to!corticoSstriatal!

projection!neurons.!!Red!fluorescence!from!a!TdTomato!reporter!allele!is!present!in!

deep!layer!cortical!neurons!and!densely!labels!axons!throughout!striatum.!Scale!bar:!

500!µm.!middle,!AAV!DIO!hM4DSmCherry!injected!into!the!cortex!of!a!mouse!carrying!

Rbp4SCre!and!D2SGFP!transgenes!shows!strong!red!fluorescence!in!deep!layer!somata!in!

cortex!and!green!fluorescence!in!striatum.!!Scale!bar:!500!µm.!right,!Red!channel,!higher!

magnification!view!of!boxed!area!in!the!center!panel!shows!extensive!hM4DSmCherry!

labeling!of!corticoSstriatal!axons.!!!

d!and!e.!!In#vivo!inhibition!of!Rbp4SCre!neurons!expressing!hM4D!during!the!window!of!

excitatory!synaptogenesis!leads!to!a!decrease!in!excitatory!synapse!number!for!both!

direct!and!indirect!pathway!MSNs.!!d.!2PLSM!images!of!a!dendrite!from!a!direct!!



!112!

Figure!3.16!(Continued)!
!
pathway!MSN!in!a!salineSinjected!mouse!and!a!less!spiny!dendrite!from!a!cnoSinjected!

littermate.!Scale!bar:!2!µm.!!!

e.!Summary!data!showing!a!decrease!in!direct!and!indirect!pathway!MSN!mEPSC!

frequency!(left)!and!spine!density!(right)!for!cnoStreated!mice!versus!saline!treated!

littermates.!!!

f!–!h.!hM4D/cnoSdependent!decreases!in!MSN!excitatory!synapse!number!persist!into!

early!adulthood.!!!

f.!Timeline!for!experiments.!!!

g.!2PLSM!images!of!dendrites!from!indirect!pathway!MSNs!from!sibling!mice!in!their!

early!adulthood!(P25S!28)!after!treatment!with!cno!or!saline!during!the!time!window!for!

excitatory!synaptogenesis!(P8S15).!!!

h.!Summary!data!showing!that!decreases!in!mEPSC!frequency!(left)!and!spine!density!

(right)!persist!into!early!adulthood.!!!

! !
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Figure!3.16!(Continued)!
!
!
!

! !
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Figure!3.17.!Calibration!of!the!laser!power!used!to!trigger!glutamate!uncaging!induced!

spinogenesis!in!young!MSNs.!

a.!To!calibrate!the!laser!power!used!for!glutamate!uncaging,!neurons!of!P8SP11!mice!

were!voltage!clamped!and!filled!with!Alexa!FluorS594!through!the!recording!pipette.!

top,!2PLSM!image!of!aspiny!dendrite.!Uncaging!laser!pulses!were!directed!to!3!sites!

around!a!spine!(1S3)!and!the!locus!of!maximal!uncagingSevoked!excitatory!postSsynaptic!

current!(uEPSC)!amplitude!was!chosen!for!uncaging.!bottom,!Example!of!a!pair!of!

uEPSCs!evoked!at!an!existing!spine.!Scale!bars:!image,!2!µm!for!the!image;!uEPSC,!4!pA!

and!100!ms.!!

b.!Amplitudes!of!uEPSCs!elicited!from!spines!of!MSNs!in!slices!from!P8S11!mice!in!

response!to!15!mW!of!720!nm!laser!light.!The!uEPSC!amplitude!ranged!from!2.2!to!20!

pA!with!a!mean!of!7!pA!(n=31),!similar!to!the!size!of!mEPSCs!in!these!cells38.!!

c.!No!changes!in!current!amplitudes!were!seen!with!2!Hz!stimulation,!expressed!as!the!

ratio!of!the!second!to!the!first!response!(n=30).!

! !
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Figure!3.17!(Continued)!
! !
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uncaging!site!in!~50%!of!trials.!The!probability!of!spine!growth!was!similar!in!direct!and!

indirect!pathway!MSNs!(Figure!3.16b),!was!unaffected!by!blockade!of!GABAA!receptors!

(52%!and!50%!success!percentage!for!GFP+!and!GFP−!MSNs!in!control!conditions,!and!

56%!and!51%,!respectively,!in!GABAA!antagonist),!and!matched!previous!results!in!

cortical!pyramidal!cells27.!Thus,!glutamatergic!stimulation!is!sufficient!to!drive!

spinogenesis!in!the!developing!striatum.!

To!test!whether!the!postnatal!activity!of!corticoSstriatal!projections!drives!

synaptogenesis,!we!used!the!Rbp4Vcre!mouse!line!to!express!hM4D!in!corticoSstriatal!

neurons!emanating!from!deep!cortical!layers!(Figure!3.16c).!Rbp4Vcre;D2VGFP!mice!were!

injected!with!the!double!floxed!inverted!AAV!carrying!hM4D–mCherry!at!P0–1!and,!

starting!at!P8,!cno!(1!mg!kg−1)!or!saline!was!administered!subcutaneously!twice!per!day!

to!littermate!pups.!For!MSNs!of!both!pathways!assayed!at!P14–15,!mEPSC!frequency!

and!spine!density!were!decreased!after!cno!treatment!(Figure!3.16d),!with!no!change!in!

mEPSC!amplitude!(direct!pathway!MSNs:!frequency,!0.66!±!0.2!Hz!(saline)!versus!

0.25!±!0.05!Hz!(cno),!n!=!12!and!9;!spine!density,!0.60!±!0.05!spines!per!µm!(saline)!

versus!0.38!±!0.03!spines!per!µm!(cno),!n!=!7!and!6;!indirect!pathway!MSNs:!frequency,!

0.65!±!0.14!Hz!(saline)!versus!0.25!±!0.04!Hz!(cno),!n!=!16!and!16;!spine!density,!

0.58!±!0.03!spines!per!µm!(saline)!versus!0.31!±!0.02!spines!per!µm!(cno),!n!=!7!and!6)!

(Figure!3.16d,e).!Because!inhibition!of!Rbp4SCre+!corticoSstriatal!projections!caused!no!

change!in!locomotion!at!P14–15!(Figure!3.18),!activitySdependent!control!of!striatal!

synaptogenesis!is!not!secondary!to!behavioural!changes.!

! !
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Figure!3.18.!In!vivo!hM4DFbased!manipulation!of!neural!activity!in!corticoFstriatal!

projection!neurons!does!not!influence!locomotion.!

a.!hM4DSmCherry!was!introduced!into!corticoSstriatal!projecting!pyramidal!neurons!

through!bilateral!cortical!infection!of!AAV!DIOShM4DSmCherry!into!Rbp4VCre;#D2VGFP!

mice!(P1S3).!Littermate!pairs!were!injected!with!saline!or!cno!2x/day!(P8S15)!and!tested!

on!P15.!!

b.!View!from!the!top!of!the!arena!used!to!test!locomotor!activity!with!examples!of!

tracks!for!individual!mice!injected!with!saline!or!cno.!Scale!bar,!3!cm.!

c.!Average!distance!traveled!in!1!hr!does!not!differ!for!saline!or!cnoStreated!mice.!

! !
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Figure!3.18!(Continued)!
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To!determine!whether!activitySdependent!changes!in!striatal!synaptogenesis!

persist!into!early!adulthood,!we!inhibited!the!activity!of!corticoSstriatally!projecting!

Rbp4SCre!neurons!during!P8–P15!and!examined!excitatory!innervation!in!indirect!

pathway!MSNs!at!P25–28!(Figure!3.16f).!Both!mEPSC!frequency!and!spine!density!were!

reduced!in!cnoStreated!mice!compared!to!salineSinjected!controls!(indirect!pathway!

MSNs:!frequency,!0.73!±!0.12!Hz!(saline)!versus!0.29!±!0.07!Hz!(cno),!n!=!28!and!26;!

spine!density,!0.83!±!0.02!spines!per!µm!(saline)!versus!0.64!±!0.02!spines!per!µm!(cno),!

n!=!10!per!group)!(Figure!3.16g,h).!Thus,!perturbations!of!cortexSbasal!ganglia–thalamus!

circuit!activity!in!early!life!can!have!lasting!effects!into!adulthood.!

Our!data!reveal!that!the!balance!of!activity!in!direct/indirect!pathways!dictates!

postnatal!excitatory!innervation!of!the!striatum.!Because!manipulating!striatal!output!

alters!the!structure!of!its!input,!activity!must!act!recurrently,!through!a!polysynaptic,!

multiSstage!circuit.!The!simplest!explanation!for!these!findings!is!that!glutamate!release!

from!cortical!and!thalamic!axons!in!the!striatum!promotes!the!formation!or!stabilization!

of!glutamatergic!synapses!onto!MSNs.!Perturbations!that!result!in!relative!activation!of!

the!direct!pathway!compared!to!the!indirect!(and!hence!activate!cortex!and!thalamus)!

will!drive!glutamatergic!synapse!formation!in!the!striatum.!Collateral!connections!

among!MSNs19!influence!basal!ganglia!activity!and!may!contribute!to!these!effects.!Such!

activitySdependent!processes!may!be!essential!for!refining!locomotion!and!rewardS

based!behaviour.!

These!mechanisms!are!fundamentally!distinct!from!those!believed!to!underlie!

topographic!organization!of!sensory!cortices!during!postnatal!development.!In!these!
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cortical!areas,!waves!of!neural!activity!pass!information!about!sensory!maps!from!one!

stage!of!processing!to!the!next28,29,!and!these!mappings!are!translated!into!synaptic!

connectivity!through!spikeStimingSdependent!plasticity!rules30.!In!contrast,!striatal!

inputs!from!widespread!cortical!areas!show!only!modest!topographic!organization.!

Instead!of!sensory!maps,!synaptic!networks!throughout!the!cortexSbasal!ganglia–

thalamus!loop!are!thought!to!reflect!parallel,!segregated!loops!of!mixed!inhibitory!and!

excitatory!projections.!Here!we!show!that!activity!propagates!through!cortexSbasal!

ganglia–thalamus!circuits!to!specify!synaptic!networks!based!on!the!balanced!output!of!

direct!and!indirect!pathways!in!a!manner!that!can,!through!positive!feedback,!select!for!

recurrent!closed!loops.!

!
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!

Methods!!

Mouse!strains!and!genotyping! !

Animals!were!handled!according!to!protocols!approved!by!the!Harvard!Standing!

Committee!on!Animal!Care,!in!accordance!with!NIH!guidelines.!To!generate!mice!with!

conditional!knockout!of!Slc32a1!from!the!direct!and!indirect!pathway,!D1/D2V

cre;Slc32a1f/+!mice!were!crossed!with!Slc32a1f/f!mice.!Conditional!knockout!crosses!

were!made!using!either!male!or!female!parents!as!Cre!carriers.!To!generate!pups!

carrying!the!D1S,!D2S,!Adora2aS!or!Rbp4SCre!transgenes,!D1S,!D2S,!Adora2aS!or!Rbp4SCre!

parents,!either!male!or!female,!were!crossed!to!wildStype!C57BL/6!mice.!D2SBAC!and!

GAD67!knockSin!GFP!transgenes!were!also!introduced!through!either!parent!or!both!

parents.!A!full!description!of!the!transgenic!mouse!lines!used!in!this!study!is!provided!in!

Table!3.1.!Genotyping!was!performed!from!tail!tissue!sampled!at!P0.5–5.!Tail!tissue!was!

digested!overnight!(Viagen)!and!PCR!was!performed!using!the!lysates!as!template!DNA.!

The!genotyping!primers!are!listed!in!Table!3.2!and!the!PCR!protocols!are!provided!

below.!!

PCR!protocol!1:!(1)!95!°C!for!5!min;!(2)!95!°C!for!30!s;!(3)!53!°C!for!30!s;!(4)!72!°C!

for!1!min;!(5)!repeat!(2)–(4)!for!35!cycles;!(6)!72!°C!for!5!min.!

PCR!protocol!2:!(1)!94!°C!for!3!min;!(2)!94!°C!for!45!s;!(3)!66!°C,!down!−1!°C!each!

cycle!for!45!s;!(4)!72!°C!for!45!s;!(5)!repeat!(2)–(4)!for!9!cycles;!(6)!94!°C!for!30!s;!(7)!58!°C!

for!30!s;!(8)!72!°C!for!30!s;!(9)!repeat!(6)–(8)!for!20!cycles;!(10)!72!°C!for!10!min.!

! !
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Table!3.1.!Transgenic!mouse!lines!

!
!
!
!
!
Table!3.2.!Genotyping!primers!

!
!
!
!
!
Table!3.3.!AdenoFassociated!viruses!

!
!
!
!
!
!
!
!
!
!
!
!
!
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Stereotaxic!injections!

For!intracranial!injections,!P0–7SdaySold!mice!were!anaesthetized!with!isofluorane!and!

placed!into!a!stereotaxic!apparatus.!Virus!was!delivered!at!a!maximum!rate!of!

100!nl!min−1!using!a!Microinject!system!(WPI).!Dorsolateral!striatum!was!targeted!by!

directing!the!needle!approximately!1!mm!anterior!to!midpoint!between!ear!and!eye,!

1.5!mm!from!midline!and!1.8!mm!ventral!to!brain!surface,!and!these!coordinates!were!

adjusted!based!on!age.!Cortical!injections!were!similarly!targeted!in!the!anterior–

posterior!and!medial–lateral!axes,!but!the!needle!was!directed!0.8!mm!ventral!to!brain!

surface.!Unilateral!injections!of!350–500!nl!were!used!to!drive!ChR2!expression!for!

electrophysiology!experiments,!pathway!tracing,!cell!targeting!for!mEPSC!recordings!and!

cell!fills!for!dendritic!spine!density!analyses;!500–750!nl!bilateral!or!50!nl!unilateral!

injections!were!used!in!circuit!manipulation!with!hM4D;!50!nl!unilateral!injections!were!

used!for!sparse!postnatal!Slc32a1!knockout;!50!nl!unilateral!injections!(1:10!dilution)!

were!used!for!inducing!tdTomato!expression!in!de#novo!spinogenesis!experiments.!Virus!

titres!are!provided!in!Table!3.3!and!injection!rates!were!50–100!nl!min−1.!After!injections!

and!wound!closure,!mice!received!flunixin!for!analgesia!and!were!returned!to!home!

cages!for!8+!days.!

Slice!preparation!

Coronal!striatal!slices!were!prepared!as!described!previously!for!rat34.!Mice!were!

anaesthetized!by!inhalation!of!isoflurane.!Cerebral!hemispheres!were!removed!and! !
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placed!into!cold!cholineSbased!artificial!cerebrospinal!fluid!(cholineSACSF)!containing!

25!mM!NaHCO3,!1.25!mM!NaH2PO4,!2.5!mM!KCl,!7!mM!MgCl2,!25!mM!glucose,!1!mM!

CaCl2,!110!mM!choline!chloride,!11.60!mM!ascorbic!acid!and!3.10!mM!pyruvic!acid,!and!

equilibrated!with!95%!O2/5%!CO2.!Tissue!was!blocked!and!transferred!into!a!slicing!

chamber!containing!cholineSACSF.!Coronal!striatal!slices!(300!mm)!were!then!cut!on!a!

Leica!VT1000!s!(Leica!Instruments)!and!transferred!into!a!holding!chamber!with!ACSF!

containing!(in!mM)!127!NaCl,!2.5!KCl,!25!NaHCO3,!1.25!NaH2PO4,!2.0!CaCl2,!1.0!MgCl2!

and!25!glucose,!equilibrated!with!95%!O2/5%!CO2.!Slices!were!incubated!at!34!°C!for!30–

45!min!before!recording.!

Electrophysiology!

WholeScell!recordings!were!obtained!from!striatal!MSNs!visualized!under!infrared!

differential!interference!contrast!(IRSDIC)!using!patch!pipettes!with!pipette!resistance!of!

2.5–4.5!MW.!To!identify!infected!MSNs!or!those!belonging!to!the!indirect!pathway,!

mCherry!or!GFP!fluorescence!was!detected!using!epifluorescence!illumination.!For!

ChR2Sevoked!current!recordings,!a!high!Cl−!internal!solution!containing!100!mM!CsCl,!

35!mM!CsFl,!10!mM!HEPES,!4!mM!MgCl2,!4!mM!Na2ATP,!0.4!mM!NaGTP,!10!mM!

Na2CrePO4,!1!mM!EGTA!(pH!7.4)!was!used.!For!miniature!excitatory!postsynaptic!current!

recordings,!the!internal!solution!consisted!of!120!mM!CsMeSO4,!15!mM!CsCl,!8!mM!

NaCl,!10!mM!TEACl,!10!mM!HEPES,!2!mM!QX314,!4!mM!MgATP,!0.3!mM!NaGTP!

(pH!7.4).!Alexa!Fluor!594!(10–20!mM)!was!added!to!internals!to!visualize!cell!

morphology!and!to!confirm!cell!identity!as!MSN.!For!cellSattached!recordings,!a!

caesiumSbased!internal!without!Alexa!Fluor!594!was!used!instead!and!traces!were!
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monitored!for!signs!of!breaking!in.!Recordings!were!made!using!an!Axoclamp!700B!

amplifier!(Axon!Instruments)!at!room!temperature!for!MSN!collateral!current!analysis!

and!mEPSC!recordings,!and!at!elevated!temperature!(34!°C)!for!cellSattached!recordings.!

Data!were!filtered!at!3!kHz!and!sampled!at!10!kHz.!Series!resistance,!measured!with!a!

5!mV!hyperpolarizing!pulse!in!voltage!clamp,!was!on!average!under!20!MW!and!less!

than!25!MW,!uncompensated.!All!voltageSclamp!recordings!were!made!from!cells!held!

at!−70!mV,!except!for!a!small!minority!of!cells!in!which!ChR2!stimulation!drove!

unclamped!spikes.!In!this!case,!cells!were!held!at!−40!mV!and!peak!currents!were!

multiplied!by!1.75,!the!magnitude!increase!predicted!by!−30!mV!change!in!driving!force!

of!Cl!and!confirmed!by!experiments!where!ChR2!currents!were!elicited!at!both!holding!

potentials!(−70!and!−40!mV).!For!miniature!EPSC!recordings,!all!MSNs!were!held!at!

−70!mV.!Extracellular!recordings!were!acquired!in!voltageSclamp!mode!without!

imposing!a!holding!potential.!

Optogenetic!activation!

To!activate!ChR2!in!acute!slices,!473Snm!laser!light!(Optoengine)!was!focused!onto!the!

back!aperture!of!the!×60!water!immersion!objective!to!produce!wholeSfield!

illumination.!To!quantify!the!laser!light!delivered!with!each!pulse,!light!leak!through!a!

highSpass!dichroic!filter!was!measured!using!a!photodiode!calibrated!by!measuring!the!

power!at!the!focal!plane!of!×60!objective.!For!each!ChR2!activation!experiment!in!Figure!

3.2,!six!different!light!intensities!were!used!to!drive!postsynaptic!currents!(0.1–20!mW).!

Summary!data!presented!in!Figure!3.2!are!based!on!the!strongest,!20!mW!stimulation.!

For!optogenetic!activation!of!neurons!during!extracellular!recording,!light!power!was!



!128!

slowly!increased!while!acquiring!data!until!a!moderate!firing!rate!(~4–20!Hz)!was!

achieved.!

Pharmacology!

Pharmacological!agents!were!used!at!the!following!final!concentrations.!For!ChR2S

evoked!current!recordings,!ACSF!contained!10!mM!CPP!(Tocris!Cookson),!10!mM!NBQX!

(Tocris),!10!mM!scopolamine!hydrobromide!(Tocris).!For!mEPSC!recordings,!ACSF!

contained!1!mM!TTX!(Sigma),!50!mM!SR!95531/gabazine!(Tocris),!10!mM!CPP!and!

10!mM!scopolamine!hydrobromide.!For!extracellular!recordings,!ACSF!contained!CPP,!

NBQX,!SR!95531!and!scopolamine!hydrobromide.!SR!95531!was!present!in!a!subset!of!

glutamateSuncagingSevoked!spinogenesis!experiments.!All!reagents!were!dissolved!in!

distilled!water!and!diluted!to!their!final!concentrations!in!ACSF!on!the!day!of!the!

experiment,!except!for!NBQX,!which!was!dissolved!in!DMSO.!ClozapineSnSoxide!(Sigma)!

was!used!at!10!mM!for!slice!experiments.!For!in#vivo!circuit!activity!manipulation,!

clozapineSnSoxide!in!sterile!saline!was!administered!subcutaneously!at!1!mg!kg−1!body!

weight!twice!daily.!

Two<photon!imaging!

