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AbVWUacW

NXmeURXV cRgniWiYe fXncWiRnV inclXding aWWenWiRn, leaUning, and SlaVWiciW\ aUe inflXenced b\ Whe
d\namic SaWWeUnV Rf aceW\lchRline UeleaVe acURVV Whe bUain. HRZ aceW\lchRline mediaWeV WheVe
fXncWiRnV in cRUWe[ UemainV XncleaU, aV Whe VSaWiRWemSRUal UelaWiRnVhiS beWZeen cRUWical
aceW\lchRline and behaYiRUal eYenWV haV nRW been SUeciVel\ meaVXUed acURVV WaVk leaUning. TR
diVVecW WhiV UelaWiRnVhiS, Ze TXanWified mRWRU behaYiRU and VXb-VecRnd aceW\lchRline d\namicV
in SUimaU\ VRmaWRVenVRU\ cRUWe[ dXUing acTXiViWiRn and SeUfRUmance Rf a WacWile-gXided RbjecW
lRcali]aWiRn WaVk. We fRXnd WhaW aceW\lchRline d\namicV ZeUe VSaWiall\ hRmRgenRXV and diUecWl\
aWWUibXWable WR ZhiVkeU mRWiRn and licking, UaWheU Whan VenVRU\ cXeV RU UeZaUd deliYeU\. AV WaVk
SeUfRUmance imSURYed acURVV WUaining, aceW\lchRline UeleaVe WR Whe fiUVW lick in a WUial became
dUamaWicall\ and VSecificall\ SRWenWiaWed, SaUalleling Whe emeUgence Rf a chRice-Vignalling baViV
fRU WhiV mRWRU acWiRn. TheVe UeVXlWV VhRZ WhaW aceW\lchRline d\namicV in VenVRU\ cRUWe[ aUe
dUiYen b\ diUecWed mRWRU acWiRnV WR gaWheU infRUmaWiRn and acW XSRn iW.

IQWURdXcWLRQ

AceW\lchRline iV a majRU neXURmRdXlaWRU in Whe bUain WhaW inflXenceV diYeUVe cRgniWiYe fXncWiRnV
WhaW VSan WimeVcaleV, inclXding VelecWiYe aWWenWiRn 1, 2, 3, 4, aURXVal 5, 6, 7, 8, UeinfRUcemenW leaUning 5,

9; 10, 11, 12 and neXUal SlaVWiciW\ 13, 14, 15, 16. Man\ Rf WheVe fXncWiRnV aUe mediaWed WhURXgh
aceW\lchRline¶V inflXence Rn cRUWical neXURnV and ciUcXiWV 17, 18. ChRlineUgic SURjecWiRnV WR cRUWe[
aUiVe fURm mXlWiSle baVal fRUebUain (BF) nXclei WhaW cRnWain neXURnal VXbgURXSV ZiWh diVWincW
SURjecWiRn VSecificiW\ and aUbRU diVWUibXWiRnV ZiWhin and acURVV SURjecWiRn aUeaV 7, 19, 20. IndiYidXal
nXclei alVR VhRZ VignificanW diffeUenceV in Whe behaYiRUal eYenWV Zhich cRUUelaWe ZiWh WheiU
acWiYiW\ SaWWeUnV 7, 21, VXggeVWing a WRSRgUaSh\ Rf fXncWiRnV. ObVeUYaWiRn Rf Whe VSaWiRWemSRUal
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d\namicV Rf aceW\lchRline in cRUWe[ ZRXld fXUWheU RXU XndeUVWanding Rf hRZ WheVe cRnYeUgenW
chRlineUgic inSXWV inflXence cRUWicall\ UegXlaWed cRgniWiYe fXncWiRnV.

The UeleaVe Rf aceW\lchRline Rn cRUWical WaUgeWV iV claVVicall\ cRnVideUed WR UegXlaWe aURXVal and
aWWenWiRn 17, 18, in SaUW WhURXgh acWiRn Rn cRUWe[. IncUeaVed cRUWical aceW\lchRline leYelV aUe
aVVRciaWed ZiWh 22 and UeTXiUed fRU indXcWiRn Rf cRUWical deV\nchURni]aWiRn dXUing acWiYe VenVing
23. AceW\lchRline UeleaVe caXVeV la\eU-VSecific mRdXlaWiRn Rf UeVSRnVeV in SUimaU\
VRmaWRVenVRU\ cRUWe[ (S1) WR ZhiVkeU VWimXlaWiRn 1, 24, enhanceV VenVRU\ eYRked UeVSRnVeV in
A1 3 and V1 25, 26, and VXSSUeVVeV VSRnWaneRXV acWiYiW\ in S1 dXUing ZhiVkeU mRYemenW 23, Zhich
imSURYeV VWimXlXV diVcUiminabiliW\ and SURYideV a SRWenWial mechaniVm fRU VelecWiYe aWWenWiRn.

The URle Rf aceW\lchRline in UeinfRUcemenW leaUning iV becRming beWWeU aSSUeciaWed WhURXgh
accXmXlaWing VWXdieV idenWif\ing Zhich chRlineUgic neXURnV fiUe Zhen dXUing WaVk acTXiViWiRn and
e[ecXWiRn. ChRlineUgic neXURnV in BF UeVSRnd 11 and cRUWical aceW\lchRline WUanVienWV aUe eYRked
WR UeinfRUcemenW-SUedicWiYe cXeV 5. HRZeYeU, Whe e[WenW WR Zhich aVVRciaWiRn leaUning VcXlSWV Whe
UeVSRnVe WR UeinfRUcemenW-SUedicWiYe cXeV YaUieV acURVV UeSRUWV, ZiWh VXch VWimXli dUiYing
incUeaVing amRXnWV Rf chRlineUgic acWiYiW\ in BF (WRneV and SXniVhmenW 16,  RdRUV and UeZaUd 12)
and in nXcleXV baValiV (NB) WR baVRlaWeUal am\gdala (BLA) SURjecWiRnV (WRneV and UeZaUd 11)
acURVV WUaining, cRnWUaVWing ZiWh Whe finding WhaW UeZaUd-SUedicWiYe WRneV VhRZ VWable
aceW\lchRline UeleaVe in BF ZiWh leaUning 21. FXncWiRnall\, SeUViVWenW acWiYiW\ Rf chRlineUgic
neXURnV bUidgeV dela\V beWZeen cRndiWiRned VWimXli and UeinfRUcemenW VignalV, allRZing cRUWical
aceW\lchRline-deSendenW fUeTXenc\-VSecific SRWenWiaWiRn and maS SlaVWiciW\ in A1 16. MRUeRYeU,
BF chRlineUgic inSXW iV neceVVaU\ 9 and VXfficienW 10 fRU cXe-eYRked UeZaUd Wiming VignalV WR
deYelRS in V1 acURVV aVVRciaWiYe leaUning. AV fRU UeinfRUceUV, chRlineUgic neXURnV WhURXghRXW BF
VWURngl\ UeVSRnd WR negaWiYe UeinfRUcemenW 12, 16, 21, 27, 28, bXW aUe incRnViVWenWl\ UeSRUWed WR
UeVSRnd WR SRViWiYe UeinfRUceUV like UeZaUd. In SUimaWeV, 70% Rf all BF neXURnV ZeUe VignificanWl\
mRdXlaWed in a chRice SeUiRd, bXW Rnl\ 25% in a UeZaUd SeUiRd 29. In UaWV, UeZaUd-indXced
aceW\lchRline UeleaVe ZaV nRW deWecWed in mPFC 5. HRZeYeU, UecenW adYanceV in cell-W\Se
VSecific UecRUding WechniTXeV haYe UeYealed WhaW chRlineUgic neXURnV ZiWhin BF dR UeVSRnd WR
SRViWiYe UeinfRUceUV, Vcaled b\ UeinfRUcemenW VXUSUiVe 27 and encRde Yalence-fUee UeinfRUcemenW
eUURU 12.