TwoSphoton!laserSscanning!microscopy!was!performed!using!a!custom!microscope!as!

previously!described34.!Cell!morphology!was!visualized!using!Alexa!Fluor!594!(10–

20!mM)!excited!with!810–840Snm!light!and!introduced!into!the!cell!through!wholeScell!

recording!or!singleScell!electroporation.!Briefly,!a!pipette!containing!Alexa!Fluor!594!in!

dH2O!was!guided!to!a!MSN!cell!body!with!low!positive!pressure.!Pressure!was!released!
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and!a!single!0.2SmsSlong!0.1–0.3!V!pulse!was!delivered!through!an!electrical!stimulator!

(A.M.P.I)!to!fill!the!soma!with!dye,!which!rapidly!diffused!into!dendrites!and!spines!

(~5!min).!A!twoSphoton!laserSscanning!microscopy!threeSdimensional!image!stack!

through!each!neuron!was!collected,!followed!by!stacks!through!2–3°!dendritic!segments!

at!a!tenfold!higher!magnification.!For!dendritic!spine!density!and!spine!shape!analyses,!

cells!were!coded!and!analysed!used!customSwritten!routines!in!MATLAB.!ThreeStoSfive!

secondary!and!tertiary!dendrites!per!MSN!were!analysed.!The!size!of!each!spine!was!

measured!in!the!optical!section!of!maximal!brightness.!

Glutamate!uncaging!

Uncaging!of!MNISglutamate!was!done!on!a!customSbuilt!microscope!combining!twoS

photon!laserSscanning!microscopy!and!twoSphoton!laser!photoactivation,!or!uncaging.!

Two!modeSlocked!Ti:sapphire!lasers!(Coherent)!tuned!to!920!nm!and!720!nm!were!used!

for!imaging!tdTomato!fluorescence!and!uncaging!MNISglutamate,!respectively.!The!

intensity!of!each!laser!was!independently!controlled!by!Pockels!cells!(Conoptics).!For!

uncaging,!2.5!mM!MNISglutamate!(SigmaSAldrich)!was!added!to!MgSfree!ACSF!and!

15!mW!of!720!nm!light!at!the!specimen!was!used!to!focally!release!the!uncaging!group.!

To!visualize!the!dendrites!of!MSNs!of!known!pathways,!mice!carrying!at!least!one!

tdTomato!reporter!allele!and!a!D2SGFP!BAC!transgene!were!injected!with!AAV!carrying!

CreSmCherry!at!P0–1.!AAV!injections!were!titred!to!generate!sparse!Cre!expression!in!

striatum.!tdTomato+!MSN!dendrites!were!selected!using!the!following!two!criteria:!

smooth!dendritic!membrane!in!the!immediate!location!of!uncaging!spot!and!the!

presence!of!at!least!one!dendritic!spine!nearby!(within!~5!mm).!MNISglutamate!was!
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uncaged!near!the!dendrite!(~0.5!mm!away!from!the!edge)!at!2!Hz!using!40!4SmsSlong!

pulses!as!described!previously27.!This!protocol!drives!a!~7SpA!uncagingSevoked!EPSC!in!

wholeScell!voltageSclamp!recording!(Figure!3.17).!Dendrite!images!were!taken!before!

and!immediately!after!induction!protocol.!

Behavioural!analysis!

For!measuring!activity!levels,!14–17SdaySold!mice!were!monitored!one!at!a!time!using!

the!large!(45!×!45!cm2)!home!cage!module!of!EthoVision!XT!(Noldus)!with!centre!point!

and!nose!point!tracking.!No!food!or!water!was!provided!for!the!1!h!duration!of!the!

recording.!Comparisons!were!made!between!sibling!littermates!carrying!0!or!1!Slc32a1!

alleles!on!the!same!day,!with!genotype!order!counterbalanced.!All!recordings!were!

done!in!a!narrow!time!window!in!littermate!mice!maintained!on!a!standard!12/12!h!

light/dark!cycle.!The!distance!travelled!during!1!h!was!quantified.!

AAV!production!

AdenoSassociated!virus!(AAV)!vector!DNA!was!amplified!in!recombinationSdeficient!

bacteria!(OneShot!Stbl3,!Invitrogen)!and!packaged!by!a!commercial!vector!core!facility!

(University!of!North!Carolina).!Table!2.1!describes!the!AAV!vectors!used!in!this!study.!

The!CreSsilenced!ChR2–mCherry!vector!(DO–ChR2–mCherry)!was!generated!by!

reversing!the!orientation!of!the!ChR2–mCherry!transgene!with!respect!to!the!two!pairs!

of!flanking!loxP!sites!using!the!Asc1!and!Nhe1!restriction!sites.!
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Fixed<tissue!preparation,!imaging!and!immunohistochemistry!

Mice!were!transcardially!perfused!with!4%!paraformaldehyde!and!the!brains!were!postS

fixed!for!1–7!days.!Brains!were!sectioned!coronally!or!sagittally!at!40!µm!using!a!

Vibratome.!No!immunoSenhancement!was!used!to!increase!the!signal!of!native!

fluorophores.!For!Cre!immunofluorescence,!1:6!series!of!sections!through!the!striatum!

were!incubated!overnight!at!4!°C!with!mouse!antiSCre!antibody!in!TBS!with!0.5%!TweenS

20!(1:250,!Invitrogen).!The!following!day!tissue!was!rinsed!in!TBS,!reacted!with!goat!

antiSmouse!Alexa!Fluor!488!(1:500,!Molecular!Probes)!for!1!h!at!room!temperature,!

rinsed,!mounted!onto!superfrost!slides,!dried!and!coverslipped!under!ProLong!antifade!

reagent!with!DAPI!(Molecular!Probes).!Images!were!acquired!with!a!Zeiss!LSM!510!

META!confocal!microscope!(Harvard!NeuroDiscovery!Center).!Slides!were!coded!for!

confocal!microscopy!and!data!analysis.!For!every!animal,!five!fields!of!view!were!

selected!for!analysis!from!several!striatal!sections,!which!matched!the!location!of!

electrophysiological!recordings.!TwoSdimensional!1SmmSthick!optical!sections!were!

analysed!in!ImageJ!using!coSlocalization!and!cell!counter!plugSins.!The!number!of!Cre+!

and!Cre−!DAPISstained!nuclei!was!quantified!and!expressed!as!a!percentage.!On!average!

>600!cells!were!examined!for!Cre!expression!in!every!animal.!The!code!was!broken!after!

completion!of!the!analysis.!

For!parvalbumin!immunofluorescence,!sections!were!incubated!in!mouse!antiS

parvalbumin!primary!antibody!(1:2,000,!Millipore),!goat!antiSmouse!Alexa!488!

secondary!antibody,!and!coverslipped!under!ProLong!antifade!reagent!with!DAPI.!Image!

stacks!were!acquired!with!a!with!an!Olympus!FV1000!laser!scanning!confocal!
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microscope!(Harvard!Neurobiology!Imaging!Facility).!The!number!of!parvalbuminS

labelled,!D1SCre!tdTomato!reporterSpositive!neurons!was!quantified.!Stacks!through!

>300!neurons!from!four!mice!were!analysed.!

Whole<brain!imaging!

Mice!were!unilaterally!injected!with!DIO–ChR2–mCherry!AAV!into!the!right!dorsal!

striatum!and!transcardially!perfused!with!4%!paraformaldehyde!8–10!days!later.!Brains!

were!sectioned!sagittally!at!100!µm.!For!every!brain,!the!slice!with!maximal!crossS

section!of!SNr!or!globus!pallidus!was!selected!for!imaging!with!an!Olympus!VS110!slide!

scanning!microscope!using!×20!objective.!No!immunoSenhancement!was!needed!to!

visualize!longSrange!projections.!For!confocal!imaging,!sections!were!scanned!on!a!

confocal!microscope!under!a!×63!oil!objective.!ImageJ!was!used!to!analyse!fluorophore!

distributions!and!data!were!expressed!as!area!fractions.!

Data!analysis!

Offline!data!analysis!for!electrophysiology!was!performed!using!custom!software!

written!in!Igor!Pro!(Wavemetrics)!and!MATLAB.!Statistical!analyses!were!done!using!

GraphPad!PRIZM!5!software!(GraphPad).!All!values!are!reported!as!means!±!s.e.m.,!

unless!noted!otherwise.!Statistical!significance!was!determined!by!twoStailed!Student’s!

tStests,!with!Welch’s!correction!for!data!sets!with!significantly!different!variances,!and!

twoStailed!Wilcoxon!signed!rank!test!for!nonSparametrically!distributed!data.!TwoSway!

ANOVA!with!Bonferroni!postShoc!comparisons!and!logSrank!Mantel–Cox!test!were!used!
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for!weight!and!lifespan!analyses!in!Figure!3.5!P!<!0.05!was!considered!to!be!statistically!

significant.!

!
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The!basal!ganglia!(BG)!are!a!phylogenetically!conserved!set!of!subcortical!nuclei!

necessary!for!coordinated!motor!action!and!reward!learning1.!!Accepted!models!

postulate!that!the!BG!modulate!cerebral!cortex!indirectly!via!an!inhibitory!output!to!

thalamus,!bidirectionally!controlled!from!within!the!BG!by!direct!(dSPNs)!and!indirect!

(iSPNs)!pathway!striatal!projection!neurons2S4.!The!BG!thalamic!output!sculpts!cortical!

activity!by!interacting!with!signals!from!sensory!and!motor!systems5.!!Here!we!describe!

a!direct!projection!from!the!globus!pallidus!externus!(GP),!a!central!nucleus!of!the!BG,!

to!frontal!regions!of!the!cerebral!cortex!(FC).!Two!cell!types!make!up!the!GPSFC!

projection,!distinguished!by!their!electrophysiological!properties,!cortical!projection!

patterns!and!expression!of!choline!acetyltransferase!(ChAT),!a!genetic!marker!for!

neurons!that!release!the!neurotransmitter!acetylcholine!(ACh).!Despite!these!

differences,!ChAT+!cells,!which!have!historically!been!identified!as!an!extension!of!the!

nucleus!basalis!(NB),!as!well!as!ChATS!cells,!release!the!inhibitory!neurotransmitter!

GABA!(γSaminobutyric!acid)!and!are!inhibited!by!iSPNs!and!dSPNs!of!dorsal!striatum.!

Thus!GPSFC!cells!comprise!a!direct!GABAergic/cholinergic!projection!that!places!frontal!

cortex!under!the!inhibitory!control!of!the!striatum.!Furthermore,!iSPN!inhibition!of!GPS

FC!cells!is!sensitive!to!dopamine!2!receptor!signaling,!revealing!a!pathway!by!which!

drugs!that!target!dopamine!receptors!for!the!treatment!of!neuropsychiatric!disorders!

can!act!in!the!BG!to!modulate!frontal!cortices.!
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Introduction,!Results!&!Discussion!

iSPNs!are!the!major!dopamine!2!receptor!(D2r)!expressing!cells!in!the!brain!and!

project!from!dorsal!striatum!exclusively!to!the!GP.!This!connectivity!suggests!that!the!

therapeutic!effects!of!drugs!that!target!D2rs!to!treat!schizophrenia6,!bipolar!disorder7!

and!obsessive!compulsive!disorder8!likely!involve!GP!circuits.!In!humans,!the!GP!is!one!

of!the!most!transcriptionally!distinctive!regions!of!the!brain9,!yet!how!this!molecular!

diversity!maps!onto!functionally!distinct!cell!types!is!unclear.!The!anatomy!of!projection!

axons,!intrinsic!firing!properties,!and!synaptically!released!neurotransmitters!often!

distinguish!neuron!types!and!determine!the!function!of!each!type!in!controlling!

neuronal!circuits!and!behavior.!Previous!studies!generally!describe!that!GP!neurons!are!

spontaneously!active,!project!to!all!nuclei!of!the!BG!and!thalamus10,!and!release!the!

neurotransmitter!GABA11.!Thus!the!GP!is!thought!to!coordinate!subcortical!activity!

through!inhibition12,13.!!

In!contrast!to!this!accepted!function,!anatomical!studies!across!species!have!

identified!ChAT+!neurons!in!and!around!the!GP!that!project!to!cortex14S16.!These!cells!

have!been!assumed!to!be!an!extension!of!the!adjacent!NB,!associated!with!the!limbic!

functions!of!the!basal!forebrain!and!not!the!motor,!sensory!and!cognitive!functions!of!

the!BG!17.!However,!several!lines!of!evidence!suggest!they!may!be!part!of!the!GP.!!

Anatomically,!ChAT+!GP!cells!appear!to!be!innervated!by!SPNs!from!dorsal!striatum18!

despite!the!rarity!of!iSPN!synapses!at!the!ultrastructural!level19.!Functionally,#recordings!

in!macaques!described!GP!neurons!with!NBSlike!firing!properties!that!were!responsive!

to!reward20!,!a!computation!attributed!to!the!BG21.!Behaviorally,!humans!with!lesions!of!
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the!GP!exhibit!reduced!metabolism!in!frontal!cortices!and!psychiatric!symptoms!

reminiscent!of!patients!with!frontoStemporal!lobe!damage,!consistent!with!loss!of!

substantial!extrinsic!input22.!Therefore!we!asked!whether!the!GP!contains!a!projection!

system!to!FC!that!is!integrated!into!the!BG!circuitry.!!

We!performed!retrograde!labeling!by!injecting!fluorescent!microspheres!(retro!

beads)!into!the!FC!of!Drd2SEGFP!mice!to!localize!FC!projection!neurons!with!respect!to!

the!GP!borders!defined!by!the!iSPN!axonal!arbor!(Figure!4.1a).!!Retro!bead+!cells!were!

found!within!the!GP!and!clustered!on!the!GP/NB!and!GP/striatum!borders!(Figure!4.1b).!

Like!other!basal!forebrain!projection!systems!to!cortex23,!these!GPSFC!cells!arborize!

exclusively!in!ipsilateral!cortex!(Figure!4.2aSc).!!

To!investigate!if!GPSFC!cells!use!GABA!or!ACh!as!a!neurotransmitter,!we!repeated!

retrograde!labeling!and!ChAT!immunostaining!in!VgatiSCre/+;Rosa26lslSzsGreen/+!or!GAD2iS

Cre/+;Rosa26lslSzsGreen/+!mice!where!cells!expressing!the!vesicular!GABA!transporter!(Vgat,!

encoded!by#Slc32a1)!or!glutamic!acid!decarboxylase!2!(GAD2)!are!fluorescently!labeled!

(Figure!4.1c).!Nearly!all!retro!bead+!GP!cells!were!Vgat+!(n=159!of!159!cells,!n=3!mice)!or!

GAD2+!(n=231!of!233!cells,!n=2!mice),!whereas!72%!were!ChAT+!(n=215!of!300!cells,!n=5!

mice)!and!28%!ChATS!(n=85!of!300!cells).!Based!on!ubiquitous!Vgat!/#GAD2!but!

differential!ChAT!expression,!we!conclude!that!the!GPSFC!projection!consists!of!two!

molecularly!distinct!cell!types24!(hereafter!ChAT+!and!ChATS!cells,!Figure!4.1d)!and!that!

ChAT+!cells!of!the!adjacent!NB!express!GABAergic!markers,!consistent!with!previous!

transcriptional!analysis25.!!
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Figure!4.1.!The!Globus!Pallidus!(GP)!and!bordering!nucleus!Basalis!(NB)!contain!two!

GABAergic!cell!types!that!project!to!frontal!cortex!(FC).!!!

a.!Left,!sagittal!section!from!a!Drd2VEGFP!mouse!injected!with!retro!beads!(red)!into!FC,!

which!include!dorsal!and!ventral!agranular!insular!cortex,!as!well!as!anterior!regions!of!

primary!motor,!secondary!motor!and!primary!sensory!cortex.!!EGFP!(green)!is!expressed!

in!iSPNs!of!the!striatum!(Str).!!iSPN!axons!arborize!in!the!GP!and!define!its!anatomical!

boundaries.!DAPI!(blue),!nuclear!stain.!!Right,!higher!magnification!view!of!the!GP!from!

a!single,!more!medial!section!from!the!same!mouse.!Retro!bead+!neurons!(inset!and!

highlighted!with!circles)!are!located!in!the!GP!and!around!the!GP/NB!border.!ac,!anterior!

commissure;!VP,!ventral!pallidum.!!

b.!Overlaid!locations!of!retro!bead+!cells!in!the!central!~300!mm!(medialSlateral!axis)!of!

GP!from!separate!FC!injections!(n=3!mice).!!

c.!FC!retro!bead!labeling!in!VgatCre/+;Rosa26lslSzsGreen/+!or!GAD2Cre/+;Rosa26lslSzsGreen/+!!mice!

followed!by!ChAT!immunostaining!(magenta)!demonstrates!that!nearly!all!retro!bead+!

GP!cells!(red)!are!VgatiSCre!+!or!GAD2iSCre!+!(green).!A!subset!of!these!are!also!ChAT+!(solid!

circles)!and!the!remainder!are!ChATS!(dashed!circles).#Top,!low!magnification!sagittal!

view!of!the!GP.!Bottom,!a!single!confocal!plane!from!stacks!used!to!quantify!marker!coS

localization.!!

d.!Summary!of!coSexpression!of!VgatiSCre!(n=3!mice)!and/or!ChAT!(n=5!mice)!in!retro!

bead+!GP!neurons.!

! !



!139!

Figure!4.1!(Continued)!
!
!
!

! !
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Figure!4.2.!Anatomical!and!molecular!properties!of!GPFFC!cells!and!ChAT+!cells!of!the!

Substantia!Innominata!(SI)!and!Ventral!Pallidum!(VP).!!

aFc.!GPSFC!cells!project!exclusively!to!ipsilateral!cortex.!!

a.!Low!magnification!horizontal!section!from!a!wild!type!mouse!injected!bilaterally!in!FC!

with!red!(right!hemisphere)!and!green!(left!hemisphere)!retro!beads.!DAPI!(blue),!

nuclear!stain.!Boxed!insets!show!location!of!GP!in!b.!Green!signal!in!the!right!

hemisphere!is!due!to!bleed!through!from!the!red!channel.!!

b.!High!magnification!of!left!and!right!GP!from!the!same!brain!as!in!a.!Retro!bead+!cells!

from!ipsilateral!(ipsi)!and!contralateral!(contra)!injections!are!highlighted!with!white!

circles.!Dashed!lines!demarcate!the!approximate!boundaries!of!the!GP.!!

c.!Summary!graph!showing!nearly!all!bead+!cells!(n=436!of!437)!resulted!from!injections!

in!ipsilateral!FC!(n=4!mice).!!

dFe.!ChAT+!neurons!of!the!substania!innominata!(SI)!and!ventral!pallidum!(VP)!express!

the!vesicular!GABA!transporter!gene!(Vgat)!and!glutamic!acid!decarboxylase!2!(GAD2).!

d.!Top,!low!magnification!ventral!view!of!a!sagittal!section!from!a!VgatiSCre/+!;!Rosa26lslS

zsGreen/+!mouse!immunostained!for!ChAT.!!Bottom,!high!magnification!view!of!the!SI!and!

bordering!VP.!!

e.!Similar!high!magnification!view!of!SI/VP!area!in!a!GAD2#iSCre/+!;!Rosa26lslSzsGreen/+!mouse!

immunostained!for!ChAT.!!

fFh.!ChATS!GPSFC!cells!do!not!express!Parvalbumin!(PV).!!

!

!
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Figure!4.2!(Continued)!

f.!Low!magnification!view!of!sagittal!section!through!the!GP!of!a!wild!type!mouse!

injected!with!retro!beads!(red)!in!FC!and!immunostained!for!ChAT!(green)!and!PV!

(magenta).!!White!circles!highlight!bead+!GPSFC!cells.!!

g.!A!single!confocal!plane!showing!bead+!GPSFC!cells!(circled!in!white)!and!

immunostaining!for!ChAT!and!PV.!!

h.!Confocal!quantification!of!coSlocalization!between!bead+!ChATS!GPSFC!cells!and!PV!

(n=2!mice).!

!

! !



!142!

Figure!4.2!(Continued)!
!
!

! !
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ChAT+!cells!throughout!the!NB!and!Substantia!Innominata!were!also!Vgat+!and!GAD2+!

(Figure!4.2d,e),!suggesting!that!much!of!the!basal!forebrain!cholinergic!system!may!

release!GABA!in!addition!to!ACh26.!ChATS!GPSFC!cells!did!not!express!the!calcium!binding!

protein!parvalbumin!(PV)!(Figure!4.2!1fSh),!indicating!that!GPSFC!cells!are!distinct!from!

both!the!GP!neurons!that!project!to!posterior!BG!nuclei27!and!the!other!nonScholinergic!

cortical!projecting!cells!found!across!the!basal!forebrain1,28,29.!