MRWRU acWiRnV aUe alVR aVVRciaWed ZiWh chRlineUgic acWiYiW\, Zhich cRXld be challenging WR
diVenWangle fURm cXe and UeZaUd-dUiYen effecWV dXe WR VenVRU\-mRWRU feedback lRRSV. CRUWical
aceW\lchRline leYelV incUeaVe dXUing lRcRmRWiRn 8, 30 and RURfacial mRYemenWV 31. Licking iV alVR
UeSRUWed WR dUiYe chRlineUgic acWiYiW\, WhRXgh UeSRUWV YaU\ fURm VWURng aceW\lchRline UeleaVe aW lick
bRXW RnVeW 28 and RffVeW 21, WR Zeak UeleaVe WR lickV 12 WR nRne aW all 27. ThiV YaUiabiliW\ ma\ aUiVe
fURm e[SeUimenWal diffeUenceV in WaVk cRndiWiRnV and VenVRU\ mRdaliWieV RU ma\ UeflecW a
cRmSaUWmenWali]aWiRn Rf aceW\lchRline fXncWiRnV baVed Rn nXcleXV, cell-W\Se, and SURjecWiRn
WaUgeWV. RegaUdleVV, Vince licking SaWWeUnV aUe VWURngl\ inflXenced b\ UeZaUd e[SecWaWiRn and
deliYeU\ 32, diVVRciaWing VenVRU\ cXeV and UeZaUd fURm WheVe mRWRU acWiRnV iV cUXcial fRU
inWeUSUeWing aceW\lchRline¶V URle in UeinfRUcemenW leaUning.
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HeUe Ze VRXghW WR cRnVWUain hRZ aceW\lchRline inflXenceV VenVRU\ cRUWe[ b\ meaVXUing
VSaWiRWemSRUal d\namicV Rf aceW\lchRline in S1, an aUea WhaW XndeUgReV UemaUkable
UeSUeVenWaWiRnal SlaVWiciW\ dXUing leaUning 33. We diUecWl\ image VXb-VecRnd changeV in
aceW\lchRline cRncenWUaWiRn XVing a GPCR AcWiYaWiRn BaVed VenVRU (GRAB-ACh3.0; 30) bURadl\
e[SUeVVed Rn Whe VXUface Rf cRUWical neXURnV, b\SaVVing Whe RUgani]aWiRnal cRmSle[iW\ Rf
chRlineUgic affeUenWV. High-VSeed YideRgUaSh\ dXUing acWiYe ZhiVkeU-gXided RbjecW lRcaWiRn
diVcUiminaWiRn allRZV diVVRciaWiRn Rf cXe and VWimXlXV fURm WighWl\ cRXSled mRWRU UeVSRnVeV,
Zhile RXU UeVSRnVe deVign allRZV diVVRciaWiRn Rf chRice Vignalling and UeZaUd deliYeU\ fURm Whe
mRWRU acWiRn Rf licking. RecRUding acURVV ZeekV Rf WUaining, Ze idenWif\ Whe behaYiRUal cRUUelaWeV
Rf aceW\lchRline UeleaVe in S1 dXUing WaVk SeUfRUmance and hRZ WacWile diVcUiminaWiRn leaUning
VSecificall\ UeRUgani]eV WhRVe d\namicV in Whe WUanViWiRn fURm nRYice WR maVWeU.

ReVXOWV
TR meaVXUe Whe d\namicV Rf aceW\lchRline in SUimaU\ VRmaWRVenVRU\ cRUWe[ dXUing WacWile

diVcUiminaWiRn leaUning, Ze emSlR\ed a gR/nR-gR Vingle-ZhiVkeU RbjecW lRcali]aWiRn WaVk (FLJXUe
1A 34). We WUained ZaWeU-UeVWUicWed head-fi[ed mice (n=8 mice) WR VeaUch ZiWh a ZhiVkeU fRU Whe
SRViWiRn Rf a Whin VWeel SRle SUeVenWed in Rne Rf WZR lRcaWiRnV alRng an anWeURSRVWeUiRU a[iV
dXUing a Rne VecRnd VamSling SeUiRd (FLJXUe 1B), and WR lick fRU a ZaWeU UeZaUd dXUing a
VXbVeTXenW Rne VecRnd anVZeU SeUiRd if Whe SRle ZaV in Whe SRVWeUiRU lRcaWiRn. Mice ZeUe cXed
WR Whe SUeVenWaWiRn and UemRYal Rf Whe SRle b\ Whe VRXnd Rf a SneXmaWic YalYe. Licking dXUing
Whe VamSling SeUiRd had nR cRnVeTXenceV, Zhile licking in Whe anVZeU SeUiRd deWeUmined WUial
RXWcRme and e[Wended Whe dXUaWiRn Rf Whe SRle SUeVenWaWiRn.

Mice ZeUe WUimmed WR WheiU C2 ZhiVkeU aW leaVW Rne Zeek SUiRU WR RnVeW Rf imaging
e[SeUimenWV. All mice Ueached WaVk maVWeU\ (>70% SeUfRUmance fRU 3 cRnVecXWiYe VeVViRnV)
ZiWhin 1-3 ZeekV Rf WUaining (mean 10.75 � 2.02 VeVViRnV; mean 3373.75 � 754.09 (VWandaUd
eUURU) WUialV FLJXUe 1C). TUimming Rf Whe C2 ZhiVkeU afWeU WaVk maVWeU\ dURSSed SeUfRUmance WR
chance (FLJXUe 1D), demRnVWUaWing Whe ZhiVkeU-deSendence Rf Whe WaVk. E[SeUW mice iniWiaWed
ZhiVkeU e[SlRUaWiRn XSRn Whe SRle SUeVenWaWiRn and ZiWhdUaZal cXe VRXndV (FLJXUe 1E, F,
SFLJXUe 1A). Since ZhiVking amSliWXde ZaV Sh\Vicall\ UeVWUicWed Zhen Whe SRle ZaV in Whe
gR-aVVRciaWed SUR[imal SRViWiRn, Ze e[amined Whe ZhiVking SaWWeUnV Rf gR WUialV YV. nR-gR WUialV
VeSaUaWel\. FRU bRWh SRViWiRnV, WUialV ZiWh lickV dXUing Whe VamSling and anVZeU SeUiRdV (i.e. HiW
and FalVe AlaUm) had mRUe VXVWained ZhiVking Whan WUialV ZiWhRXW lickV (i.e. MiVV and CRUUecW
RejecWiRn; FLJXUe 1G). Lick UaWeV Rn HiW and FalVe AlaUm WUialV ZeUe indiVWingXiVhable dXUing Whe
VamSling SeUiRd and diYeUged dXUing Whe anVZeU SeUiRd Rnce ZaWeU ZaV diVSenVed dXe WR
UeZaUd cRllecWiRn Rn Whe HiW WUialV (FLJXUe 1H). Licking UaWeV Rn CRUUecW RejecWiRn and MiVV WUialV
ZeUe ]eUR b\ cRnVWUXcWiRn dXUing Whe anVZeU SeUiRd, ZiWh RccaViRnal lickV RXWVide WhiV SeUiRd.

AceW\lchRline d\namicV ZeUe meaVXUed XVing WZR-ShRWRn imaging Rf VXSeUficial la\eUV Rf
S1. The C2 ZhiVkeU baUUel ZaV WaUgeWed fRU YiUal injecWiRn Rf AAV9-GRAB-ACh3.0 Yia inWUinVic
Vignal imaging (SFLJXUe 2A). BehaYiRUal WUaining cRmmenced WhUee ZeekV SRVW injecWiRn, Zhen
VWURng flXRUeVcence VignalV ZeUe SUeVenW in all mice (FLJXUe 2A). TR minimi]e Whe imSacW Rf a
UaSid SaUWial dimming Rf flXRUeVcence fRllRZing illXminaWiRn RnVeW (SFLJXUe 2B), WZR-ShRWRn
imaging and illXminaWiRn (15.44 fSV, 940nm, 30-60mW RXW Rf RbjecWiYe) ZaV cRnWinXRXV fURm Whe
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VeVViRn VWaUW, and Whe fiUVW 100 VecRndV Rf Whe VeVViRn ZeUe e[clXded fURm anal\ViV. PhaVic
incUeaVeV in flXRUeVcence acURVV Whe enWiUe field Rf YieZ ZeUe RbVeUYed VhRUWl\ afWeU mRVW, bXW
nRW all RnVeWV Rf SRle SUeVenWaWiRn (FLJXUe 2B). TheVe flXRUeVcence d\namicV diYeUged acURVV
WUial RXWcRmeV (FLJXUe 2C). HiW and FalVe AlaUm WUialV VhRZed a VWURng, VimilaU incUeaVe in Vignal
dXUing Whe VamSling and anVZeU SeUiRdV (e[amSle VeVViRn, SFLJXUe 2C; gUand mean Rf e[SeUW
VeVViRnV FLJXUe 2D). ThiV ZaV fRllRZed b\ a VecRndaU\ UeVSRnVe WhaW, Rn aYeUage, SeUViVWed
inWR Whe inWeU-WUial SeUiRd. In cRnWUaVW, MiVV and CRUUecW RejecWiRn WUialV Rn aYeUage VhRZed WZR
VhRUW laWenc\, VhRUW dXUaWiRn incUeaVeV in flXRUeVcence fRllRZing SRle SUeVenWaWiRn and
ZiWhdUaZal. TUial W\Se aYeUageV ZiWhin Whe SUimaU\ ZhiVkeU cRlXmn and in Whe VXUURXnd ZeUe
idenWical fRU all WUial W\SeV (FLJXUe 2E) VXSSRUWing meVRVcale VSaWial hRmRgeneiW\ in
aceW\lchRline d\namicV ZiWhin S1.