To!determine!if!ChAT+!and!ChATS!GPSFC!cells!are!conserved!in!higher!mammals,!

we!performed!retrograde!tracing!followed!by!ChAT!immunostaining!in!a!rhesus#

macaque.!!We!targeted!cortical!areas!innervated!by!NB!neurons!adjacent!to!the!GP2S4,30!

(Figure!4.3a,b)!and!observed!tracer+!neurons!in!the!GP!and!bordering!NB!that!were!

ChATS!and!ChAT+!(Figure!4.3cSe).!In!the!macaque!and!mouse,!ChAT+!cells!were!similarly!

distributed!around!the!GP!and!GP/NB!border!(Figure!4.3d,g).!!In!the!mouse,!iSPN!axons!

abut!ChAT+!cells!bordering!the!GP!and!arborize!in!the!dorsal!NB!(Figure!4.3g).!We!

conclude!that!ChAT+!and!ChATS!cortical!projection!neurons!within!the!GP/dorsal!NB!are!

conserved!and!ideally!positioned!to!be!innervated!by!iSPNs.!!!

To!determine!if!ChATS!and!ChAT+!cells!have!distinct!circuit!functions,!we!

compared!their!cortical!projection!patterns!and!electrophysiological!properties.!!

Differential!labeling!of!GPSFC!cells!in!ChAT#iSCre/+!mice!was!accomplished!using!

recombinant!adenoSassociated!viruses!(rAAVs)!to!selectively!express!fluorophores!in!

intermingled!Cre+!and!CreS!neurons5,31(Figure!4.4aSf).!The!brains!of!mice!with!injections!

of!rAAVs!confined!to!the!GP!and!adjacent!NB!were!reconstructed!in!threeS!

!
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Figure!4.3.!ChAT+!and!ChATF!GPFFC!cells!are!present!in!a!rhesus!macaque.!

a.!In!order!to!label!frontal!cortical!projection!neurons!from!Ch4iv!and!Ch4id!regions!of!

the!NB!adjacent!to!the!GP30,!the!neuronal!tracer!biotinylated!dextran!amine!(BDA)!was!

injected!at!multiple!sites!along!the!arcuate!and!principal!gyri!and!in!the!orbital!cortex.!!

Left,!dorsal!(top)!and!ventral!(bottom)!views!of!a!fixed!macaque!brain.!Dashed!boxes!

indicate!the!injected!areas.!Right,!schematic!of!the!injection!sites.!Blue!circles!

correspond!to!2!x!0.5 µl!BDA!injections!at!1!and!2!mm!below!the!pial!surface.!b.!Coronal!

section!through!the!injection!area!after!immunostaining!to!visualize!BDA.!cFe.!

Immunostaining!for!BDA!and!ChAT!identifies!retrogradely!labeled!ChAT+!and!ChATS!GPS

FC!cells.!!

c.!Coronal!section!from!Macaque!atlas!containing!GP!and!NB.!!

d.!Left,!ChAT!immunostaining!highlights!traditional!anatomical!boundaries!of!the!

GP/Putamen!and!GP/NB.!Same!plane!as!in!c.!Right,!higher!magnification!view!of!GP/NB!

border!corresponding!to!the!inset!in!c.!ChAT+!neurons!are!distributed!around!the!

ventral!GP/dorsal!NB!and!along!laminae!separating!the!GP!from!the!Putamen!(lateral!

medullary!laminae,!lml)!and!GPi!(medial!medullary!laminae,!mml).!Arrow!and!

arrowhead!indicate!approximate!locations!of!BDA+ChAT+!(680!µm!anterior)!and!

BDA+ChATS!(360!µm!anterior)!example!GPSFC!cells!shown!in!e.!!

e.!Single!confocal!planes!showing!example!BDA+ChAT+!and!BDA+ChATS!GPSFC!cells.!!

f,g.!ChAT!immunostaining!in!a!Drd2SEGFP!mouse!distinguishes!traditional!anatomical!

boundaries!of!the!GP/NB!from!the!territory!occupied!by!iSPN!axons.!!

f.!Coronal!section!from!the!mouse!atlas.!!
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!

Figure!4.3!(Continued)!

g.!Left,!ChAT!immunostaining!highlights!traditional!anatomical!boundaries!of!the!

GP/Striatum!and!GP/NB.!!Same!plane!as!in!f.!Right,!higher!magnification!view!of!GP/NB!

border!region!corresponding!to!the!inset!in!f.!As!in!Macaque,!ChAT+!cells!are!distributed!

along!GP!borders!between!striatum!and!the!internal!capsule!(ic)!and!at!the!border!of!

ventral!GP/dorsal!NB.!!Overlay!of!GFP!fluorescence!demonstrates!iSPN!axons!arborize!

throughout!the!GP,!abutting!ChAT+!cells!on!the!GP!border!regions!(arrow),!and!ventrally!

in!the!dorsal!NB!(arrowhead).!AA,!anterior!amygdaloid!area;!ac,!anterior!commissure!

posterior;!CeL,!central!lateral!division!of!amygdala;!CeM,!central!medial!division!of!

amygdala;!GP,!globus!pallidus!externus;!GPi,!globus!pallidus!internus;!Lh,!lateral!! !
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Figure!4.3!(Continued)!
!
!
!
!

! !
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Figure!4.4.!Validation!of!ChAT!i/FCre!knockFin!mouse!and!rAAV!strategy!for!CreFOn/Off!

labeling!of!GPFFC!cells.!!!

aFc.!The!ChAT!iSCre!mouse!expresses!Cre!selectively!in!ChAT+!GP/NB!neurons!with!high!

penetrance.!!

a.!Left,!low!magnification!view!of!sagittal!section!through!ChAT!iSCre/+;Rosa26lslStdTomato/+!

mouse!immunostained!for!ChAT.!!Right,!inset!showing!higher!magnification!view!of!the!

GP!and!NB.!!Dashed!line!approximates!the!boundaries!for!quantifying!CreSreporter!and!

ChAT!coSlocalization.!!

b.!Single!confocal!plane!showing!overlap!of!CreSreporter!expression!and!ChAT!

immunostaining!of!ChAT+!cells!at!the!GP/NB!border.!!

c.!Quantification!of!confocal!coSlocalization!between!the!CreSreporter!and!ChAT!(n=3!

mice).!

!dFf.!Transduction!of!the!GP!in!a!ChAT#iSCre/+!mouse!with!DIOSEGFP!(CreSOn)!and!FASS

tdTomato!(CreSOff)!rAAVs!effectively!targets!GFP!and!tdTomato!to!ChAT+!and!ChATS!cells!

respectively.!!

d.!Sagittal!section!through!the!GP!following!transduction!of!the!DIOSEGFP!(green)!and!

FASStdTomato!(red)!rAAVs!and!immunostaining!for!ChAT!(magenta).!!

e.!Single!confocal!plane!showing!ChAT+!cells!(circled!in!white)!coSlocalized!with!GFP!but!

not!tdTomato.!!

f.!Quantification!of!confocal!coSlocalization!between!ChAT,!GFP!and!tdTomato!(n=2!

mice).!!

!
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Figure!4.4!(Continued)!

g.!Coronal!section!of!anterior!M1!illustrating!automated!axon!detection!of!ChATS!and!

ChAT+!axons.!!

h.!Densities!of!detected!ChATS!(green)!and!ChAT+!(magenta)!axons!along!with!total!

cortical!area!(black)!in!successive!50 µm!coronal!slices!(anteriorSposterior)!across!the!

cortical!mantle!(n=!2!mice).!!Densities!and!area!are!shown!raw!(thin!line)!and!after!5!

point!median!filtering!(thick!line).!!

i.!Coronal!section!illustrating!the!distribution!of!GPSFC!axons!across!layers!of!ectorhinal!

cortex,!a!posterior!cortical!area!that!receives!a!large!GPSFC!projection.!ChATS!axons!

target!superficial!layers!1!and!2/3!(arrow),!in!addition!to!deeper!layers!5!and!6,!as!in!

anterior!cortices!including!M1.!!The!ChAT+!axons!arborize!across!all!cortical!layers!in!

both!ectorhinal!and!anterior!cortical!areas.!rh,!rhinal!fissure;!Str,!striatum;!wm,!white!

matter.!

!
! !
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Figure!4.4!(Continued)!

!

!

! !
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dimensions,!cortical!axons!were!computationally!detected!(Figure!4.4g),!and!axonal!

densities!were!quantified!across!cortical!areas!and!layers!(n=2!mice)!(Figure!4.5a,b!and!

B.Movie!1).!!ChAT+!and!ChATS!cells!send!a!pronounced!projection!to!FC!(Figure!4.5c!and!

Figure!4.4h),!targeting!different!but!overlapping!cortical!areas!(Figure!4.5d)!and!layers!

(Figure!4.5e).!!In!anterior!primary!motor!cortex!(M1),!ChAT+!axons!arborize!in!layers!1S6,!

most!densely!in!layers!1!and!2/3,!whereas!ChATS!axons!arborize!densely!in!layers!5!and!

6,!sparsely!in!layer!2/3!and!are!absent!from!layer!1.!This!layer!distribution!is!

representative!of!most!but!not!all!cortical!areas.!In!ectorhinal!cortex,!which!receives!a!

strong!GPSFC!projection,!ChATS!axons!extend!into!layer!1!(Figure!4.4i).!GPSFC!cells!also!

target!distinct!but!overlapping!subcortical!nuclei.!ChAT+!cells!arborize!in!the!thalamic!

reticular!nucleus!(Rt),!the!basolateral!amygdala!(BLA)!and!the!substantia!nigra!

reticulata/compacta!(SNr/c).!ChATS!cells!target!the!striatum!(Str),!subthalamic!nucleus!

(STN)!and!Substantia!Nigra!reticulata!(SNr),!as!well!as!the!lateral!amygdala!(LA)!and!BLA,!

lateral!habenula!(LH)!and!thalamic!Rt!and!parafascicular!nuclei!(PF)(!Figure!4.6).!

To!determine!electrophysiological!and!morphological!properties!of!ChAT+!and!

ChATS!GPSFC!cells,!we!identified!these!cells!in!acute!brain!slices!following!FC!retrograde!

bead!labeling!in!ChAT#iSCre/+;Rosa26lslStdTomato/+!mice!and!made!wholeScell!currentSclamp!

recordings!followed!by!twoSphoton!imaging!of!neuronal!morphology!(Figure!4.5f).!

ChAT+!and!ChATS!cells!differed!significantly!in!several!aspects!(Figure!4.5gSi!and!Figure!

4.7aSe):!ChATS!cells!have!smaller!somata!than!ChAT+!cells!(Figure!4.5g)!and!exhibit!a!

hyperpolarization!activated!cation!current!(Ih),!whereas!ChAT+!cells!do!not.!!Compared!!
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Figure!4.5.!GPFFC!cells!are!distinguished!by!cortical!projection!patterns!and!

electrophysiological!properties.!

aFe.!GPSFC!axons!arborize!in!distinct!areas!and!layers!of!FC.!!

a.!Coronal!sections!of!a!!ChAT#iSCre/+!mouse!injected!in!GP!with!rAAVs!DIOSEGFP!(CreSOn,!

magenta)!and!FASStdTomato!(CreSOff,!green)!sampled!from!a!wholeSbrain!

reconstruction.!The!injection!site!(GP,!shown!in!b)!and!anterior!primary!motor!cortex!

(M1,!shown!in!e)!are!indicated!along!with!other!BG!nuclei.!Str,!striatum;!Rt,!thalamic!

reticular!nucleus;!STN,!subthalamic!nucleus;!SNr,!substantia!nigra!reticulata.!!

b.!Left,!coronal!atlas.!Right,!injection!site!showing!ChAT+!(CreSOn)!expression!limited!to!

GP!and!the!immediately!adjacent!NB.!ChATS!(CreSOff)!expression!is!limited!to!GP!with!

slight!leak!in!striatum.!ChAT+!and!ChATS!axons!arborize!in!Rt.!!SI,!substantia!innominata;!

NB,!nucleus!basalis;!ic,!internal!capsule.!!

c.!AnteriorSposterior!distribution!of!normalized,!median!filtered!ChAT+!and!ChATS!

axonal!densities!across!the!cortical!mantle!!(n=!2!mice;!solid!lines,!injection!1;!dotted!

lines,!injection!2).!!

d.!Average!density!of!ChAT+!and!ChATS!GPSFC!axons!by!cortical!area.!!FrA,!frontal!

association;!PrL,!prelimbic;!MO,!medial!orbital;!LO,!lateral!orbital;!VO,!ventral!orbital;!

GI/DI,!granular/dysgranular;!AI,!agranular!insular;!M1,!primary!motor;!M2,!secondary!

motor;!S1,!primary!sensory;!S2,!secondary!sensory;!Cg,!cingulate;!IL,!infralimbic;!DLO,!

dorsolateral!orbital;!Pir,!piriform;!A2,!secondary!auditory;!A1,!primary!auditory;!RS!

retrosplenial;!V1,!primary!visual;!V2,!secondary!visual;!TeA,!temporal!association;!PTA,!

parietal;!Ent,!enthorhinal;!Ect,!ectorhinal;!PRh,!perirhinal.!!
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Figure!4.5!(Continued)!

e.!Left,!distribution!of!GPSFC!axons!across!layers!of!anterior!primary!motor!cortex!(M1).!!

Right,!line!scan!of!average!fluorescence!across!layers,!normalized!to!peak!and!baseline!

subtracted!by!white!matter!signal.!

f.!ChAT+!and!ChATS!GPSFC!cells!are!distinguishable!in!acute!slices!following!green!retro!

bead!injection!in!FC!of!ChAT#iSCre;Rosa26lslStdTomato/+!mice.!!

g.!ChAT+!cells!have!larger!soma!than!ChATS!cells.!Left,!maximum!intensity!2Sphoton!

projections!of!soma!after!wholeScell!recording.!Right,!quantification!of!soma!volumes!

(P18S22;!n=8!ChAT+!cells,!n=8!ChATS!cells).!!

h.!Example!membrane!voltage!traces!for!GPSFC!cells!(P18S22)!following!positive!

(ChAT+:1.7;!ChATS:0.9!nA)!and!negative!(ChAT+:S0.2;!ChATS:S0.1!nA)!current!injections!

(500!ms)!to!determine!maximum!firing!rates!and!hyperpolarized!membrane!properties.!

i.!WholeScell!spontaneous!firing!rates!(P13S56;!n=45!ChAT+!cells,!n=35!ChATS!cells).!

Asterisk,!P<0.05!(MannSWhitney).!!

!

!

!

!

!

!

!

!
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Figure!4.5!(Continued)!

!

! !
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Figure!4.6.!ChAT+!and!ChATS!GPSFC!cells!target!distinct!but!overlapping!subcortical!

nuclei.!!!

a.!Coronal!sections!from!a!three!dimensional!brain!reconstructions!illustrating!

subcortical!nuclei!targeted!by!ChAT+!and!ChATS!axons!following!transduction!of!ChAT!iS

Cre!GP/dorsal!NB!with!rAAVs!DIOSEGFP!(green,!CreSOn)!and!FASStdTomato!(magenta,!CreS

Off)(n=2!mice,!examples!from!inj.!1).!!Left,!coronal!atlas.!!Right,!high!magnification!views!

of!subcortical!nuclei.!

!

!
! !
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Figure!4.6!(Continued)!
!

! !
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Figure!4.7.!GPFFC!cells!are!distinguished!by!active!and!passive!membrane!properties.!

a.!Maximum!intensity!2Sphoton!projections!of!ChATS!(left)!and!ChAT+!(right)!GPSFC!cells!

following!wholeScell!recording.!Dashed!insets!show!high!magnification!projections!

through!dendrites.!!

b.!Passive!membrane!properties!of!GPSFC!cells!(P18S22;!n=9!ChATS,!n=10!ChAT+).!!

c.!Representative!waveforms!of!spontaneously!active!ChATS!and!ChAT+!GPSFC!cells.!!

d.!Schematic!of!quantified!membrane!properties!following!positive!and!negative!current!

injections.!ISI,!interspike!interval.!!

e.!Active!membrane!properties!of!GPSFC!cells!(P18S22;!n=8S9!ChATS,!n=10!ChAT+).!

Representative!action!potential!waveforms!from!a!spontaneously!active!ChATS!cell!or!

from!minimal!current!injection!in!a!ChAT+!cell.!Evoked!firing!rates!were!calculated!for!

500!ms!current!injections.!!

f.!Developmental!comparison!of!GPSFC!membrane!properties!before!(P13S14)!and!

around!(P50S56)!sexual!maturity.!Left,!ChATS!GPSFC!cells!are!spontaneously!active!

throughout!postSnatal!development!(P13S14,!n=!4;!P50S56,!n=5),!while!ChAT+!cells!tend!

to!become!spontaneously!active!after!sexual!maturity!(P13S14,!n=!11;!P50S56,!n=8).!GPS

FC!membrane!resistance!(middle)!does!not!change!before!and!after!sexual!maturity!but!

membrane!capacitance!(right)!is!reduced!(ChATS:!P13S14,!n=!4;!P50S56,!n=5;!ChAT+:!

P13S14,!n=!9;!P50S56,!n=9).!Asterisk,!P<0.05!(Fisher’s!Exact!test);!Bars!denote!

mean±s.e.m.!

!
! !
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Figure!4.7!(Continued)!
!

! !



!158!

to!ChAT+!cells,!ChATS!cells!have!narrower!action!potentials,!higher!maximum!firing!rates!

(~200!vs.!30!Hz)!and!less!spike!accommodation!(Figure!4.5h).!Finally,!ChATS!cells!were!

spontaneously!active!at!all!ages!studied,!whereas!ChAT+!cells!become!spontaneously!

active!around!sexual!maturity!(Figure!4.7f).!Once!spontaneously!active,!ChAT+!cells!have!

lower!firing!rates!than!ChATS!cells!(4.4±0.39!vs.!13.3±1.6!Hz)!(Figure!4.5i).!We!conclude!

that!while!all!GPSFC!cells!are!Vgat+!and!GAD2+,!ChAT!expression!distinguishes!two!

physiologically!distinct!cell!types!that!are!anatomically!positioned!to!differentially!affect!

cortical!and!subScortical!activity!during!postSnatal!development!and!in!adulthood.!!!

To!determine!if!GPSFC!cells!influence!cortical!activity!in#vivo,!we!recorded!

extracellular!spiking!across!layers!in!FC!of!mice!performing!a!motor!reward!task!and!

compared!cortical!firing!rates!during!nonSmotor!epochs!with!and!without!optogenetic!

activation!of!ChAT+!GPSFC!neurons.!ChAT!!iSCre!!mice!were!injected!in!the!GP!and!adjacent!

NB!with!CreSOn!rAAV!carrying!the!lightSgated!cation!channel!channelrhodopsin!fused!to!

mCherry!(ChR2SmCherry)!or!mCherry!alone!and!trained!on!the!task!until!proficient!

(Figure!4.8).!Pulsed!activation!(3s!10!Hz!train!of!473!nm!light)!of!ChR2+!somata!in!GP!

through!an!implanted!fiber!(Figure!4.9a)!increased!the!firing!rates!of!individual!cortical!

units!(Figure!4.9b)!(n=15!of!106!increased,!mean!firing!rate!with!stimulation!145±14%!of!

firing!rate!without;!n=2!of!106!decreased,!mean!change!71±0.2%),!and!this!increase!was!

not!observed!in!GP!neurons!expressing!mCherry!alone!(n=0!of!73!units!increased).!Light!

also!shifted!the!mean!firing!rate!of!the!population!as!a!whole!(ChR2:!112±3%!compared!

to!no!light!condition;!mCherry!96±2%)(Figure!4.9c,d),!but!did!not!consistently!modulate!

activity!associated!with!tones!or!lever!presses!(data!not!show).!!
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Figure!4.8.!Optogenetic!manipulations!of!GPFFC!cells!coupled!with!in!vivo!extracellular!

FC!recordings!in!awake!behaving!mice.!!!!

a.!Schematic!of!the!training!and!testing!task!designs.! !After!the!start!of!the!task,! if!the!

mouse!refrains!from!pressing!a! lever!for!a!variable! length!period!(Tnopress=1.5S5!s,!red),!

then!a!10!kHz!tone!is!played!(“cue”).!!Following!the!cue!is!a!reward!period!(Treward=1.5S

10! s,! green)! in!which! the! animal! receives! a!water! drop! if! it! presses! and! releases! the!

lever.!!!During!training!the!duration!Tnopress!and!Treward!are!progressively!and!dynamically!

adjusted!based!on! the!animals!performance! to! shape! its!behavior!and! reaction! times.!

Throughout! training! Tnopress# is! randomly! varied! to! prevent! an! interval! timing! strategy,!

while!ΔTreward#is!reduced!to!keep!the!task!challenging!for!the!animal.!!Furthermore,!the!

volume! of! water! per! reward! (V)! is! proportional! to! reaction! time! (ΔTreaction,!measured!

from!the!end!of!the!tone!to!the! level!release)!such!that!V=!8 µl, if!ΔTreaction!<!200!ms,!

linear!decreases!to!4!µl!up!to!ΔTreaction=1s,!and!further!linearly!decreases!to!2!µl!at!the!

maximally!allowed!ΔTreaction.!

b.!For!behavioral!testing!and!recordings!sessions,!a!static!version!of!the!task!is!used!in!

which!Tnopress!is!randomly!chosen!from!1.5S3!s,!ΔTreaction=1.5!s,!V=!4 µl.  

c.!Raster!plot!(top)!and!summary!histogram!(bottom)!of! lever!presses!times!relative!to!

the!tone!(t=0)!for!a!single!testing!session!of!a!wellStrained!animal.!!

! !
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Figure!4.8!(Continued)!
!
!
!
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Figure!4.9.!ChAT+!GPFFC!cells!activate!FC!in!vivo!!!

a.!Schematic!for!in#vivo!recording!combined!with!optogenetic!stimulation.!473!nm!light!

was!delivered!to!GP!with!a!chronically!implanted!fiber,!while!a!16!or!32!channel!silicon!

probe!was!lowered!to!~1000 µm!below!the!pia!to!record!extracellular!spiking!in!FC.!!

b.!Example!unit!in!FC!activated!by!5!mW!of!473!nm!light!(3s!10!Hz!train,!6s!interStrial!

interval).!Raster!plot!(top)!and!histogram!(bottom)!includes!only!trials!where!no!lever!

presses!were!detected!from!3s!prior!to!3s!after!light!onset.!

c.!ChR2!(top)!and!mCherry!control!(bottom)!index!of!modulation!histograms!for!all!units!

(ChR2:!n=106!units,!3!mice;!mCherry,!n=73!units,!2!mice).!Index!is!based!on!the!Firing!

Rate!(FR)!of!cells!during!the!entire!light!on!period,!calculated!as!(FRONS

FROFF)/(FRON+FROFF).!Dashed!vertical!line!indicates!no!FR!modulation.!Rightward!shifts!

indicate!increases!and!leftward!shifts!decreases!in!FR!due!to!light.!Red!bars!indicate!cells!

that!were!statistically!significantly!modulated!on!the!trial!by!trial!basis,!P<0.05!(Students!

T!test).!Asterisk!indicates!a!statistically!significant!change!in!population!FR,!P<0.!0.0001!

(KruskalSWallis!with!Dunn’s!Multiple!Comparison!Test).!!

!
! !
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Figure!4.9!(Continued)!
!
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We!conclude!that!action!potentials!in!ChAT+!GPSFC!neurons!are!sufficient!to!increase!

firing!in!FC!of!an!awake,!behaving!mouse.!!

To!determine!the!synaptic!mechanisms!by!which!GPSFC!cells!activate!cortex,!we!

sought!to!define!the!neurotransmitters!released!by!each!cell!type.!We!introduced!the!

ChR2!into!ChATS!or!ChAT+!GPSFC!cells!by!injecting!rAAVs!transcriptionally!activated!or!

inactivated!by!Cre6,31!into!the!GP!and!adjacent!NB!of!ChAT#iSCre/+;GAD67GFP/+!mice!(Figure!

4.10a!and!Figure!4.11a).!To!characterize!the!currents!produced!by!GPSFC!axon!

stimulation,!we!cut!acute!brain!slices!and!made!wholeScell!voltageSclamp!recordings!

from!somata!within!150!µm!of!ChR2+!axons!(Figure!4.10b).!!

Recordings!postSsynaptic!to!ChATS!axons!were!made!in!FC!at!~0!mV!(the!reversal!

for!ionotropic!glutamate!and!nicotinic!receptors)!and!in!the!presence!of!NBQX!and!CPP!

to!block!ionotropic!glutamate!receptors.!In!a!subset!of!neurons!(n=5!of!94),!optogenetic!

activation!evoked!fast!outward!currents!(Figure!4.10c).!These!lightSevoked!inhibitory!

postSsynaptic!currents!(IPSCs)!were!blocked!by!the!voltageSgated!sodium!Na+!blocker!

tetrodotoxin!(TTX),!demonstrating!ChR2!depolarization!alone!was!not!sufficient!for!

transmitter!release.!IPSCs!could!be!rescued!in!the!continued!presence!of!TTX!by!

enhancing!ChR2!mediated!depolarization!of!terminals!with!application!of!the!voltageS

gated!K+!channel!blocker!4Saminopyridine!(4AP)!and!were!abolished!in!the!presence!of!

the!GABAA!receptor!antagonist!SR95531,!indicating!direct!(monosynaptic)!release!of!

GABA!by!ChATS!cells.!

In!addition!to!a!cortical!projection,!ChAT+!cells!ramify!local!axons!at!the!GP/NB!

border!(Figure!4.11bSd).!We!took!advantage!of!this!axonal!convergence!to!!
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Figure!4.10.!GPFFC!cells!release!GABA!and!ACh!in!FC!

a.!Illustration!of!cortical!(ChAT+!and!ChATS)!and!local!(ChAT+)!GPSFC!axons!expressing!

ChR2SmCherry!after!rAAV!transduction!in!ChAT#iSCre/+!GP.!Labeled!areas!were!targeted!

for!paired!wholeScell!recordings!and!optogenetic!activation.!!

b.!Max!projection!confocal!stack!(30 µm)!of!ChAT+!axons!in!FC!layer!6!following!

transduction!of!rAAV!DIOSChR2SmCherry!in!GP!of!ChAT#iSCre;GAD67GFP/+!mouse.!WholeS

cell!recordings!were!targeted!to!somata!within!150!µm!of!the!ChR2+!arbors.!GFP!

fluorescence!helped!identify!GABAergic!interneurons!(GFP+)!or!nonSGABAergic!

pyramidal!neurons!(GFPS).!!

c.!Top#left,#currents!in!a!layer!6!interneuron!held!at!indicated!potentials!evoked!by!

optogenetic!activation!of!surrounding!ChATS!axons!under!baseline!conditions!(NBQX!and!

CPP)!and!following!coSapplication!of!(from!left!to!right)!TTX,!4AP!and!SR95531.!Top#

right,!IPSC!peak!amplitudes!across!conditions!normalized!to!baseline!(n=5!cortical!

interneurons).!Bottom#left,#evoked!current!responses!in!a!ChR2S!neuron!at!the!GP/NB!

border!held!at!indicated!potentials!to!optogenetic!activation!of!surrounding!ChAT+!cells!

under!baseline!conditions!(ACSF)!and!following!coSapplication!of!(from!left!to!right)!

glutamate!(NBQX!&!CPP)!and!nicotinic!(MEC,!MLA!&!DHβE)!receptor!antagonists,!TTX,!

4AP!and!SR95531.!!Top#right,!IPSC!peak!amplitudes!across!conditions!normalized!to!

baseline!(n=7!ChR2S!GP/NB!cells).!!

!

!

!
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Figure!4.10!(Continued)!

d.!Maximum!intensity!projection!of!dendritic!morphology!following!wholeScell!recording!

used!to!identify!FC!neurons!as!pyramids!or!interneurons.!!Top,!a!layer!5!pyramidal!

neuron.!Bottom,!a!layer!1!interneuron.!!

e.!Ionotropic!synaptic!connectivity!screen!for!cortical!neurons!with!monosynaptic!

GABAergic!(present!in!TTX/4AP!or!<3.1ms!onset!latencies)!or!nicotinic!ChR2Sevoked!

current!responses!from!ChAT+!or!ChATS!axons.!!ChATS!data!includes!cells!in!Figure!4.10c.!

fFk.!CoSlocalization!analysis!of!virally!labeled!ChAT+!axon!terminals!in!FC!using!array!

tomography.!!

f.!Maximum!projection!stack!(z=2.17!µm,!70!nm!sections)!through!layers!1!and!2/3!of!

frontal!cortex!following!injection!of!rAAV!DIOSSynaptophysinSGFP!into!the!GP!of!a!ChAT#

iSCre/+.!GFP!signal!resembles!“pearls!on!a!string,”!indicating!GFP!is!targeted!to!vesicles!and!

is!accumulated!in!preSsynaptic!terminals!along!individual!axonal!branches.!Boxed!inset!

shows!a!high!magnification!view!of!a!labeled!axon!from!layer!1!(left)!and!a!single!70!nm!

plane!with!diffraction!limited!immunohistochemical!labeling!of!Gephyrin,!PSDS95,!VGAT!

and!VAChT.!Arrowheads!indicate!the!two!example!pearls!in!g.!!

g.!Three!consecutive!zSplanes!illustrating!marker!association!with!GFP+!pearls!shown!in!

f.!Example!pearls!abut!the!postSsynaptic!marker!Gephyrin!but!not!PSDS95!and!contain!

both!VGAT!and!VAChT!puncta!(arrowheads).!

!

!

!
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Figure!4.10!(Continued)!

h.!Quantification!of!mean!occurrence!between!GFP+!pearls!and!synaptic!markers!for!

voxels!located!within!the!pearl!(0!distance)!and!1S5!pixels!away!(102S512!nm).!Mean!

occurrences!for!the!real!data!(crosses)!are!compared!to!mean!occurrence!following!

1000!rounds!of!marker!randomization!(lines,!error!bars!denote!99%!confidence!

intervals).!Crosses!above!or!below!the!error!bars!indicate!positive!or!negative!

occurrences!respectively.!!

i.!summary!(n=8!stacks)!quantifying!the!difference!in!0!distance!occurrence!distributions!

between!GFP+!pearls!and!individual!synaptic!markers!for!the!real!data!and!following!10!

rounds!of!randomization!of!GFP+!pearls.!Positive!Z!scores!indicate!higher!occurrence!in!

the!real!data.!Asterisk,!P<0.001!for!all!stacks!compared.!!!

j.!Distances!between!the!centroids!of!VGAT!and!VAChT!puncta!within!the!same!GFP+!

pearl!(n=1,851!comparisons).!Plot!excludes!singleton!values!between!1.2S1.6 µm!(n=8).!!

k.!Left,!maximum!projection!of!GFP+!labeled!axon!from!stack!shown!in!a.!Right,!GFP+!

pearls!colorScoded!by!VGAT/VAChT!identity!following!automated!detection.! !
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Figure!4.10!(Continued)!
!
!
!

! !
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Figure!4.11.!ChAT+!GPFFC!cells!ramify!local!axon!collaterals!around!the!GP/NB!border.!!!

a.!rAAV!DOSChR2SmCherry!transduced!into!the!ChAT#iSCre/+!GP!expresses!ChR2SmCherry!

selectively!in!CreS!neurons.!!Single!confocal!plane!showing!neighboring!ChR2SmCherry+!

soma!(dotted!outline)!and!ChAT+!soma!at!the!GP/NB!border.!!Of!158!ChR2SmCherry+!

neurons!surrounding!223!ChAT+!neurons,!0!were!ChR2SmCherry+ChAT+!(n=2!mice).!!

b.!Sagittal!atlas!with!the!GP/NB!border!dotted.!c.!Left,#low!magnification!view!of!ChAT#iS

Cre/+!GP!following!transduction!with!rAAV!DIOSSynaptophysinSmCherry.!DAPI!(gray),!

nuclear!stain.!Right,#max!projection!confocal!stack!(28 µm) of!inset!region.!Example!

putative!presynaptic!punctae!indicated!by!arrowheads.!!

d.!Left,#low!magnification!sagittal!section!from!ChAT#iSCre/+!;Rosa26lslSChR2SEYFP/+!mouse.!!

Right,!high!magnification!inset!of!GP!showing!distribution!of!neurons!(NeuN!

immunostain)!and!ChR2SEYFP+!processes.!!

!
!
!
!
!
! !
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!
Figure!4.11!(Continued)!
!
!
!
!
!
!
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record!from!ChR2S!neurons!densely!surrounded!by!ChAT+!ChR2+!fibers.!Optogenetic!

activation!evoked!inward!excitatory!postSsynaptic!currents!(EPSCs)!at!S70!mV!(Ecl,!the!

reversal!potential!for!ClS)!in!a!small!number!of!cells!(n=2!of!85)!(Figure!4.12a)!and!larger,!

more!prevalent!outward!IPSCs!at!0!mV!(n=7!of!85)!(Figure!4.10c!and!Figure!4.12b).!

EPSCs!were!unaffected!by!application!of!CPP!and!NBQX,!but!abolished!by!nicotinic!

receptor!antagonists!(MEC,!MLA!and!DHβE),!indicative!of!ACh!release!and!activation!of!

ionotropic!nicotinic!receptors!(Figure!4.12cSf).!IPSCs!were!blocked!by!SR95531,!but!not!

by!CPP,!NBQX,!MEC,!MLA!or!DHβE,!indicating!GABAA!receptor!activation!independent!of!

glutamatergic!and!nicotinic!signaling.!IPSCs!were!blocked!by!TTX!and!rescued!by!4AP,!

confirming!direct!release!of!GABA!by!ChAT+!cells!(Figure!4.10c).!We!conclude!that!both!

ChAT+!and!ChATS!GPSFC!cells!are!functionally!GABAergic,!consistent!with!Vgat!and!GAD2#

expression!in!both!cell!types.!Additionally,!ChAT+!GPSFC!cells!release!ACh,!consistent!

with!ChAT!expression.!!!

Understanding!how!ChATS!and!ChAT+!GPSFC!cells!modulate!FC!by!release!of!

GABA!and!GABA/ACh!requires!identifying!the!postSsynaptic!cell!types.!GABA!and!ACh!

can!signal!through!ionotropic!and!metabotropic!receptors,!both!of!which!can!be!

expressed!pre!and!postSsynaptically.!Cortical!microcircuits!are!organized!by!layer7,32!and!

include!two!major!classes!of!neurons:!Pyramidal!neurons!that!excite!local!and!distant!

targets!through!the!release!of!glutamate!and!a!diverse!set!of!interneurons!that!inhibit!

other!cortical!neurons!through!the!release!of!GABA8,33.!We!focused!on!postSsynaptic!

ionotropic!receptor!signaling!as!it!allows!unambiguous!identification!of!monosynaptic!

connections.!We!introduced!ChR2!into!ChAT+!and!ChATS!GPSFC!cells!by!rAAV!injection!in!!
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Figure!4.12.!ChR2Fmediated!activation!of!ChAT!iFCre!axons!following!rAAV!transduction!

or!with!a!CreFactivated!allele!evokes!ACh!and!GABA!mediated!currents.!!!

a,b.!Following!rAAV!transduction!in!ChAT#iSCre/+!mice,!!ChR2!activation!of!local!ChAT#iSCre!

axon!collaterals!results!in!rare!nicotinic!EPSCs!but!prevalent!GABAergic!IPSCs!onto!ChR2S!

GP/NB!neurons!(EPSC=2!of!85!cells;!IPSC=7!of!85!cells).!!

a.!LightSevoked!EPSC!from!an!example!ChR2S!GP/NB!cell!voltageSclamped!at!S70!mV!

(top)!was!insensitive!to!glutamate!receptor!block!with!NBQX!and!CPP!(middle),!but!

abolished!by!bath!application!of!MEC,!MLA!&!DHβE!(bottom),!suggesting!the!EPSC!

resulted!from!ACh!release!and!nicotinic!receptor!activation.!!

b.!Summary!of!peaks!from!nicotinic!EPSCs!and!GABAergic!IPSCs!evoked!from!ChAT#iSCre!

axons!onto!ChR2S!GP/NB!cells.!

c.!Left,!low!magnification!image!of!sagittal!section!from!a!ChATiSCre/+!;Rosa26lslSChR2SEYFP/+!

mouse.!Right,!high!magnification!of!inset!from!frontal!cortex!showing!distribution!of!

neurons!(NeuN!immunostain)!and!ChR2SEYFP,!expressed!in!axons!from!basal!forebrain!

and!in!local!cortical!interneurons.!!

d.!Maximum!intensity!2Sphoton!projection!of!a!layer!1!interneuron!following!wholeScell!

recording.!!

e.!Left,#lightSevoked!current!responses!from!two!layer!1!interneurons!held!at!indicated!

potentials!to!optogenetic!activation!in!a!ChAT#iSCre/+;Rosa26lslSChR2SEYFP/+!mouse!in!baseline!

conditions!(black,!NBQX!&!CPP)!and!after!bath!application!of!nicotinic!receptor!

antagonist!cocktail!(red,!MEC,!MLA!&!DHβE). Right,!nicotinic!EPSCs!are!blocked!by!bath!

application!of!the!nonSselective!blocker!MEC!alone!(green).  
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Figure!4.12!(Continued)!

f.!Time!until!full!block!of!lightSevoked!nicotinic!EPSCs!following!bath!application!of!either!

nicotinic!receptor!antagonist!cocktail!(MEC,!MLA!& DHβE)(n=5!cells)!or!MEC!alone!(n=5!

cells).!InterSstimulus!interval!=!20!s.! 

!
! !
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Figure!4.12!(Continued)!
!
!
!
!
!
!
!
!
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the!GP!of!ChAT!iSCre;GAD67GFP/+!mice!and!targeted!wholeScell!voltageSclamp!recordings!to!

FC!somata!within!150 µm!of!ChR2+!axons. We!lightSactivated!axons!and!screened!for!

direct!(present!in!TTX/4AP!or!shortSlatency)!nicotinic!EPSCs!and!GABAergic!IPSCs!at!S70!

and!0!mV.!Following!recording,!we!determined!the!layer!(1,!2/3,!5!and!6)!and!type!

(pyramidal!neuron!or!interneuron)!of!cells,!based!on!location,!GAD67GFP!expression!and!

dendritic!morphology!(Figure!4.10d).  

Activation!of!ChATS!axons!evoked!reliable!IPSCs!onto!interneurons!in!layers!2/3,!

5,!and!6,!as!well!as!a!pyramids!in!layers!5!and!2/3.!Activation!of!ChAT+!axons!produced!

less!reliable!ionotropic!currents.!We!detected!IPSCs!in!a!small!number!of!interneurons!in!

layers!1,!2/3!and!6!and!EPSCs!in!interneurons!in!layers!1!and!6!(Figure!4.10e!and!Figure!

4.13a,b).!These!results!suggest!ChATS!GPSFC!cells!inhibit!interneurons!and!pyramids!

across!cortical!layers,!while!ChAT+!GPSFC!cells!can!activate!and!inhibit!cortical!

interneurons!via!release!of!GABA!and!ACh.!!

Understanding!how!coSreleased!neurotransmitters!affect!target!cells!

necessitates!understanding!if!the!transmitters!are!packaged!in!the!same!synaptic!

vesicles!and!present!in!the!same!preSsynaptic!terminals.!To!determine!the!anatomy!of!

coSrelease,!we!labeled!ChAT+!GPSFC!axonal!terminals!by!injecting!an!rAAV!carrying!a!

CreSdependent!SynaptophysinSGFP!into!the!GP!of!ChAT!iSCre!mice!(n=2)!and!assayed!coS

localization!with!a!variety!of!pre!and!postSsynaptic!markers!in!FC!using!array!

tomography!and!automated!detection!(Figure!4.10hSk!and!Figure!4.13cSd).!Maximum!

projections!through!reconstructed!stacks!(n=8!stacks,!with!n=26S31!70!nm!slices!each;!

total!volume!=!7.6!x!105 µm3)!revealed!a!GFP!signal!that!resembled!“pearls!!
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Figure!4.13.!Synaptic!connectivity!and!array!tomography!marker!coFlocalization!

analysis!of!GPFFC!cells!in!FC.!!!

a.!Peak!currents!induced!by!ChR2!activation!of!ChAT+!or!ChATS!GPSFC!cells.!PostS

synaptic!cells!are!grouped!across!layers!as!pyramids!or!interneurons.!Left,!GABAergic!

IPSCs!reported!with!either!TTX/4AP!in!the!bath!or!following!wash!in!are!plotted!with!

dotted!data.!IPSCs!recorded!in!baseline!conditions!(ChATS,!NBQX!&!CPP;!ChAT+,!ACSF!

only)!and!are!plotted!with!undotted!data.!!Each!cell!is!represented!once.!!(ChATS,!n=5!

pyramids,!n=15!interneurons;!ChAT+,!n=3!interneurons).!!Right,!nicotinic!EPSCs!recorded!

in!ACSF,!present!after!bath!application!of!CPP!and!NBQX!and!fully!blocked!by!nicotinic!

receptor!antagonists!(MEC,!MLA,!DHβE)(n=2!interneurons).!!

b.!Onset!latencies!for!IPSCs!and!EPSCs!induced!by!ChR2!activation!of!ChAT+!or!ChATS!