TR inYeVWigaWe SRWenWial WUiggeUV Rf aceW\lchRline UeleaVe in cRUWe[, Ze cRmSaUed Whe
aceW\lchRline d\namicV acURVV WUial W\SeV WR VeYeUal claVVeV Rf behaYiRUal eYenWV, inclXding SRle
SUeVenWaWiRn and ZiWhdUaZal cXeV, ZhiVkeU e[SlRUaWiRn, licking, and UeZaUd. All WUial W\SeV VhaUed
a cRmmRn Wime fRU SRle SUeVenWaWiRn, and all WUial W\SeV VhRZed a Vmall, VhRUW laWenc\ (2-3
fUameV, 130-195mV) incUeaVe in aceW\lchRline aligned WR WhaW cXe (FLJXUe 3A). Lick WUialV VhRZed
mXch biggeU and lRngeU WUanVienWV immediaWel\ fRllRZing WhiV iniWial hXmS. TUialV ZiWhRXW lickV in
Whe anVZeU SeUiRd had a cRmmRn SRle ZiWhdUaZal Wime, Zhile WUialV ZiWh anVZeU lickV had a
YaUiable ZiWhdUaZal Wime. AlignmenW WR SRle ZiWhdUaZal again VhRZed a VhaUS XSZaUd WUanVienW
Rf aceW\lchRline acURVV all WUial W\SeV, WhRXgh WhiV ZaV RYeUlaid Rn lRngeU dXUaWiRn aceW\lchRline
d\namicV (FLJXUe 3B).

WaV aceW\lchRline UeleaVe dUiYen b\ Whe SRle SUeVenWaWiRn cXe per Ve, RU ZaV iW dUiYen b\
a mRWRU UeVSRnVe WR Whe cXe (FLJXUe 1E,F)? TR WeVW WhiV, Ze e[amined Whe cRYaUiaWiRn Rf
cXe-eYRked ZhiVking ZiWh cXe-aVVRciaWed aceW\lchRline d\namicV. We UeVWUicWed RXU anal\ViV WR
nR-lick WUialV WR aYRid SRWenWial cRnfRXndV Rf licking-dUiYen aceW\lchRline UeVSRnVeV. We VRUWed
aceW\lchRline UeVSRnVeV in nR-lick WUialV b\ Whe aYeUage amSliWXde Rf Whe ZhiVkeU mRWiRn ZiWhin
500 milliVecRndV afWeU Whe SRle SUeVenWaWiRn cXe (FLJXUe 3C, D). A fUacWiRn Rf WUialV (23.9% mean
� 21.8% SeU mRXVe) did nRW eYRke ZhiVkeU mRWiRn (<2� mean amSliWXde) XSRn SRle
SUeVenWaWiRn, ZiWh mRVW SURdXcing a Uange Rf ZhiVking YigRU (SFLJXUe 3A). In WUialV ZiWhRXW
cXe-eYRked ZhiVking, WheUe ZaV nR aceW\lchRline UeleaVe fRllRZing Whe cXe (0.01% mean ¨F/F
fRU ZhiVking amSliWXde <2�), Zhile WUialV ZiWh cXe-eYRked ZhiVking VhRZed a SRViWiYe UelaWiRnVhiS
beWZeen ZhiVking amSliWXde and aceW\lchRline UeVSRnVe (0.58% mean ¨F/F fRU ZhiVking
amSliWXde >5�; 0.08% mean incUeaVe in ¨F/F SeU degUee Rf amSliWXde (FLJXUe 3E, SFLJXUe 3B).
TheVe findingV ZeUe UecaSiWXlaWed in SRle ZiWhdUaZal-cXed ZhiVking and aceW\lchRline
UeVSRnVeV (SFLJXUe 3C-E). ThiV imSlieV WhaW ZhiVking, UaWheU Whan ZhiVkeU-SRle cRnWacW dURYe
Whe UeVSRnVeV, Vince ZhiVking afWeU SRle ZiWhdUaZal UaUel\ caXVeV SRle WRXcheV. TheVe daWa
demRnVWUaWe WhaW cXe-aVVRciaWed aceW\lchRline UeleaVe in S1 iV diUecWl\ SURSRUWiRnal WR Whe
magniWXde Rf Whe mRWRU UeVSRnVe (i.e. e[SlRUaWRU\ ZhiVking) eYRked b\ WhaW cXe. We cRnclXde
WhaW Whe mRWRU UeVSRnVe WR cXe, UaWheU Whan Whe cXe iWVelf, dUiYeV cXe-aVVRciaWed aceW\lchRline
WUanVienWV in S1.
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The VWUiking diffeUence in aceW\lchRline d\namicV acURVV WUial W\SeV (FLJXUe 2C-E), in
SaUWicXlaU HiW and FalVe AlaUm YeUVXV MiVV and CRUUecW RejecWiRn, VXggeVWed WhaW licking cRXld
be a SRZeUfXl dUiYeU Rf aceW\lchRline UeleaVe in S1. We aligned WUialV acURVV e[SeUW VeVViRnV WR
Whe Wime Rf fiUVW lick, UegaUdleVV Rf WUial W\Se RU if Whe lick RccXUed in Whe anVZeU SeUiRd, and VRUWed
b\ Whe nXmbeU Rf lickV in Whe WUial (FLJXUe 4A,B). TUialV ZiWh nR lickV ZeUe aligned WR Whe Wime Rf
Whe median fiUVW lick. On WUialV ZiWh lickV, WheUe ZaV a VhaUS incUeaVe in aceW\lchRline leYel
beginning VhRUWl\ befRUe lickSRUW deWecWiRn Rf Whe fiUVW lick, Zhich laVWed 1-2 VecRndV (FLJXUe 4C).
ThiV lick UeVSRnVe dZaUfed Whe cXe-aVVRciaWed WUanVienWV Rn Whe nR-lick WUialV (FLJXUeV 2E, 4C).
Licking SUeceded Uh\Whmicall\ aW a UegXlaU mRdal inWeU-lick inWeUYal Rf 155mV in e[SeUW mice
(FLJXUe 4D). The fiUVW lick dURYe a SURfRXnd incUeaVe in mean aceW\lchRline RYeU Whe fRllRZing
VecRnd, jXmSing fURm 0.35% � 0.26% Rn nR-lick WUialV WR 1.60% � 0.42% ZiWh a Vingle lick
(FLJXUe 4E), an incUeaVe Rf 1.25% ¨F/F RYeU baVeline. SXbVeTXenW lickV caXVed VmalleU
incUeaVeV in mean aceW\lchRline RYeU WhiV SeUiRd aW a UaWe Rf 0.28% ¨F/F SeU addiWiRnal lick.
SimilaUl\, Whe dXUaWiRn Rf Whe lick-indXced WUanVienW ZaV 1.46 � 0.65V fRU a Vingle lick.
SXbVeTXenW lickV e[Wended WhiV WUanVienW 116mV SeU lick (FLJXUe 4F), VRmeZhaW leVV Whan Whe
inWeU-lick inWeUYal (FLJXUe 4D). ThiV demRnVWUaWeV WhaW Whe SUimaU\ dUiYeU Rf aceW\lchRline UeleaVe
in S1 ZaV Whe RnVeW Rf a licking bRXW, ZiWh Whe YigRU Rf licking mRdXlaWing Whe magniWXde and
dXUaWiRn Rf Whe UeleaVe.