GPSFC!cells!under!baseline!conditions!only!(“ACSF”)!or!in!the!presence!of!TTX/4AP!

(“TTX/4AP”).!“BaselineTTX/4AP”!refers!to!the!subset!of!cells!with!IPSCs!recorded!under!

both!baseline!conditions!and!recovered!following!wash!in!of!TTX/4AP!(n=5;!same!data!

as!Figure!4.10c).!Onset!latencies!of!ChATS!IPSCs!were!longer!in!TTX/4AP!(n=14)!than!

ACSF!(n=11).!Asterisk,!P<0.05!(MannSWhitney).!Bars!denote!mean±s.e.m.!!

cFd.!Array!tomography!based!coSlocalization!analysis!of!ChAT+!axonal!terminals!in!FC.!!

c.!Left,!300!µm!sagittal!slab!from!a!ChAT#iSCre/+!mouse!injected!with!300!nl!of!rAAV!DIOS

SynaptophysinSGFP!in!GP.!Right,!box!indicates!area!of!FC!prepared!for!array!

tomography.!!
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!

Figure!4.13!(Continued)!

d.!Automated!detection!of!GFP+!pearls!and!synaptic!markers.!!Left,!Maximum!projection!

of!GFP!following!computational!detection!of!stringSassociated!“pearls”!(in!red).!Right,!a!

single!70!nm!plane!showing!diffractionSlimited!immunohistochemical!puncta!for!PSDS95!

and!computationally!detected!pointSsources!(in!red).!!

eFg.!GFP+!pearls!are!putative!GABAergic!preSsynaptic!terminals.!

e.!Volumes!for!all!detected!GFP+!pearls!(n=6,071!pearls!from!n=2!mice;!n=4!layers!1!&!

2/3!stacks!and!n=4!layer!5!stacks).!!

f.!Mean!occurrence!by!distance!plots!for!GFP+!pearls!association!with!GAD1/2,!

synapsin1,!bassoon!and!parvalbumin!(PV)!from!a!single!stack.!Crosses!indicate!real!data!

means,!while!lines!denote!mean!values!following!1000!rounds!of!marker!randomization.!

Error!bars!denote!99%!confidence!intervals.!!

g.!Z!score!summary!(n=8!stacks)!quantifying!the!difference!in!0!distance!occurrences!

between!GFP+!pearls!and!individual!synaptic!markers!shown!in!f.!for!the!real!data!and!

following!10!rounds!of!randomization!of!GFP+!pearls.!Positive!Z!scores!indicate!higher!

occurrence!in!the!real!data.!Asterisk,!P<0.001!for!all!stacks.!!!

h.!Mean!occurrences!at!0!distance!for!all!markers!and!all!stacks.!Real!and!randomized!

data!are!indicated!as!in!f.!

! !
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Figure!4.13!(Continued)!
!
!

! !
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on!a!string,”!consistent!with!GFP!enriched!in!synaptic!vesicles!(Figure!4.10f).!Detected!

GFP+!pearls!had!volumes!consistent!with!preSsynaptic!terminals!in!the!central!brain9,34!

and!coSlocalized!with!Synapsin1,!Bassoon!and!GAD1/2!(Figure!4.13eSh),!suggesting!

“pearls”!correspond!to!functional!preSsynaptic!terminals!capable!of!synthesizing!GABA.!

Pearls!coSlocalized!with!Gephyrin!but!not!PSDS95,!indicating!that!ChAT+!“pearls”!oppose!

inhibitory!but!not!excitatory!postSsynaptic!densities!(Figure!4.10gSi).!!

Consistent!with!the!coSrelease!observed!physiologically,!pearls!coSlocalized!with!

the!vesicular!transporters!for!both!GABA!and!ACh!(Figure!4.10gSi).!While!the!majority!of!

pearls!contained!at!least!one!of!the!vesicular!transporters!(n=!4274!of!6071),!we!

observed!all!combinations:!VAChT!alone!(n=2030),!VGAT!alone!(n=407)!and!both!VGAT!

and!VAChT!(n=1837).!To!determine!whether!VGAT!and!VAChT!are!localized!to!the!same!

vesicle!pool,!we!measured!their!centroid!distances!in!pearls!containing!both!vesicular!

transporters!(Figure!4.10j).!On!average,!VGAT!and!VAChT!puncta!are!318(±0.39)!nm!

apart.!This!separation!suggests!ChAT+!GPSFC!cells!achieve!GABA!and!ACh!coSrelease!

through!distinct!vesicular!pools!which!can!be!located!in!the!same!or!neighboring!preS

synaptic!terminals!(Figure!4.10k).!Consistent!with!the!GABA!release!described!here,!

ChAT+!preSsynaptic!terminals!in!cortex!contain!GABA10,35!and!appear!inhibitory!at!the!

ultraSstructural!level!11,36.!

Our!results!suggest!GPSFC!signaling!in!FC!is!complex:!ChATS!axons!release!GABA!

onto!pyramidal!neurons!and!interneurons,!whereas!ChAT+!axons!release!ACh!and!GABA!

exclusively!onto!cortical!interneurons,!likely!via!distinct!vesicular!pools,!with!the!net!

effect!of!disinhibiting!cortex.!Additional!mechanisms!by!which!ChAT+!and!ChATS!
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neurons!may!affect!FC!include!metabotropic!receptor!signaling,!preSsynaptic!modulation!

of!transmitter!release,!or!by!ionotropic!signaling!in!distal!dendrites!of!other!cell!types,!

all!of!which!would!be!missed!by!our!anatomical!and!connectivity!screen.!!

To!determine!if!the!GPSFC!projection!is!a!bonafide!BG!output,!we!tested!whether!

GPSFC!cells!receive!synaptic!inputs!typically!associated!with!the!GP:!excitatory!

glutamatergic!input!from!the!subthalamic!nucleus!(STN)!and!inhibitory!GABAergic!input!

from!SPNs!of!the!dorsal!striatum.!To!determine!whether!STN!axons!arborize!in!the!

regions!of!the!GP!containing!GPSFC!cells,!we!cut!parasagittal!acute!slices!that!preserve!

STNSGP!connectivity12,13,37!and!labeled!the!STN!using!biocytin.!Labeled!projections!were!

present!in!the!ventral!and!posterior!GP,!the!region!containing!GPSFC!cells!(Figure!4.14a).!

To!test!whether!STN!neurons!make!synapses!on!retro!bead!labeled!GPSFC!cells,!we!

combined!wholeScell!voltageSclamp!recordings!with!electrical!stimulation!of!the!STNSGP!

axon!tract!and!pharmacologically!isolated!ionotropic!glutamate!receptors!(Figure!

4.14b,c).!ChAT+!and!ChATS!cells!were!distinguished!by!reporter!expression!in!ChAT#iSCre/+!

mice!or!by!soma!size!and!cellSattached!recordings!of!spontaneous!firing!rate!in!nonS

reporter!mice.!Electrical!stimulation!evoked!NBQXSsensitive!inward!currents!at!S70!mV!

and!CPPSsensitive!outward!currents!at!+40!mV,!indicating!activation!of!AMPA!and!

NMDA!receptors!respectively!(Figure!4.14d).!Current!onset!latencies!were!short!(ChAT+:!

2.3±0.3!ms,!n=6!cells;!ChATS:!3.08±0.3!ms,!n=!4!cells)(Figure!4.14e)!consistent!with!

direct!connectivity!of!STN!projection!neurons!onto!GPSFC!cells.!!!

! !
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Figure!4.14.!GPFFC!cells!receive!glutamatergic!synapses!from!STN!and!GABAergic!

synapses!from!dorsal!striatal!iSPNs!and!dSPNs!with!different!presynaptic!properties.!!!!!

a.!Left,!low!magnification!view!of!paraSsagittal!slice!showing!the!GP!following!biocytin!

labeling!of!the!STN!and!avidinSHRP/DAB!visualization!of!STN!projections.!!Right,!high!

magnification!view!of!inset!showing!DABSlabeled!projections!in!the!GP!and!around!the!

GP/NB!border.!!

b.!Schematic!of!experimental!strategy!to!electrically!stimulate!STN!projections!to!GP.!!A!

bipolar!electrode!was!placed!at!the!anterior!border!of!STN!and!GPSFC!cells!were!

targeted!for!wholeScell!voltageSclamp!recording.!!

c.!Acute!parasagittal!slice!showing!location!of!the!bipolar!electrode!and!recording!

pipette!(red!asterisk).!!

d,e.!ElectricallySevoked!glutamatergic!currents!in!GPSFC!cells!following!stimulation!of!

STNSGP!axon!tract.!!

d.!Left,!example!NBQXSsensitive!AMPAR!(Vhold!=!S70!mV)!then!CPPSsensitive!NMDAR!

(Vhold!=!+40!mV)!currents!evoked!in!GPSFC!cells!under!baseline!conditions!(SR95331,!

scopolamine,!CGP55845).!!Right,!summary!of!AMPAR!and!NMDAR!peak!currents!in!

ChAT+!(n=6)!and!ChATS!(n=4)!GPSFC!cells.!

!e.!Onset!latencies!of!glutamatergic!currents.!Bars!denote!mean±s.e.m.!!

f,g.!SPNs!from!dorsal!striatum!arborize!axons!in!and!around!the!GP/NB!border!but!not!in!

the!basal!forebrain.!!

!

!
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Figure!4.14!(Continued)!

f.!Left,#sagittal!section!from!a!VGAT#iSCre/+!mouse!injected!with!rAAV!DIOSmCherry!into!

dorsal!striatum.!Right,!higher!magnification!of!inset.!Axons!from!SPNs!arborize!in!the!GP!

proper!and!GP/NB!border!regions!(areas!1!and!2)!but!not!in!the!more!ventral!region!of!

the!basal!forebrain!(area!3,!NB!proper/Substantia!Innominata).!!

g.!Left,!maximum!projection!confocal!stacks!(z!=!28S42 µm) from!the!inset!regions!in!f.!

Right,!binary!axonal!quantification!from!the!regions!indicated.!SPN!axon!density!is!

sharply!reduced!in!NB!proper/Substantia!Innominata.!!

h.!Synaptic!connectivity!screen!for!dorsal!striatal!SPN!IPSCs!onto!ChAT+!neurons!of!the!

GP!and!basal!forebrain.!ChATSGFP!mice!were!injected!with!CreSOff!rAAV!DOSChR2S

mCherry!in!dorsal!striatum!and!wholeScell!recordings!were!targeted!to!ChAT+!neurons!

(n=4!mice,!23!cells)!in!combination!with!optogenetic!activation.!NBQX!and!CPP!were!

included!in!the!bath!to!block!glutamatergic!transmission.!Left,!sagittal!map!of!recording!

locations!of!SPNs!with!detected!IPSCs!(blue)!and!no!detected!IPSCs!(red).!Right,!peak!

and!onset!latencies!for!detected!IPSCs.!Green!lines!denote!means.!IPSCs!onto!ChAT+!

neurons!of!the!GP!were!detected!before!recordings!were!targeted!to!more!ventral!

areas.!!

j,k.!Paired!pulse!optogenetic!activation!of!iSPNs!(Adora2aSCre;Rosa26lslSChR2SEYFP/+)!and!

dSPNs!(Drd1aSCre;Rosa26lslSChR2SEYFP/+)!in!dorsal!striatum!reveals!differences!in!shortSterm!

synaptic!plasticity!properties!in!GPSFC!cells.!!

j.!Examples!of!optogenetically!evoked!paired!pulse!IPSCs!(interstimulus!interval!=!20,!50,!

100,!200,!and!500!ms)!from!iSPNs!(left)!and!dSPNs!(right)!in!GPSFC!cells.!!
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Figure!4.14!(Continued)!

k.!Mean!2nd/1st!peak!IPSC!ratios!(iSPN:!n=!13!ChAT+,!n=9!ChATS;!dSPN:!n=9!ChAT+,!n=8!

ChATS).!!Asterisk,!P<0.05!iSPNs!vs!dSPNs!(ChAT+!and!ChATS!grouped!together)(MannS

Whitney);!Error!bars!denote!s.e.m.!!!

! !
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Figure!4.14!(Continued)!
!
!
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! !
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SPNs!of!the!dorsal!striatum!receive!glutamatergic!input!from!motor,!sensory!and!

associative!areas!of!cortex14S16,38!and!convey!this!information!to!the!rest!of!the!BG!

through!the!direct!and!indirect!pathways2,17.!iSPNs!and!dSPNs!provide!the!only!

projections!out!of!the!striatum!and!both!cell!types!arborize!in!the!GP18,39.!To!assess!

whether!iSPN!and!dSPN!axons!ramify!in!areas!of!the!GP!containing!GPSFC!cells,!we!

injected!rAAVs!into!the!dorsal!striatum!of!Drd2SCre!mice!to!selectively!label!projections!

of!Cre+!iSPNs!and!CreS!dSPNs!followed!by!ChAT!immunostaining!(Figure!4.15a)!or!wholeS

brain!reconstructions!(B.Movie!2).!iSPN!and!dSPN!axons!target!distinct!but!overlapping!

areas!of!the!GP,!including!the!GP/NB!border!containing!ChAT+!cells,!but!not!more!

ventrally!located!ChAT+!cells!of!the!basal!forebrain!(Figure!4.14fSi).!Unexpectedly,!dSPN!

axons!arborize!extensively!in!this!region,!suggesting!that!iSPNs!and!dSPNs!from!dorsal!

striatum!are!positioned!to!innervate!GPSFC!cells.!!!

To!determine!whether!iSPNs!and!dSPNs!axons!synapse!onto!GPSFC!cells,!we!

targeted!retro!bead!labeled!GPSFC!cells!for!wholeScell!voltageSclamp!recording!in!

Adora2aSCre;Rosa26lslSChR2SEYFP/+!or#Drd1aVCre;!Rosa26lslSChR2SEYFP/+!mice!where!ChR2!is!

expressed!in!iSPNs!or!dSPNs,!respectively!(Figure!4.15b).!Ionotropic!GABA!receptor!

currents!were!pharmacologically!isolated!and!measured!in!voltageSclamp!at!0!mV!as!

outward!currents.!LightSactivation!of!iSPN!or!dSPN!axons!surrounding!the!recorded!cell!

evoked!SR95531Ssensitive!outward!currents!in!nearly!all!GPSFC!cells!(ChAT+:!20!of!22;!

ChATS:!19!of!20),!indicating!high!GABAA!receptor!mediated!connectivity.!!

! !
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Figure!4.15.!The!GPFFC!projection!is!a!basal!ganglia!(BG)!output!sensitive!to!antiF

psychotic!drugs.!!!

a.!Top#left,!sagittal!section!from!a!Drd2SCre!mouse!injected!with!rAAVs!DIOSEGFP!(CreS

On,!green)!and!FASSTdTomato!(CreSOff,!red)!into!dorsal!striatum.!inset#1,!higher!

magnification!view!of!the!GP,!illustrating!the!axonal!innervation!zones!of!iSPNs!(green)!

and!dSPNs!(red)!in!relation!to!ChAT+!cells!(magenta).!Insets#2!and!3!show!a!higher!

magnification!view!of!the!ventral!and!posterior!ChAT+!GPSFC!clusters,!surrounded!by!

iSPN!and!dSPN!axons.!!

b.!Left,!sagittal!sections!from!an!Adora2aSCre;Rosa26lslSChR2SEYFP/+!mouse!(top)!or!Drd1aS

Cre;!Rosa26lslSChR2SEYFP/+mouse!(bottom)!where!ChR2SEYFP!is!expressed!in!either!iSPNs!or!

dSPNs,!respectively.#Middle,!schematic!of!experimental!strategy!to!study!connectivity!

and!properties!of!iSPN!or!dSPN!synapses!onto!GPSFC!cells!using!wholeScell!voltageS

clamp!recording.!First,!a!standardized!light!pulse!(1!ms;!1.3!mWâmmS2)!was!delivered!

over!the!recorded!cell.!!Second,!the!objective!was!moved!into!dorsal!striatum!and!light!

power!adjusted!(0.5–1!ms;!0.06!–4.4!mWâmmS2)!for!~200!pA!firstSpeak!pairedSpulse!and!

pharmacology!experiments.!!Top#right,!optogenetic!activation!of!iSPN!(top)!or!dSPN!

(bottom)!axons!evoked!outward!currents!from!ChAT+!and!ChATS!cells!held!at!0!mV!

under!baseline!conditions!(black;!NBQX,!CPP,!scopolamine,!CGP55845!&!AM251)!which!

were!blocked!by!bath!application!of!SR95531!(gray).!!

c.!Peak!IPSCs!evoked!from!iSPN!or!dSPN!optogenetic!activation!over!the!recorded!GPSFC!

cell.!!iSPN!activation!evokes!larger!peak!IPSCs!onto!ChATS!(n=19)!vs.!ChAT+!(n=20)!cells,!

while!dSPN!evoked!comparable!IPSCs!onto!ChATS!(n=11)!vs.!ChAT+!(n=12)!cells.!!ChATS!!
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Figure!4.15!(Continued)!

cells!have!similar!peak!IPSCs!from!dSPN!and!iSPN!activation,!while!peak!IPSCs!from!dSPN!

activation!is!larger!onto!ChAT+!cells!than!iSPN!activation.!!Asterisk,!P<0.05!(MannS

Whitney).!Bars!denote!mean±s.e.m.!!

d,e.!iSPN!but!not!dSPN!synaptic!currents!are!decreased!through!dopamine!receptor!2!

activation!and!reversed!by!an!antiSpsychotic.!!

d.!Example!iSPN!peak!IPSCs!(20!s!interSstimulus!interval)!onto!a!ChATS!GPSFC!cell!under!

baseline!ACSF!conditions!(NBQX,!CPP,!scopolamine,!CGP55845!&!AM251)!and!following!

bath!application!of!quinpirole!(gray),!sulpiride!(green)!and!SR95331!(red).!!Series!

resistance!(Rs)!is!plotted!below.!!Inset,!average!steady!state!currents!for!each!

pharmacological!condition!(scale!bar!=!20!pA,!10!ms).!!

e.!Mean!IPSCs!amplitudes!under!baseline!ACSF!conditions!and!in!drug!conditions!

normalized!to!baseline.!Asterisk,!P<0.05!vs.!ACSF!(MannSWhitney);!ampersand,!P<0.05!

quinpirole!vs.!quinpirole!+!sulpiride!(Paired!tStest!on!the!subset!of!cells!with!both!

conditions,!n=5).!Error!bars!denote!s.e.m.!!

!
! !
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Figure!4.15!(Continued)!
!

! !
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dSPN!activation!evoked!larger!peak!synaptic!currents!onto!ChAT+!cells!than!iSPN!

activation!(dSPNs:!1.11±0.19,!iSPNs:!0.57±0.17!nA),!consistent!with!the!larger!axonal!

territory!of!dSPNs!at!the!GP/NB!border.!!Activation!of!dSPNs!and!iSPNs!evoked!similar,!

strong!synaptic!currents!onto!ChATS!cells!(dSPNs:!1.54±0.25,!iSPNs:!1.35±0.29!nA)(Figure!

4.15c).!Synapses!onto!GPSFC!neurons!from!dSPNs!and!iSPNs!in!dorsal!striatum!also!

displayed!different!shortSterm!plasticity!as!reported!by!pairedSpulse!ratios!(PPR),!

showing!depression!and!facilitation,!respectively,!at!short!latencies!(PPR!at!25!ms!ISI:!

dSPNs!0.59±0.05,!iSPNs!1.01±0.06;!PPR!at!50!ms!ISI:!dSPNs!1.03±0.08,!iSPNs!1.37±0.04,!

n=15S23!cells)!(Figure!14.4!j,k).!Together!these!results!indicate!that!GPSFC!cells!are!

functionally!integrated!into!BG!circuitry!through!direct,!indirect!and!“hyperdirect”!(STNS

GP)19,40!pathways.!Although!iSPNs!and!dSPNs!both!inhibit!GPSFC!cells,!differences!in!

synaptic!strength!and!shortSterm!plasticity!suggest!that!ongoing!activity!in!each!

pathway!could!differentially!inhibit!the!GPSFC!projection.!!!!

The!presence!of!a!GABAergic!output!to!cortex!under!control!of!striatal!SPNs!

could!be!important!for!understanding!the!etiology!and!treatment!of!motor!and!

psychiatric!diseases!that!affect!BG!circuitry20,41.!One!example!is!schizophrenia,!which!

often!presents!in!late!adolescence,!a!period!associated!with!dynamic!developmental!

changes!of!inhibitory!circuits!in!prefrontal!cortex21,42.!Mounting!evidence!suggests!that!

overactive!dopamine!signaling!in!the!striatum!may!play!an!important!part!in!the!

disease22,43.!A!cornerstone!of!this!theory!is!the!mechanism!of!action!of!antipsychotic!

drugs,!which!relieve!hallucinations!and!delusions!by!blocking!D2rs6,23.!Schizophrenics!

exhibit!imbalances!in!both!GABA24,44,45!and!ACh25,46!neurotransmitter!systems,!as!well!as!
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marked!changes!in!morphology!and!gene!expression!of!cortical!interneurons26,47,48.!!

Since!GPSFC!cells!are!present!in!primates!(Figure!4.3),!release!GABA!and!ACh!onto!

interneurons!in!FC!(Figure!4.10),!and!are!inhibited!by!D2rSexpressing!iSPNs!(Figure.!

4.15),!we!examined!whether!D2r!signaling!affects!iSPN!synapses!onto!GPSFC!cells.!!!

LightSevoked!IPSCs!from!iSPNs!in!dorsal!striatum!were!measured!in!GPSFC!

neurons!under!voltageSclamp!in!brain!slices!from!Adora2aSCre;Rosa26lslSChR2SEYP/+!mice.!!

BathSapplication!of!the!D2r!agonist!quinpirole!reduced!the!size!of!lightSevoked!IPSCs!in!

ChAT+!and!ChATS!cells.!!This!reduction!was!reversed!by!the!antipsychotic!sulpiride,!

which!had!no!effect!on!IPSCs!alone,!and!was!not!seen!when!IPSCs!were!evoked!from!D1r!

expressing!dSPNs!in!Drd1aSCre;Rosa26lslSChR2SEYP/+!mice!(Figure!4.15d,e).!These!data!

suggest!increased!striatal!dopamine!could!disinhibit!GPSFC!projection!via!antiSpsychotic!

sensitive!D2r!signaling!in!iSPNs.!!

The!circuit!function!of!GPSFC!cells!suggests!a!major!revision!to!accepted!models!

of!subcorticalScortical!feedback!circuitry.!Within!the!BG,!the!direct!and!indirect!

pathways!are!thought!to!exert!opposite!effects!on!cortical!activity!through!bidirectional!

control!of!thalamic!activity4,27.!The!GPSFC!projection!permits!the!BG!to!bypass!thalamus!

and!directly!control!cortical!states.!ChATS!GPSFC!cells!release!GABA!predominantly!onto!

layer!5!pyramidal!neurons!and!interneurons!across!layers,!suggesting!inhibitory!and!disS

inhibitory!ionotropic!effects!on!microcircuits.!ChAT+!GPSFC!disinhibit!cortex!by!releasing!

both!GABA!and!ACh!onto!interneurons.!Unexpectedly,!this!coSrelease!appears!to!occur!

via!nonSoverlapping!pools!of!synaptic!vesicles!which!are!located!in!the!same!or!

neighboring!preSsynaptic!terminals.!Based!on!coSexpression!of!Vgat!and!GAD2,!GABA!
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coSrelease!may!be!widespread!in!the!basal!forebrain!cholinergic!system!and!an!

important!feature!of!subcortical!regulation!of!behavioral!state!and!cortical!plasticity.!In!

contrast!to!their!opposing!effects!on!thalamic!output,!the!direct!and!indirect!pathways!

both!inhibit!the!GPSFC!projection.!Conversely,!the!hyperdirect!pathway!through!the!STN!

excites!both!thalamus!via!the!SNr49!and!GPSFC!neurons!directly.!This!connectivity!

suggests!that!as!cortical!information!enters!the!BG,!the!activity!of!each!internal!BG!

pathway!will!recruit!the!thalamic!and!cortical!outputs!differently,!imposing!distinct!

feedback!effects!across!cortical!areas!in!order!to!control!behavior.!!!

!
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!!

METHODS! !

Mice.!Bacterial!artificial!chromosome!(BAC)!transgenic!mice!expressing!EGFP!under!

control!of!the!dopamine!2!receptor!locus!(Drd2VEGFP)!were!used!to!define!the!
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anatomical!border!of!the!globus!pallidus!externus!(GP)!and!ventral!pallidum!(VP)!

through!the!expression!of!EGFP!in!striatal!iSPNs!(GENSAT,!founder!line!S118).!Cre!

recombinase!was!targeted!to!specific!cell!types!of!the!basal!ganglia!using!knockSin!or!

BAC!transgenic!mice!to!drive!Cre!expression!under!geneSspecific!regulatory!elements.!!

Cre!knockSin!mice!for!choline#acetyltransferase!(ChAT)1!and!Slc32a1#(vesicular!GABA!

transporter!or!Vgat)2!!were!generously!provided!by!Brad!Lowell!(Beth!Israel!Deaconess!

Medical!Center)!and!are!available!from!the!Jackson!Labs!(ChAT#iSCre,!stock!#006410;!

VgatiSCre,!stock!#016962).!GAD2!iSCre!were!purchased!from!Jackson!Labs!(stock!#010802)3.!

All!knockSin!mice!link!Cre!expression!to!the!gene!of!interest!using!an!internal!ribosome!

entry!site.!Targeting!Cre!expression!in!dSPNs!was!achieved!with!BAC!transgenic!mice!

expressing!Cre!under!control!of!the!dopamine!receptor!1!(Drd1a)!or!in!iSPNs!with!Cre!

under!control!of!the!adenosine!2A!receptor!(Adora2a)!or!dopamine!receptor!2!(Drd2)!

regulatory!elements!and!obtained!from!GENSAT!(Drd1aSCre,!founder!EY262,!stock!

#017264SUCD;!Adora2aSCre,!founder!KG139,!stock!#!031168SUCD;#Drd2SCre,!founder!

ER43,!stock!#017268SUCD).!The!ChATSGFP!BAC!transgenic!line!used!to!identify!ChAT+!

neurons!was!purchased!from!Jackson!Labs!(#007902)4.!To!visualize!the!full!processes!of!

Cre!expressing!cells,!Cre!mice!were!bred!to!CreSdependent!TdTomato!reporter!allele5!

(Ai14;!Jackson!Labs,!stock!#!007914;!referred!to!as!Rosa26lslStdTomato).!To!visualize!the!

somata!of!Cre!expressing!cells,!the!CreSdependent!ZsGreen!reporter!allele!was!used!

(Ai6;!Jackson!Labs,!stock!#!007906;!referred!to!Rosa26lslSzsGreen).!To!target!

channelrhodopsinS2!(ChR2)!to!all!Cre!expressing!cells,!Cre!driver!mice!were!bred!to!a!

CreSdependent!ChR2(H134R)SEYFP!transgene6(Ai32;!Jackson!Labs,!stock!#012569;!
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referred!to!as!Rosa26lslSChR2SEYFP).!!Conditional!knockout!of!Slc32a1#(Vgat)!was!achieved!

by!introgressing!a!Slc32a#allele7!where!the!second!exon!is!flanked!by!loxp!sites!(Jackson!

Labs,!stock#!012897;referred!to!as!Vgatfl/fl)!into!ChAT#iSCre;Rosa26lslSChR2SEYFP!mice.!In!

experiments!designed!to!identify!cortical!cells!neighboring!ChR2+!ChAT+!or!ChATS!GPSFC!

axons!as!pyramids!or!interneurons,!ChAT#iSCre!mice!also!carried!a!GAD67GFP!knockSin!

allele8!to!highlight!a!subset!of!cortical!interneurons!synthesizing!GABA.!!Wild!type!mice!

refer!to!C57BL/6!obtained!from!Charles!River.!Transgenic!mice!were!of!a!mixed!genetic!

background.!All!experimental!manipulations!were!performed!in!accordance!with!

protocols!approved!by!the!Harvard!Standing!Committee!on!Animal!Care!following!

guidelines!described!in!the!US!National!Institutes!of!Health!Guide#for#the#Care#and#Use#

of#Laboratory#Animals.!

 
Virus!Preparation.!CreSOn!or!CreSOff!conditional!expression!was!achieved!using!

recombinant!adenoSassociated!virus!(rAAV)!carry!transgenic!cassettes!whose!

transcription!was!activated!or!inactivated!by!Cre9.!CreSOn!conditional!expression!of!

channelrhodopsinS2!(ChR2SmCherry,!H134R!variant),!EGFP,!mCherry,!or!SynaptophysinS

mCherry!was!achieved!by!using!a!doubleSfloxed!inverted!open!reading!frame!(DIO).!!CreS

Off!conditional!expression!of!ChR2SmCherry!was!achieved!by!starting!the!open!reading!

frame!in!the!nonSinverted!orientation!with!respect!to!the!promoter!(DO).!!To!achieve!

simultaneous!CreSOn!EGFP!and!CreSOff!tdTomato!labeling,!DIOSEGFP!was!mixed!1:1!with!

FASStdTomato,!an!alternative!CreSOff!rAAV!backbone!that!achieves!CreSOff!expression!

through!excision!of!the!open!reading!frame!using!alternative!loxp!sites9.!DIO,!DO,!and!

FAS!rAAVs!all!use!the!EF1a!promoter!and!were!packaged!in!serotype!8!by!a!commercial!
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vector!core!facility!(University!of!North!Carolina).!All!rAAVs!were!stored!in!undiluted!

aliquots!at!a!concentration!>1012!genomic!copies!per!ml!at!−80°C!until!intracranial!

injection.!!

 
Stereotaxic!intracranial!injections.!Male!and!female!mice!(postnatal!day!20–120)!were!

anesthetized!with!isoflurane!and!placed!in!a!small!animal!stereotaxic!frame!(David!Kopf!

Instruments).!Under!aseptic!conditions,!the!skull!was!exposed!and!a!small!hole!was!

drilled.!For!rAAVs!injections,!200S350!nl!total!volume!was!delivered!bilaterally!into!the!

ventral!GP/dorsal!NB!or!500!nl!into!dorsal!striatum!through!a!pulled!glass!pipette!at!a!

rate!of!200!nlâmin−1!using!a!Microinject!system!(World!Precision!Instruments).!GP!

injection!coordinates!were!0.7!mm!posterior!from!Bregma,!2.0!mm!lateral!and!3.8!mm!

below!the!pia.!Dorsal!striatum!injection!coordinates!were!0.9!mm!anterior!from!

Bregma,!2.2!mm!lateral!and!2.5!mm!below!the!pia.!After!surgical!procedures,!mice!

received!flunixin!for!analgesia!and!were!returned!to!their!home!cage!for!>21!days!to!

allow!for!maximal!gene!expression.!To!identify!GP!neurons!that!project!to!frontal!cortex,!

200!nl!of!fluorescent!retro!beads!!(RedS1X!or!Green,!Lumafluor)!were!injected!into!

frontal!(anterior!to!striatum)!cortical!areas!including!secondary!motor!(M2),!primary!

motor!(M1),!primary!somatosensory!(S1)!and!dorsal!and!ventral!agranular!insular!(AID!

and!AIV)!cortices.!Frontal!cortex!injection!coordinates!were!1.9!mm!anterior!from!

Bregma,!1.8!mm!lateral!and!2!mm!below!the!pia.!Following!surgery,!mice!received!

flunixin!and!were!returned!to!their!home!cage!for!3S9!days!before!experimentation.!

Stereotaxic!coordinates!were!adjusted!slightly!by!age.!!!
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Fixed!Tissue!Preparation!and!Imaging.!Mice!were!deeply!anesthetized!with!isoflurane!

and!transcardially!perfused!with!4%!paraformaldehyde!(PFA)!in!0.1!M!sodium!

phosphate!buffer!(1x!PBS).!Brains!were!postSfixed!for!1–3!days,!washed!in!1x!PBS!and!

sectioned!(40 µm)!coronally,!sagittally,!or!horizontally!using!a!Vibratome!(Leica).!Slices!

were!then!immunostained!(see!Immunohistochemistry)!or!mounted!on!slides!(Super!

Frost).!After!drying,!slices!were!coverslipped!with!ProLong!antifade!mounting!media!

containing!DAPI!(Molecular!Probes)!and!imaged!with!an!Olympus!VS110!slide!scanning!

microscope!using!the!10x!objective.!!Fluorescent!proteins!introduced!through!rAAVs!or!

transgenic!alleles!were!never!immunoenhanced,!except!in!3D!brain!reconstructions!(see!

3D!brain!reconstruction!and!analysis).!Confocal!images!(1S2!µm!optical!sections)!were!

acquired!with!an!Olympus!FV1000!laser!scanning!confocal!microscope!(Harvard!

Neurobiology!Imaging!Facility)!through!a!63x!objective.! 

 

Immunohistochemistry.!Immunohistochemistry!conditions!were!the!same!for!both!

mouse!and!macaque!sections.!For!ChAT!immunohistochemistry,!slices!were!incubated!in!

a!1x!PBS!blocking!solution!containing!5%!normal!horse!serum!and!0.3%!Triton!XS100!for!

1!hour!at!room!temperature.!Slices!were!then!incubated!overnight!at!4oC!in!the!same!

solution!containing!antiScholine!acetyltransferase!antibody!(1:100,!Millipore!AB144P).!

The!next!morning,!sections!were!washed!three!times!for!five!minutes!in!1x!PBS!for!and!

then!incubated!for!1!hour!at!room!temperature!in!the!blocking!solution!containing!

donkey!antiSgoat!Alexa!647!or!Alexa!488!(1:500,!Molecular!Probes).!For!macaque!

sections,!streptavidin!conjugated!to!Alexa!350!or!Alexa!488!(1:1000,!Molecular!Probes)!
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was!also!included!in!the!secondary!reaction.!The!same!protocol!was!used!for!NeuN!

(1:100,!Millipore!MAB377)!and!Parvalbumin!(1:7500,!Swant!PV235)!immunostaining!

with!antiSmouse!Alexa!647!secondary!antibodies!(1:500,!Molecular!Probes).!

Immunostained!mouse!sections!were!mounted!and!imaged!as!described!above.!!

Immunostained!macaque!sections!were!mounted!as!described!below.!!#

Retrograde!tracing!in!a!Rhesus!macaque.!A!10!yearSold!male!rhesus#macaque!was!

prepared!for!surgery!under!asceptic!conditions.!Anesthesia!was!initiated!with!ketamine!

(15!mg/kg)!and!valium!(1!mg/kg)!and!the!macaque!was!given!an!intravenous!catheter!

and!intubated.!Isoflurane!(1S2%!in!oxygen)!was!used!to!maintain!anesthesia.!Bilateral!

circular!craniotomies!were!made!over!the!frontal!cortex,!exposing!the!principal!and!

arcuate!gyri.!Tracer!injections!were!targeted!to!cortical!areas!that!receive!projections!

from!the!“Ch4id”!and!“Ch4iv”!cell!groups10.!Specifically,!tracers!were!injected!along!the!

principal!and!arcuate!gyri!(corresponding!to!the!area!between!Mesulam!et!al.!cases!23,!

26!and!6)!as!well!as!the!ventral!orbital!frontal!cortex!(Mesulam!case!19)!using!a!

micromanipulator!to!guide!a!10!µl Hamilton!syringe.!In!the!right!hemisphere,!Red!1X!

retro!beads!(Lumafluor)!were!injected!at!16!dorsal!locations!and!4!ventral!locations.!!In!

the!left!hemisphere,!biotinylated!dextran!amine!(BDA,!10%!in!sterile!saline)!was!injected!

at!12!dorsal!locations!and!2!ventral!locations.!At!each!site,!0.5 µl!of!tracer!was!injected!

at!2!depths,!1!and!2!mm!below!the!cortical!surface.!After!injection,!the!skull!fragments!

were!replaced!and!the!macaque!was!allowed!to!recover!on!a!water!heated!pad!under!

constant!observation.!After!a!21!day!survival!period,!the!macaque!was!killed!with!a!

barbiturate!overdose!(>50!mg/kg,!to!effect)!and!perfused!through!the!heart!with!normal!
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saline!followed!by!4%!formaldehyde!in!1X!PBS,!pH!7.4.!The!brain!was!removed!from!the!

skull!and!postSfixed!for!24!hours!in!the!same!fixative!solution.!Following!cryoprotection!

for!3!days!in!30%!sucrose!solution,!the!hemispheres!were!separated,!blocked!and!cut!in!

40 µm coronal!sections!using!a!freezing!microtome.!Throughout!the!extent!of!GP,!

coronal!slices!from!both!hemispheres!were!sampled!1!out!of!12!to!check!for!retrograde!

labeling.!To!visualize!BDA!labeling!in!the!left!hemisphere,!sliced!were!rinsed!in!1X!PBS!

and!immunostained!(see!Immunohistochemistry).!Slices!from!the!beadSinjected!right!

hemisphere!were!unenhanced.!!Slices!were!mounted!on!gelatinScovered!slides!using!an!

acetoneSxylenes!drying!procedure!then!coverslipped!with!DPXSmedium.!Sampled!

sections!from!the!right!hemisphere!showed!nonSspecific!fluorescent!microsphere!

labeling!throughout!subcortical!areas!and!thus!were!not!considered!further.!!Sampled!

sections!from!left!hemisphere!contained!cells!with!retrograde!labeling!in!the!GP/NB!

area!consistent!with!Ch4iv!and!Ch4id!groups.!Flanking!sections!to!those!showing!

retrograde!labeling!were!then!double!immunostained!for!ChAT!and!BDA!(see!

Immunohistochemistry)!and!imaged!as!above.!All!experimental!manipulations!were!

performed!in!accordance!with!protocols!approved!by!the!Harvard!Standing!Committee!

on!Animal!Care!following!guidelines!described!in!the!US!National!Institutes!of!Health!

Guide#for#the#Care#and#Use#of#Laboratory#Animals.!

 

Slice!preparation.!Acute!brain!slices!were!obtained!from!mice!using!standard!

techniques.!Mice!were!anesthetized!by!isoflurane!inhalation!and!perfused!through!the!

heart!with!iceScold!artificial!cerebrospinal!fluid!(ACSF)!containing!(in!mM)!125!NaCl,!2.5!
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KCl,!25!NaHCO3,!2!CaCl2,!1!MgCl2,!1.25!NaH2PO4!and!11!glucose!(~308!mOsmâkgS1).!

Cerebral!hemispheres!were!removed,!placed!in!iceScold!cholineSbased!cutting!solution!

(consisting!of!(in!mM):!110!choline!chloride,!25!NaHCO3,!2.5!KCl,!7!MgCl2,!0.5!CaCl2,!1.25!

NaH2PO4,!25!glucose,!11.6!ascorbic!acid,!and!3.1!pyruvic!acid),!blocked!and!transferred!

into!a!slicing!chamber!containing!iceScold!cholineSbased!cutting!solution.!Sagittal!slices!

(350!µm thick)!were!cut!with!a!Leica!VT1000s!vibratome!and!transferred!to!a!holding!

chamber!containing!ACSF!at!34°C!for!30!minutes!and!then!subsequently!at!room!

temperature.!Both!cutting!solution!and!ACSF!were!constantly!bubbled!with!95%!O2/5%!

CO2.!!In!a!subset!of!experiments,!acute!brain!slices!were!cut!in!iceScold!ACSF.!!!

!

Acute!slice!electrophysiology!and!twoFphoton!imaging.!Individual!slices!were!

transferred!to!a!recording!chamber!mounted!on!a!custom!built!twoSphoton!laser!

scanning!microscope!(Olympus!BX51WI)!equipped!for!wholeScell!patchSrecordings!and!

optogenetic!stimulation.!!Slices!were!continuously!superfused!(3.5–4.5!mlâminS1)!with!

ACSF!warmed!to!32–34°C!by!through!a!feedbackScontrolled!heater!(TCS324B;!Warner!

Instruments).!Cells!were!visualized!through!a!waterSimmersion!60x!objective!using!

differential!interference!contrast!(DIC)!illumination.!Epifluorescence!illumination!was!

used!to!identify!those!cells!labeled!by!fluorescent!microspheres!and/!or!expressing!

fluorescent!genetic!markers.!Patch!pipettes!(2–4!MW)!pulled!from!borosilicate!glass!

(G150FS3,!Warner!Instruments)!were!filled!either!with!a!Cs+Sbased!low!Cl–!internal!

solution!containing!(in!mM)!135!CsMeSO3,!10!HEPES,!1!EGTA,!3.3!QXS314!(Cl–!salt),!4!

MgSATP,!0.3!NaSGTP,!8!Na2SPhosphocreatine!(pH!7.3!adjusted!with!CsOH;!295!mOsmâkgS
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1)!for!voltageSclamp!recordings,!or!with!a!K+Sbased!low!Cl–!internal!solution!composed!of!

(in!mM)!135!KMeSO3,!3!KCl,!10!HEPES,!1!EGTA,!0.1!CaCl2,!4!MgSATP,!0.3!NaSGTP,!8!Na2S

Phosphocreatine!(pH!7.3!adjusted!with!KOH;!295!mOsmâkgS1)!for!currentSclamp!

recordings.!Alexa!Fluor!594!(20!µM)!was!added!to!the!both!internals.!Series!resistance!