The eaUl\ lick-eYRked aceW\lchRline WUanVienWV ZeUe fRllRZed b\ a lRngeU laWe
aceW\lchRline UebRXnd WhaW began 1.5-3 VecRndV afWeU Whe fiUVW lick (FLJXUe 2C-E). We
h\SRWheVi]ed WhaW Whe laWe UeVSRnVe ZaV dUiYen b\ UeZaUd deliYeU\, aV RbVeUYed in BF
chRlineUgic neXURnV 12, 27 and BF WR BLA SURjecWiRnV 11. TR WeVW WhiV, Ze cRmSaUed Whe fiUVW lick
aligned UeVSRnVeV Rn HiW WUialV (Zhich aUe UeZaUded) and FalVe AlaUm WUialV (Zhich aUe
XnUeZaUded). AgainVW RXU h\SRWheViV, WheUe ZaV nR VignificanW diffeUence in Whe amSliWXde Rf Whe
laWe aceW\lchRline UeVSRnVe beWZeen HiW and FalVe AlaUm WUialV (FLJXUe 5A), alWhRXgh WheUe ZaV
a Vmall, bXW VignificanW incUeaVe Rn HiW WUialV dXUing a Rne VecRnd SeUiRd fRllRZing Whe fiUVW lick.
CRXld WhiV diffeUence be e[Slained b\ UeZaUd deliYeU\?

ReZaUdV aUe Rnl\ diVWUibXWed XSRn a cRUUecW lick in Whe anVZeU SeUiRd. HiW WUialV had
higheU aceW\lchRline leYelV Whan FalVe AlaUmV dXUing Whe anVZeU SeUiRd, bXW alVR had mRUe lickV
(FLJXUe 5B,C). TR cRnWURl fRU incUeaVed aceW\lchRline UeleaVe caXVed b\ addiWiRnal licking
(FLJXUe 4E), Ze SaiUZiVe cRmSaUed mean aceW\lchRline leYelV Rf HiW and FalVe AlaUm WUialV
dXUing Whe anVZeU SeUiRd fRU maWched nXmbeUV Rf lickV in Whe SeUiRd. HiW and FalVe AlaUm
aceW\lchRline leYelV ZeUe eVVenWiall\ idenWical afWeU accRXnWing fRU Whe diffeUence in lick cRXnW
(FLJXUe 5D). We cRnclXde WhaW UeZaUd deliYeU\ dReV nRW caXVe aceW\lchRline UeleaVe in S1,
cRnViVWenW ZiWh SUiRU elecWURchemical meaVXUemenWV in mPFC 5. TRgeWheU, WheVe daWa eVWabliVh
WhaW Whe main dUiYeU Rf aceW\lchRline UeleaVe in S1 dXUing WacWile-gXided chRice behaYiRU iV
e[ecXWiRn Rf Whe chRice-Vignalling acWiRn, VecRndaU\ dUiYeUV aUe e[SlRUaWRU\ ZhiVkeU mRWiRn and
addiWiRnal licking, Zhile WaVk iniWiaWiRn cXeV and UeZaUd deliYeU\ haYe nR diUecW effecW.

AceW\lchRline UegXlaWeV aWWenWiRn 35, Zhich ma\ change ZiWh WaVk SeUfRUmance, familiaUiW\,
RU leaUning. IW fRllRZV WhaW WUaining mighW incUeaVe aceW\lchRline UeleaVe cRncXUUenWl\ ZiWh
imSURYed SeUfRUmance. On Whe RWheU hand, WUaining mighW UedXce aceW\lchRline UeleaVe, aV a
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familiaU WaVk ma\ UeTXiUe leVV aWWenWiRnal UeVRXUceV WR VRlYe RU UedXced neXUal SlaVWiciW\ Rnce
eVWabliVhed. TR addUeVV WheVe SRVVibiliWieV, Ze cRmSaUed Whe aceW\lchRline d\namicV fRU Whe fiUVW
WhUee VeVViRnV Rf Whe fXll WaVk WUaining and Whe final WhUee e[SeUW VeVViRnV in each mRXVe. We
fRXnd WhaW Whe iniWial lick-WUiggeUed aceW\lchRline UeleaVe ZaV neaUl\ WZice aV laUge in e[SeUW
VeVViRnV cRmSaUed WR eaUl\ WUaining VeVViRnV (¨F/F 3.07 � 1.01% VWd e[SeUW YV. 1.67 � 0.65%
VWd eaUl\; FLJXUe 6A). The magniWXde Rf Whe incUeaVe ZaV diUecWl\ SURSRUWiRnal WR VeVViRn
SeUfRUmance ZiWh mean ¨F/F incUeaVing 0.53% SeU 10% incUeaVe in cRUUecW UaWe (FLJXUe 6B).
ThiV incUeaVe RccXUUed eYen WhRXgh e[SeUW mice licked feZeU WimeV (FLJXUe 6C,D) and aW Whe
Vame Sace (FLJXUe 6E) aV cRmSaUed WR eaUl\ VeVViRnV. ThiV incUeaVe Rf aceW\lchRline Vignal
afWeU WUaining ZaV alVR nRW dXe WR an incUeaVe Rf GRAB-ACh VenVRU e[SUeVViRn aV Veen b\ Whe
fRllRZing inWeUnal cRnWURl. On nR-lick WUialV, ZhiVking-aVVRciaWed aceW\lchRline UeleaVe VlighWl\
incUeaVed fRllRZing Whe SRle-SUeVenWaWiRn cXe, and VlighWl\ decUeaVed fRllRZing Whe
SRle-ZiWhdUaZal cXe (FLJXUe 6F). ThiV clRVel\ maWched Whe change in ZhiVking WR WhRVe cXeV
fRllRZing WUaining (FLJXUe 6G). ThXV, Whe UelaWiRnVhiS beWZeen aceW\lchRline flXRUeVcence
change and ZhiVkeU mRWiRn ZaV VWable acURVV WUaining. Finall\, Ze e[amined ZheWheU WUaining
indXced SRWenWiaWiRn Rf all lickV, RU Rnl\ Whe fiUVW lick (i.e. Whe chRice-Vignalling lick in e[SeUW
VeVViRnV), b\ UeSeaWing Whe anal\ViV Rf FLJXUe 4 Rn eaUl\ VeVViRnV Rf Whe Vame cRhRUW Rf mice. In
cRnWUaVW WR e[SeUWV (FLJXUe 4E), Whe fiUVW lick in eaUl\ VeVViRnV dURYe a mRdeVW incUeaVe in
aceW\lchRline fURm 0.14% � 0.3% Rn nR-lick WUialV WR 0.50% � 0.52% ZiWh a Vingle lick (FLJXUe
6H), an incUeaVe Rf 0.36% ¨F/F RYeU baVeline. ThXV, WUaining indXced a neaUl\ 3.5[ incUeaVe in
aceW\lchRline UeVSRnVe RYeU baVeline WR Whe fiUVW lick (FLJXUe 6I). SXbVeTXenW lickV caXVed a
0.26% incUeaVe in ¨F/F SeU addiWiRnal lick YeUVXV 0.28% ¨F/F SeU lick in e[SeUW mice (FLJXUe
6H). The neaUl\ idenWical VlRSe, bXW VhifWed RffVeW in Whe licking WR aceW\lchRline UelaWiRnVhiS leadV
XV WR cRnclXde WhaW WUaining in WacWile-gXided chRice behaYiRU indXceV a dUamaWic and VelecWiYe
SRWenWiaWiRn Rf aceW\lchRline UeleaVe in S1 WR a chRice-Vignalling acWiRn and WhiV SRWenWiaWiRn iV
cRUUelaWed WR imSURYed WaVk SeUfRUmance.