(<25!MΩ)!was!measured!with!a!5!mV!hyperpolarizing!pulse!in!voltageSclamp!and!left!

uncompensated.!!Membrane!potentials!were!corrected!for!a!~7!mV!liquid!junction!

potential.!!After!the!recording!was!complete,!cellular!morphology!was!captured!in!a!

volume!stack!using!740!nm!twoSphoton!laser!light!(Coherent).!!All!recorded!GPSFC!

neurons!were!labeled!with!microspheres!following!injection!in!frontal!cortex.!In!

experiments!where!ChAT!expression!was!not!marked!fluorescently,!ChAT+!or!ChATS!GPS

FC!neurons!were!distinguished!based!on!soma!size!and!spontaneous!firing!rate!in!cell!

attached!mode.!Cortical!neurons!were!classified!as!pyramids!or!interneurons!based!on!

dendritic!morphology!and!GAD67GFP!expression.!!!

Acute!slice!data!acquisition!and!analysis.!Membrane!currents!and!potentials!were!

recorded!using!an!Axoclamp!700B!amplifier!(Molecular!Devices)!filtered!at!3!kHz!and!

digitized!at!10!kHz!using!National!Instruments!acquisition!boards!and!a!custom!version!

of!ScanImage!written!in!MATLAB!(Mathworks).!Electrophysiology!and!imaging!data!were!

analyzed!offline!using!Igor!Pro!(Wavemetrics),!ImageJ!(NIH),!MATLAB!(Mathworks)!and!

GraphPad!Prism!(GraphPad!Software).!In!figures,!voltageSclamp!traces!represent!the!

average!waveform!of!3–6!acquisitions;!currentSclamp!traces!are!individual!acquisitions.!!

Passive!membrane!properties!were!calculated!from!current!deflections!in!voltageSclamp!

(Vhold!=!S70!mV).!Cells!were!considered!spontaneously!active!with!maintained!action!
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potential!firing!(>20s)!within!2!minutes!of!wholeScell!break!in.!Average!Vrest!was!

calculated!for!nonSspontaneously!active!cells!1S3!minutes!after!break!in.!Peak!

amplitudes!were!calculated!by!averaging!over!a!1!ms!window!around!the!peak.!In!Figure!

4.14!d,e,!AMPAR!and!NMDAR!currents!were!isolated!from!the!stimulation!artifact!by!

subtracting!the!NBQX!resistant!component!(Vhold!=!S70!mV)!followed!by!the!CPP/NBQX!

resistant!component!(Vhold!=!+40!mV)!following!a!3!minute!washSin!period!from!current!

averages!consisting!of!10S15!consecutive!acquisitions!(20!s!interSstimulus!interval).!For!

pharmacological!analyses!in!Figure!4.15d,e!current!averages!were!calculated!from!15!

consecutive!acquisitions!(20!s!interSstimulus!interval)!before!and!after!a!3!minute!washS

in!period!and!then!normalized!to!averages!corresponding!to!the!same!time!with!no!drug!

flow!in.!!For!pharmacological!analyses!in!Figure!4.10c!and!Figure!4.12e,f,!3S7!consecutive!

acquisitions!(20!s!interSstimulus!interval)!were!averaged!following!a!3!minute!washSin!

period!for!NBQX!and!CPP!or!a!4!minute!washSin!period!for!MEC,!MLA,!and!DHβE.!!For!

TTX!and!4AP!conditions,!current!averages!were!composed!of!the!acquisitions!following!

full!block!or!firstSrecovery!of!ChR2!evoked!currents,!respectively.!Data!(reported!in!text!

and!figures!as!mean!±!s.e.m.)!were!compared!statistically!using!the!following!MannS

Whitney!test!or!Fisher’s!Exact!test.!P!values!smaller!than!0.05!were!considered!

statistically!significant.!

!

Optogenetic!and!electrical!stimulation!in!acute!slices.!To!activate!ChR2!in!acute!slices,!

473!nm!laser!light!(Optoengine)!was!focused!onto!the!back!aperture!of!the!60x!water!

immersion!objective!to!produce!collimated!wholeSfield!illumination.!!!Square!pulses!of!
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laser!light!were!delivered!every!20!seconds!and!power!was!quantified!for!each!

stimulation!by!measuring!light!diverted!to!a!focal!plane!calibrated!photodiode!through!a!

lowSpass!dichroic!filter.!For!ChR2!activation!of!dSPN!or!iSPN!inputs!onto!GPSFC!cells!

(Drd1aSCre;Rosa26lslSChR2SEYFP/+!or!AdoraVCre;Rosa26lslSChR2SEYFP/+!mice),!a!consistent!light!

stimulation!(1!ms;!1.3!mWâmmS2)!was!delivered!directly!over!the!recorded!cell!and!the!

resulting!currents!were!used!to!compare!synaptic!strength!across!cells.!For!pairedSpulse!

comparisons,!the!objective!was!moved!0.16!–!1.4!mm!into!dorsal!striatum!(median!=!0.4!

mm)!and!stimulation!strength!and!duration!(0.5–1!ms;!0.06!–4.4!mWâmmS2)!were!

adjusted!to!produce!1st!peak!currents!between!26!–!547!pA!(median!=!226!pA).!Stronger!

light!powers!(2S7!ms;4.4!mWâmmS2)!were!used!activate!ChR2!in!ChAT#iSCre!cells!(ChAT#iS

Cre;Rosa26lslSChR2SEYFP/+!mice)!in!cortex.!!For!ChR2!introduced!with!rAAVs,!light!(2!ms;1.3S

4.4!mWâmmS2)!was!used!across!conditions!except!in!some!cases!following!bath!

application!of!TTX!and!4AP!where!increasing!the!power!or!duration!of!light!stimulation!

was!necessary!to!recover!currents!(for!example,!changing!the!duration!from!2!to!4!ms).!

For!electrical!activation!of!the!STN!axonal!projection!into!the!GP,!a!bipolar!tungsten!

electrode!(TST33A10KT;!World!Precision!Instruments)!was!placed!at!the!anterior!border!

of!the!STN!and!0.1S0.5!ms!square!pulse!of!current!was!applied!and!power!adjusted!to!

maintain!evoked!currents!while!minimizing!the!stimulus!artifact.!!!

 

Reagents.!Drugs!(all!from!Tocris)!were!applied!via!bath!perfusion:!SR95531!(10 µΜ), 

tetrodotoxin!(TTX;!1 µΜ),!4Saminopyridine!(4AP;!500!µM),!Scopolamine!(10!µΜ), (2S)S3S

[[(1S)S1S(3,4SDichlorophenyl)ethyl]aminoS2Shydroxypropyl](phenylmethyl)phosphinic!
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acid!!(CGP!55845;!5 µΜ),!!NS(PiperidinS1Syl)S5S(4Siodophenyl)S1S(2,4Sdichlorophenyl)S4S

methylS1HSpyrazoleS3Scarboxamide!(AMS251;!10!µΜ),  2,3SdihydroxyS6SnitroS7S

sulfamoylSbenzo(f)quinoxaline!(NBQX;!10!µM),!R,SS3S(2ScarboxypiperazinS4Syl)propylS1S

phosphonic!acid!(CPP;!10!µM), N,2,3,3STetramethylbicyclo[2.2.1]heptanS2Samine,!(MEC;!

10!µM),!![1α,4(S),6β,14α,16β]S20SEthylS1,6,14,16StetramethoxyS4S[[[2S(3SmethylS2,5S

dioxoS1Spyrrolidinyl)benzoyl]oxy]methyl]aconitaneS7,8Sdiol!(MLA;!0.1 µM), (2S,13bS)S2S

MethoxyS2,3,5,6,8,9,10,13SoctahydroS1H,12HSbenzo[i]pyrano[3,4Sg]indolizinS12S

one!(DHβE;!10 µM), (S)S(S)S5SAminosulfonylSNS[(1SethylS2Spyrrolidinyl)methyl]S2S

methoxybenzamide!((S)sulpiride;!10!µM) and!(4aRStrans)S4,4a,5,6,7,8,8a,9SOctahydroS5S

propylS1HSpyrazolo[3,4Sg]quinolone!((S)Quinpirole;!8 µM).!CPP!and!NBQX!were!

combined!to!make!a!cocktail!of!antagonists!to!target!ionotropic!glutamate!receptors,!

while!MEC,!MLA!and!DHβE!were!combined!to!make!a!cocktail!to!antagonize!nicotinic!

receptors.!!!

!

Biocytin!labeling!of!STN!axonal!projections.!Acute!parasagittal!slices!(350 µm!thick,!10o!

offSsagittal)!were!prepared!from!wild!type!mice!(post!natal!day!34)!as!described!above.!

This!cutting!orientation!preserves!the!reciprocal!connections!between!the!subthalamic!

nucleus!(STN)!and!the!GP11.!In!circulating!warm!ACSF!(32S34oC),!patch!pipets!filled!with!

biocytin!(0.2%,!Molecular!Probes)!containing!internal!solution!containing!(in!mM)!135!

mM!KMeSO4,!5!mM!KCl,!5!mM!HEPES,!4!mM!MgSATP,!0.3!mM!Na2SPhosphocreatine!(pH!

7.4!adjusted!using!KOH;!295!mOsmâkgS1)!were!targeted!to!the!STN!under!DIC!

illumination.!!A!picospritzer!(Picospritzer!III;!Parker!Instrumentation)!was!used!to!puff!
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the!solution!into!the!center!of!STN!for!1!hour!(400!ms!pulse!at!1!Hz,!5S10!PSI).!!The!slice!

was!allowed!to!recover!for!0.5!hour!before!being!transferred!to!4%!PFA!in!1x!PBS!

overnight.!!The!following!morning,!slices!were!rinsed!in!1x!PBS!before!avidinS

biotinylated!HRP!complex!(ABC)!processing!(Vectastain)12.!!Slices!were!then!wetS

mounted!onto!glass!slides,!coverslipped,!and!imaged!under!brightSfield!illumination!

using!the!10x!objective!of!an!Olympus!VS110!slide!scanner!microscope.!

!

In! vivo! physiology.! At! least! 1! week! after! the! initial! injections,! mice! were! surgically!

implanted!with!a!permanent!titanium!headpost.!In!this!surgery!the!coordinates!for!GP,!

FC,!and!M1!were!marked!on!the!surface!of!the!skull!based!on!stereotaxic!coordinates.!

The! headpost! was! secured! and! the! animal’s! skull! was! covered! with! C&B! metabond!

(Parkell! Inc).! Animals! subsequently! singly! housed! and! allowed! to! recover! for! 1! week!

before!habituation!to!restraint.!Mice!were!water!restricted!(to!80%!of!their!free!feeding!

weight)! and!habituated! to! restraint! in!a! customSmade! leverSpress! training! rig.! This! rig!

allows!the!animal!to!press!a!lever!in!response!to!an!auditory!cue.!Animals!were!trained!

for!increasing!durations!for!at!least!3!days!until!they!were!able!to!tolerate!head!restraint!

for!90!min!without!struggling.!During!this!time!animals!achieved!an!intermediate!level!of!

performance! on! the! task,! where! they! knew! the! association! between! lever! press! and!

reward,!but!were!not!proficient!at!recognizing!and!responding!to!tones.!One!day!before!

the! first! recording! day! animals! were! anesthetized! with! isoflurane! and! received! a!

craniotomy! over! the! region! of! interest.! In! this! surgery,! a! chronic! fiber (62.5µm! core!

multimode! fiber,! ecablemart.com)! attached! to! a! ceramic! LC! ferrule! (Pfp! Inc.)! was!



!207!

implanted! at! the! same! coordinates! as! the!GP! viral! injection!but! at! depth!3.0!mm.!All!

chronic!fibers!were!preSscreened!to!have!>80%!transmission!at!473!nm!light.!A!ceramic!

ferrule! connecter! linked! the!chronic! fiber! to!a! standard!LC!cable.! Light! shuttering!and!

output!control!was!through!an!accuosto!optic!modulator!(AA!systems)!and!had!>1000:1!

occlusion!ratio.!Recordings!were!made!using!16!or!32!channel!silicone!probes!with!177!

µm2! recording! sites! (Neuronexus!Technologies)! spaced!50!µm apart!and! lowered! to!a!

depth!of!~1000!µm below!the!surface!of!the!brain.!Optrode!recordings!were!made!with!

a!16!channel!probe!of!the!same!configuration!fitted!with!a!fiberoptic!100!µm above!the!

top! recording! site! (Neuronexus! Technologies,! OA! series).! All! in# vivo! electrophysiology!

was! acquired!using! the!omniplex! system! (Plexon! Inc)! and! filtered!at! 300S8! KHz.! Spike!

detection!was! done! by! level! crossing! generally! at! 50µV! and! clustering! to! remove! the!

noise!cluster!using!offline!sorter! (Plexon! Inc).!Units!that!were!separable!were!counted!

separately,!but!many!units!were!accepted!as!multiSunit.!All!analysis!here!assumes!each!

unit! as! a! possible! multiSunit! and! is! only! separated! when! necessary.! All! analysis! was!

performed! using! custom! scripts! in! Igor! Pro! and! etchSaSsketch.! Data! visualization! and!

statistical!analysis!was!done!using!Igor!Pro!and!GraphPad!Prism.!

 

ThreeFdimensional!brain!reconstruction!and!analysis.!Following!fixation,!brains!were!

frozen!and!sectioned!at!50!µm. GFP!and!tdTomato!were!immunoenhanced!in!free!

floating!sections!using!mouseSanti!GFP!(1:1000,!abCam!ab1218)!and!rabbitSanti!RFP!

(1:2000,!Rockland!Antibodies!600S401S379)!followed!by!antiSmouse!Alexa488!(1:200,!

Jackson!Immunoresearch!115S545S062)!and!antiSrabbit!Cy3!(1:2000;!Jackson!
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Immunoresearch!111S165S144)!secondary!antibodies.!Sections!were!mounted!on!slides!

and!counterstained!with!Neurotrace!Blue!(Invitrogen)!and!imaged!on!a!Zeiss!microscope!

with!a!Ludl!motorized!stage!controlled!with!Neurolucida!software!(Microbrightfield).!!

Imaging!was!done!with!a!10x!objective!and!a!Hamamatsu!Orca!Flash!4!camera.!Each!

coronal!section!containing!between!80S200!tiles!merged!with!Neurolucida!software.!!

Coronal!sections!were!aligned!and!Nissl!labeling!normalized!using!Neurolucida,!Adobe!

Photoshop!and!ImageJ!software.!Aligned!sections!were!rendered!in!three!dimensions!

and!cortical!areas!defined!using!Imaris!software!(Bitplane).!Custom!algorithms!were!

written!in!MATLAB!(Mathworks)!to!detect!and!quantify!axons!by!cortical!area.!Briefly,!

multiscale!hessian!filtering13!was!followed!by!nonSmaximum!suppression!and!then!by!

hysteresis!thresholding14.!Hysteresis!thresholds!were!applied!to!both!the!response!

(largest!eigenvalue!of!hessian)!and!anisotropy!(difference!of!eigenvalues!after!

normalizing!by!Gaussian!filter!response).!!!

 

Array!Tomography.!Mice!were!deeply!anesthetized!with!isoflurane!and!transcardially!

perfused!with!4%!PFA,!2%!Sucrose!in!0.1!M!sodium!phosphate!buffer!(1x!PBS).!Brains!

were!postSfixed!for!1!day,!washed!in!1x!PBS!and!sectioned!into!300!µm!sagittal!slabs!

using!a!Vibratome!(Leica).!Frontal!cortex!was!then!cut!out!using!a!razor!blade!and!

dehydrated!through!a!series!of!alcohol!dilutions!before!being!infiltrated!with!LR!White!

acrylic!resin!(Sigma!Aldrich!L9774S500G)!overnight.!Tissue!was!then!placed!in!a!LR!White!

filled!gel!cap!that!was!polymerized!at!50oC!overnight.!Blocks!of!tissue!were!cut!on!an!

ultramicrotome!(Leica!EM!UC7)!into!ribbons!of!70!nm!thin!sections.!Sections!were!then!
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manually!lifted!onto!gelatin!coated!slides,!air!dried!and!then!heated!on!a!hot!plate!

(800C)!for!ten!minutes.!Slides!were!marked!by!Pap!Pen!liquid!blocker.!Ribbons!were!

treated!with!50!mM!glycine!in!TBS!for!5!minutes,!followed!by!5!minutes!in!blocking!

buffer!(5%!BSA,!.05%!Tween!20!in!TBS)!before!primary!antibody!staining.!Staining!was!

performed!in!blocking!buffer!overnight!at!4o!C.!The!dilutions!and!staining!order!are!as!

follows:!

Stain!1:!chkαGFP!1:100(GTX13970,!GeneTex);!musαGephyrin!1:100(612632,!

Biosciences!Pharmingen);!rabαGAD!65S67!1:1000(ab11070,!Abcam)!

Stain!2:!rabαPSD95!1:100(3450,!Cell!Signaling!Tech.)!

Stain!3:!musαBassoon!1:100!(ab82958,!Abcam);!rabαSynapsin!1!1:100!(5297S,!

Cell!Signaling!Tech.)!

Stain!4:!rabαParvalbumin!1:100(PVS25,!Swant)!

Stain!5:!musαVAChT!1:100(139!103,!Synaptic!Systems);!rabαVGAT!1:100(131!

011,!Synaptic!Systems)!

 
Imaging!was!performed!using!a!Zeiss!Axio!Imager!Z1!Upright!Fluorescence!Microscope.!

A!position!list!was!generated!at!20x!in!cortex!to!identify!the!ROI!on!each!section.!Four!

images!were!then!acquired!with!Zeiss!PlanSApochromat!63x/1.4!Oil!DIC!Objective!and!

stitched!into!a!single!final!image!(Mosaix,!Axiovision).!Individual!stacks!were!aligned!in!

FIJI!using!the!MultiStackReg!plugin,!initially!using!the!DAPI!channel!and!then!a!second!

alignment!to!the!stack!from!the!first!imaging!session.!Fine!alignments!were!the!

performed!using!the!Synapsin1!stack!and!the!Register!Virtual!Stack!Slices!plugin!of!FIJI!to!

correct!for!warping.!Background!fluorescence!was!then!subtracted!from!the!aligned!
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stacks!using!a!10!pixel!rolling!ball!filter!and!contrast!was!adjusted!to!0.1%!through!the!

FIJI!software.!Image!analyses!were!carried!out!with!custom!written!scripts!in!MATLAB!

(Mathworks).!GFP+!“pearls”!and!diffractionSlimited!synaptic!markers!were!

computationally!detected!from!image!stacks.!Pearls!were!identified!as!belonging!to!a!

“string,”!with!multiSplane!spanning!volumes.!All!synaptic!markers!were!treated!as!single!

pixel!pointSsources!within!a!given!z!plane.!Images!were!segmented!to!exclude!DAPI+!

nuclei!and!areas!containing!no!tissue.!CoSlocalization!analyses!of!GFP+!pearls!and!

synaptic!markers!were!performed!by!quantifying!the!occurrences/voxel!at!particular!

distances!for!the!real!data!or!following!rounds!of!spatial!randomization!for!either!the!

GFP+!pearls!or!synaptic!markers.!Z!scores!were!calculated!from!0!distance!occurrences!

in!the!real!data!and!following!10!rounds!of!randomization!using!the!same!pearl!volumes.!
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Chapter!5!

Conclusions!and!Outlook!

! Following!the!experimental!framework!outlined!in!the!introduction,!this!thesis!

has!extended!our!understanding!of!how!BG!cell!types!control!cortical!activity.!In!Chapter!

3!we!show!that!during!development,!activity!in!iSPNs!and!dSPNs!oppositely!affects!

motor!behavior!and!the!excitatory!drive!of!cortical!and!thalamic!inputs!into!the!

striatum.!These!results!confirm!the!phenomenology!of!the!accepted!pathway!model!of!

BG!function.!However,!the!constituent!cell!types!considered!in!the!model!are!drastically!

oversimplified.!Using!novel!rAAVs!outlined!in!Chapter!2!to!systematically!describe!this!

complexity,!we!describe!in!Chapter!4!two!GP!cell!types!that!provide!a!direct!output!of!

the!BG!to!cortex.!The!presence!of!a!nonSthalamic!BG!output!necessitates!a!major!

revision!to!the!underlying!circuitry!by!which!iSPNs!and!dSPNs!affect!cortex.!Listed!below!

are!short!summaries!for!each!chapter!with!a!selection!of!results!for!further!discussion!

and!future!study.!!

! !
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Chapter!2.!Novel!recombinant!adenoSassociated!viruses!for!Cre!activated!and!

inactivated!transgene!expression!in!neurons!

!
!
Summary:!We!developed!rAAV!vectors!that!use!alternative!lox!sites!to!achieve!CreS

mediated!inhibition!of!transcription.!These!novel!“CreSOff”!rAAVs!can!be!used!with!

other!“CreSOn”!rAAVs!or!nuclear!transgenic!elements!that!use!more!common!loxp!and!

lox2272!sites.!

!

Discussion/Future!Work!

•Mechanisms!of!rAAV!interference.!rAAVs!that!share!lox!sites!with!other!transduced!

rAAVs!or!genomic!loci!can!interfere!with!transcription.!One!mechanism!could!be!interS

molecular!CreSmediated!insertion!of!rAAV!DNA.!This!mechanism!should!be!tested!

directly.!If!rAAVs!are!capable!of!inserting!parts!of!their!backbones!into!genomic!loci!

carrying!lox!sites,!this!phenomenon!may!offer!a!novel!mechanism!for!transgenesis!at!

endogenous!loci.!Since!rAAVs!have!been!touted!as!promising!vectors!for!gene!therapy,!

preventing!the!putative!insertion!of!rAAV!DNA!into!the!nuclear!genome!would!greatly!

improve!the!safety!of!rAAVs!us!in!humans.!!!!

!

Chapter!3.!Recurrent!network!activity!drives!striatal!synaptogenesis!

!

Summary:!Here!show!that!postSnatal!activity!in!dSPNs!and!iSPNs!of!striatum!has!

opposite!effects!on!the!development!of!glutamatergic!synaptogenesis!on!SPNs!
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themselves.!This!phenomenon!is!not!cell!autonomous!but!rather!depends!on!activity!

throughout!the!BG,!thalamus!and!cortex.!

!

Discussion/Future!Work!

•Spatial!structure!of!recurrent!feedback.!The!BG!are!believed!to!be!organized!in!a!

parallel!looped!architecture,!yet!little!is!known!about!the!anatomical!or!functional!

nature!of!these!putative!loops.!Motor!regions!of!the!BG!display!rough!somatotopy!and!

interSBG!axonal!projections!maintain!a!roughly!parallel!organization.!However!the!

functional!“closedness”!for!any!synaptic!loops!within!the!BG!has!not!been!directly!

evaluated.!Careful!anatomical!work!challenges!the!parallel!nature!of!these!loops.!First,!

the!BG!show!largeSscale!changes!in!spatial!convergence/divergence!of!axonal!inputs!

across!nuclei,!which!differ!drastically!in!both!volume!and!cell!number.!For!example,!in!

rat1,!stereological!estimates!of!total!neuron!number!per!nuclei!are:!

!

Cortex!>!Striatum!(2.79x106)!>!GP!(4.6!x!104)!>!SNr!(2.63!x!104)!>!STN!(1.36!x!104)!>!SNc!

(7.2!x!103)!>!GPi!(3.2!x!103)!

!

In!terms!of!ratios,!for!a!single!STN!neuron,!there!are!~3.4!in!the!GP,!~0.5!in!the!SNc,!and!

~!200!cells!in!the!striatum.!Second,!singleScell!tracing!experiments!have!demonstrated!

that!axons!from!individual!BG!can!have!very!large!arbors.!For!example,!dopaminergic!

cells!of!the!SNc!and!PVS!neurons!of!the!GP!arborize!over!huge!swaths!of!striatal!

territory,!and!are!thus!positioned!to!innervate!thousands,!if!not!tens!of!thousands,!of!
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neurons.!Thus!while!interSBG!connectivity!is!roughly!parallel!in!nature,!there!are!

anatomical!opportunities!for!crosstalk!across!loops.!!!

! In!the!retina,!crosstalk!between!feedSforward!neural!inputs!is!necessary!for!even!

the!most!basic!computations!such!as!surround!excitation!and!inhibition.!Understanding!

how!crosstalk!across!loops!contributes!to!BG!computation!necessitates!mapping!

networks!of!synaptically!connected!neurons!across!nuclei.!These!networks!could!be!

visualized!with!synapseShopping!recombinant!viruses!in!combination!with!wholeSbrain!

imaging.!Once!the!closed!vs.!open!architecture!of!a!single!loop!is!established,!

endoscopic!imaging!could!be!used!to!record!neural!activity!from!neurons!across!BG!

nuclei!participating!in!the!same!or!a!parallel!network!during!behavior.!!!

! To!complement!these!challenging!experiments,!one!could!take!advantage!of!the!

recurrent!nature!of!SPN!activity!during!development!we!describe!to!address!the!size!and!

independence!of!these!loops.!SPNs!in!specific!portions!of!the!striatum!could!be!

manipulated!and!synaptogenesis!assayed!within!and!outside!of!those!affected!areas,!

offering!functional!insight!into!the!largeSscale!organization!of!corticoSBGS!thalamo!

feedback.!!

!

•Role!of!dopamine.!The!activity!dependent!synaptogenesis!we!describe!not!only!

requires!glutamate,!but!is!likely!affected!by!other!neurotransmitters!and!

neuromodulators.!In!cortex,!de#novo!synaptogenesis!requires!PKA!signaling.!In!striatum,!

PKA!activity!can!be!controlled!through!neuromodulators!like!dopamine!and!adenosine.!

Dopamine!is!thought!to!have!opposite!effects!on!PKA!in!dSPNs!and!iSPNs.!Whereas!
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D1Rs!activate!PKA!in!dSPNs,!D2R!inhibit!PKA!in!iSPNs.!This!canonical!cell!signaling!

suggests!that!dopamine!may!drive!synaptogenesis!in!dSPNs!while!inhibiting!

synaptogenesis!in!iSPNs.!Coincident!dopamine!signaling!offers!a!plausible!mechanism!

for!how!the!release!of!glutamate!could!thus!lead!to!pathwaySspecific!synapse!formation!

in!striatum.!!!

! How!then!does!activity!in!the!corticoSBGSthalamo!loop!self!organize?!Let!us!

consider!how!SPN!activity!and!dopamine!could!mediate!both!positive!and!negative!

feedback!in!developmental!wiring.!We!know!that!dSPN!activity!drives!while!iSPN!activity!

inhibits!synaptogenesis!in!SPNs!from!both!pathways.!This!effect!is!likely!caused!through!

opposite!changes!in!the!firing!rates!of!striatalSprojecting!glutamatergic!neurons!in!cortex!

and!thalamus.!Striatal!dopamine!signaling!coincident!to!glutamate!release!could!bias!

synaptogenesis!toward!dSPNs!and!away!from!iSPNs,!offering!a!plausible!mechanism!

how!differential!pathway!wiring!could!be!sculpted.!Since!dSPNs!are!thought!to!inhibit!

striatal!dopamine!releasing!SNc!neurons,!dSPN!activity!could!target!the!amount!of!

pathway!drive!to!a!set!point!through!dopamineSmediated!negative!feedback.!This!

negative!feedback!might!be!necessary!to!compensate!for!the!glutamateSmediated!

positive!feedback!that!dSPN!activity!triggers!through!the!corticoSBGSthalamo!loop.!!Such!

a!model!not!only!begs!for!experimental!scrutiny,!but!also!highlights!important!

theoretical!concerns.!For!example,!resolving!the!“chicken!and!the!egg”!phenomena!with!

dopamine!and!SPN!activity!in!development.!What!signals!are!instructive?!

! ActivitySdependent!synaptogenesis!in!the!striatum!offers!a!straightforward!and!

quantitative!read!out!to!determine!how!dopamine,!adenosine!and!other!
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neuromodulators!control!synapse!formation!in!single!SPN.!After!these!contributing!

signals!are!identified,!it!will!important!to!find!their!cellular!sources!within!the!BG!

circuits.!Once!the!sources!are!identified!and!activity!monitored!during!development,!we!

will!have!a!better!idea!about!how!the!rest!of!the!brain!contributes!to!wiring!the!direct!

and!indirect!pathways.!!

!

•Role!of!other!BG!cell!types.!The!effects!of!developmental!wiring!caused!by!inhibition!

of!dSPNs!and!iSPNs!has!lent!phenomenological!support!for!the!direct!and!indirect!

pathway!model!of!BG!organization.!Do!are!other!BG!cell!types!contribute!to!the!direct!

and!indirect!pathway?!Or!is!this!organization!entirely!dependent!on!SPNs?!This!question!

can!be!experimentally!addressed!using!similar!methods!to!dampen!firing!or!prevent!

transmitter!release!from!other!cell!types!within!the!BG!while!assaying!synaptogenesis!in!

the!striatum.!

!

Chapter!4.!A!direct!GABAergic!output!of!the!basal!ganglia!to!frontal!cortex!

!

Summary:!Here!we!show!that!SPNs!of!dorsal!striatum!and!the!STN!control!a!projection!

system!from!the!GP!directly!to!frontal!cortex.!The!GPSFC!projections!consists!of!two!cell!

types!which!function!to!activate!cortex!by!releasing!either!GABA!or!GABA/ACh!mostly!

onto!cortical!interneurons.!The!GPSFC!projection!stands!as!a!major!revision!to!the!

accepted!model!wherein!the!BG!modulate!the!cortex!indirectly!via!that!thalamus.!!

!
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Discussion/Future!Work!

•Cortical!interactions!between!GP!and!thalamusFbased!BG!feedback.!Activity!in!striatal!

SPNs!will!affect!cortex!through!both!the!thalamic!and!nonSthalamic!outputs.!Internal!to!

the!BG,!dSPNs!and!iSPNs!have!different!effects!on!these!two!outputs:!GPSFC!cells!are!

inhibited!by!both!SPN!types,!while!dSPNs!and!iSPNs!impose!largely!opposite!effects!on!

BGSthalamus!cell!firing.!Despite!these!differences!in!internal!control,!both!outputs!

increase!cortical!firing!rates,!but!differ!in!their!mechanisms:!GPSFC!cells!activate!cortex!

by!inhibiting!local!interneurons,!while!corticoSthalamic!cells!increase!activity!through!

glutamatergic!drive.!It!will!be!vital!to!understand!how!these!two!BG!outputs!are!

controlled!by!SPNs!and!interact!in!cortex!during!behavior,!development!and!to!

coordinate!plasticity.!!

! !

!

•Pathway!and!targetFspecific!shortFterm!synaptic!plasticity.!dSPNs!and!iSPNs!have!

distinct!shortSterm!synaptic!plasticity!properties!onto!GPSFC!cells!(Figure!4.14j).!iSPN!

IPSCs!are!slightly!facilitating,!while!dSPN!IPSCs!are!depressing.!These!results!suggest!

SPNs!of!each!pathway!likely!recruit!GPSFC!cells!differently.!Future!work!should!focus!on!

describing!the!synaptic!properties!of!dSPNs/iSPNs!onto!other!GP!cell!types.!This!data!

could!serve!as!the!basis!for!understanding!the!how!SPN!activity!controls!GP!cells!in#vivo!

and!for!defining!the!molecular!mechanisms!responsible!for!the!cell!type!specific!

differences!in!synaptic!properties.!!For!example,!do!pathway!specific!preSsynaptic!

differences!affect!how!bursts!of!SPN!action!potentials!inhibit!PV+!GP!neurons!that!
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control!“downstream”!nuclei!such!as!the!STN!and!SNr!versus!mostly!PVS!GP!neurons!

that!feedback!“upstream”!into!striatum?!

!

•GPFFC!cells!and!behavioral/cellular!effects!of!antiFpsychotics.!GPSFC!cells!are!

synaptically!positioned!between!D2RSexpressing!iSPNs!and!interneurons!of!frontal!

cortex!and!thus!are!likely!to!convey!at!least!some!of!the!therapeutic!benefit!of!antiS

psychotic!drugs.!Recent!genetic!association!studies!in!schizophrenic!vs.!healthy!humans!

have!demonstrated!that!variants!in!both!D2R!and!nicotinic!receptor!subunit!genes!are!

some!of!the!~100!genome!variants!that!can!cause!disease!predisposition2.!This!

convergence!of!genetics!with!pharmacological/behavioral/postSmortem!data!suggests!

that!D2R!iSPNs!may!not!just!be!important!for!the!mechanism!of!action!of!antiSpsychotic!

drugs,!but!can!be!linked!to!the!pathophysiology!of!Schizophrenia.!

! In!our!simple!model,!Schizophrenia!ensues!through!excessive!dopamine!in!the!

striatum.!Excessive!dopamine!tends!to!overSactivate!D2Rs!on!iSPNs,!lowering!the!

efficacy!of!iSPN!inhibition!onto!GPSFC!cells.!Increased!GPSFC!cell!activity!will!tend!

hyperactivate!cortex!by!greater!inhibition!of!local!interneurons,!causing!cell!type!specific!

compensatory!changes!in!cortical!architecture!over!time.!Experimental!manipulations!of!

activity!and!transmitter!release!in!ChAT+!and!ChATS!GPSFC!cells!in!conjunction!with!antiS

psychotic!administration!will!be!important!to!determine!the!necessity!and!sufficiency!of!

this!projection!system!for!the!behavioral!and!cellular!changes!induced!by!these!drugs.!!

! Future!work!will!also!need!to!define!the!exact!interneuron!and!pyramidal!cell!

types!directly!controlled!by!GPSFC!cells.!For!example,!do!ChATS!innervate!both!
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pyramidalStract!and!intratelencephalic!pyramidal!neurons?!Which!exact!types!of!

interneurons!do!ChAT+!and!ChATS!GPSFC!cells!control?!Unpublished!rabiesSmediated!

retrograde!tracing!experiments!from!the!labs!of!Josh!Huang!and!Nat!Heintz!suggests!GPS

FC!cells!directly!innervate!chandelier!cells!in!the!upper!regions!of!layer!2/3,!as!well!as!

somatostatin+!interneurons!and!VIP!interneurons!expressing!HTR3a!in!mPFC.!

Unfortunately,!these!experiments!did!not!distinguish!ChAT+!vs.!ChATS!GP!neurons.!

Regardless!of!their!ChAT!identity,!these!data!suggest!that!the!GPSFC!projection!

collectively!influences!cortex!via!a!diverse!set!of!interneuron!types.!While!this!diversity!

of!this!cortical!cell!connectivity!may!prove!confusing!in!the!shortSterm,!in!the!longSterm,!

should!greatly!inform!how!coordinated!modulation!of!neighboring!interneuron!types!

affect!cortical!processing!and!behavior.!!!

!

•GPFFC!cells!for!drug!targeted!therapy.!Typical!antiSpsychotic!drugs!can!cause!

devastating!motor!side!effects.!Molecular!characterization!of!GPSFC!cells!could!present!

specific,!drugStargetable!receptors!that!could!alter!GPSFC!activity!without!largeSscale!

effects!on!dopamine!signaling.!!

!

•Mechanisms!of!ACh/GABA!coFrelease!from!ChAT+!cells!of!GP!and!basal!forebrain.!In!

cortex,!the!preSsynaptic!terminals!of!ChAT+!GPSFC!cells!have!a!spatially!mixed!identity:!

along!the!same!axon,!some!terminals!contain!both!VGAT!and!VAChT!while!others!

contain!either!of!the!vesicular!transporters!(Figure!4.10gSk).!Importantly,!VGAT!and!

VAChT!punctae!tend!to!be!~300!nm!apart!and!thus!likely!are!targeted!to!distinct!
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vesicular!pools.!Future!work!will!be!needed!to!work!out!the!logic!and!mechanisms!of!

this!coSrelease.!What!distinguishes!VGAT!and!VAChT!containing!vesicles!biochemically?!

Are!these!distinct!vesicular!pools!released!by!the!same!types!of!activity?!Do!terminals!

containing!these!distinct!synaptic!pools!target!the!same!synapses!or!cell!types?!Is!ACh!

vs.!GABA!release!affected!by!developmental!or!behavior!state?!What!role!does!coS

release!play!in!synaptic!plasticity?!

!
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!
!
!
Appendices!!
!
! Figures!in!appendices!contain!unpublished!work!from!Chapters!3!(Appendix!A)!

and!Chapter!4!(Appendix!B)!and!are!not!referenced!in!the!Chapters!themselves.!Movies!

in!the!appendix!will!be!included!with!the!published!form!of!Chapter!4!but!are!not!

referenced!in!the!Chapter!4!of!this!thesis.!!

!

!
!

! !
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Figure!A.1.!rAAV!rescue!of!Slc32a1!in!striatum!restores!MSN!GABAergic!transmission!

a.!Example!voltageSclamp!recordings!from!ChR2SmCherry–!MSNs!in!D1SCre!mice.!Traces!

are!from!3!distinct!mice!with!1!or!0!functional#Slc32a1!alleles!(Vgatfl/+!or!Vgatfl/fl)!

following!injection!of!DIOSChR2SmCherry!or!DIOSChR2SmCherry!+!DIOSVgat!in!striatum.!!

b.!Summary!graph!of!peak!currents!demonstrating!that!CreSconditional!rAAVSmediated!

overexpression!of!Slc32a1#is!sufficient!to!rescue!GABAergic!transmission!in!mice!where!

Vgat!was!conditionally!deleted!(D1SCre:!n=20!cells!Vgatfl/+!+!DIOSChR2,!n=7!Vgatfl/fl!+!

DIOSChR2,!n=13!cells!Vgatfl/fl!+!DIOSChR2!&!DIOSVgat;!D2SCre:!n=12!Vgatfl/+!+!DIOSChR2,!

n=7!Vgatfl/fl!+!DIOSChR2,!n=13!Vgatfl/fl!+!DIOSChR2!&!DIOSVgat).!Mean±sem.!!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
! !
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Figure!A.1!(Continued)!
!
!
!
!
!
!
!
!
!
!

!
!
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Figure!B.1!Cortical!GABAergic!neurotransmission!from!ChAT!iFCre!neurons!is!Slc32a1!

dependent!

a.!Conditional!knockout!of!Slc32a1#(Vgatfl/fl)#from!ChATiSCre;Rosa26lslSChR2SYFP!expressing!

cells!eliminates!direct!GABAergic!but!not!direct!nicotinic!currents.!Top,!number!and!

percentage!of!layer!1!interneurons!exhibiting!optogenetically!evoked!direct!currents!

with!2!(Vgat+/+)!or!0!(Vgatfl/fl)!functional!Slc32a1#alleles.!Bottom,!direct!current!peak!

amplitudes.!

! !
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Figure!B.1!(Continued)!
!
!
!
!
!
!
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B.Movie!1.!ThreeFdimensional!wholeFbrain!reconstructions!of!axonal!projections!from!

ChAT+!(magenta)!and!ChATF!(green)!GPFFC!cells.!!rAAVs!DIOSEGFP!(CreSOn)!and!FASS

tdTomato!(CreSOff)!were!injected!into!the!GP!and!adjacent!dorsal!NB!in!a!ChAT#iSCre/+!

mouse.!The!max!projection!movie!begins!with!a!lateral!to!medial!view!of!the!injection!

site!and!Rt.!!A!posterior!to!anterior!fly!through!of!cortex!shows!axons!in!frontal!cortex!

and!the!lateral!amygdala,!followed!by!a!medial!to!lateral!view!which!exhibits!subcortical!

projections!to!the!Str,!STN,!SNr/c,!PF!and!LH.!!A!small!amount!of!FASStdTomato!

expression!in!striatum!contributes!to!the!CreSOff!projection!in!SNr.!Rt,!thalamic!reticular!

nucleus;!Str,!striatum;!SNr/c,!substantia!nigra!reticulata/compacta;!PF,!thalamic!

parafasicular!nucleus;!LH,!lateral!habenula.!

!

B.Movie!2.!ThreeFdimensional!wholeFbrain!reconstructions!of!axonal!projections!from!

iSPNs!(green)!and!dSPNs!(magenta)!from!dorsal!striatum!into!GP/dorsal!NB.!!

rAAVs!DIOSEGFP!(CreSOn)!and!FASStdTomato!(CreSOff)!were!injected!into!the!dorsal!

striatum!of!D2rSCre!mouse,!to!differentially!label!Cre+!iSPNs!and!CreS!nonSiSPNs.!Since!

SPNs!provide!the!only!output!of!striatum,!this!strategy!selectively!labels!iSPN!and!dSPN!

projections.!Following!a!rotated!lateral!view!of!the!whole!brain,!the!movie!proceeds!

anterior!to!posterior,!following!single!coronal!slices!through!the!injection!site!and!back!

and!forth!through!the!GP!before!continuing!to!the!SNr.!!Visualizing!iSPNs!and!dSPNs!

individually!illustrates!that!dSPN!axons!arborize!widely!in!the!ventral!and!posterior!

regions!of!GP/NB!containing!GPSFC!cells.!!

!