DLVcXVVLRQ

RecRUding and maniSXlaWiRn Rf chRlineUgic neXURnV RUiginaWing in BF nXclei 26; 27; 36; 37 haV
eVWabliVhed Whe imSRUWance Rf chRlineUgic Vignalling Rn mXlWiSle bUain fXncWiRnV. HRZeYeU, Whe
cRmSle[iW\ Rf BF RUgani]aWiRn 7; 19; 20 haV SRVed a challenge in linking VSecific cRgniWiYe fXncWiRnV
WR aceW\lchRline d\namicV in VSecific SURjecWiRn WaUgeWV. B\ UecRUding aceW\lchRline d\namicV
diUecWl\ in S1 (FLJXUe 2) dXUing ZhiVkeU-gXided RbjecW lRcali]aWiRn (FLJXUe 1), Ze diVcRYeUed
VXUSUiVing diffeUenceV in Whe WUiggeUV and d\namicV beWZeen SUeYiRXVl\ RbVeUYed BF nXclei and
WhiV cRUWical WaUgeW eVVenWial fRU WacWile diVcUiminaWiRn 38. NeaUl\ all aceW\lchRline UeleaVe in S1
ZaV aWWUibXWable WR diUecWed mRWRU acWiRnV (FLJXUeV 3, 4) UaWheU Whan VenVRU\ inSXW (FLJXUe 3) RU
UeZaUd deliYeU\ (FLJXUe 5). MRUeRYeU, aV WaVk SeUfRUmance imSURYed acURVV WUaining,
aceW\lchRline UeleaVe WR Whe fiUVW lick in a WUial became dUamaWicall\ and VSecificall\ SRWenWiaWed
(FLJXUe 6), SaUalleling Whe emeUgence Rf a chRice-Vignalling meaning WR WhiV mRWRU acWiRn.

TRgeWheU, WheVe daWa VXSSRUW a mRdel WhaW aceW\lchRline UeleaVe in Whe VenVRU\ cRUWe[ iV dUiYen
b\ diUecWed mRWRU acWiRnV WR gaWheU infRUmaWiRn (e.g. ZhiVking) and acW XSRn iW (e.g. licking). ThiV
cRnWUaVWV fURm UeSRUWV WhaW aceW\lchRline UeleaVe iV dUiYen b\ UeinfRUcemenW-SUedicWiYe cXeV 11, 12,
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16 and UeZaUd iWVelf 11, 12. ThiV diffeUence ma\ be becaXVe Whe aXdiWRU\ cXe in RXU WaVk dReV nRW
SUedicW UeZaUd, Rnl\ Whe WemSRUal aYailabiliW\ Rf a VWimXlXV. In cRnWUaVW WR SaVViYe cXe-UeZaUd
aVVRciaWiRn, RXU WaVk UeTXiUeV acWiYe e[SlRUaWiRn WR gaWheU UeZaUd-SUedicWiYe infRUmaWiRn,
UeYealing a mRWRU UeTXiUemenW fRU aceW\lchRline UeleaVe. OXU UeVXlWV alVR VXggeVW WhaW
cXe-indXced changeV in mRWRU behaYiRU (e.g. incUeaVed ZhiVking, Vniffing RU anWiciSaWRU\ licking)
and RWheU RURfacial mRYemenWV 31 ma\ alVR SURYide a meaningfXl cRnWUibXWiRn WR aceW\lchRline
UeleaVe in SaVViYe aVVRciaWiRn WaVkV.

The lack Rf UeZaUd-eYRked aceW\lchRline UeleaVe in S1 ma\ be dXe WR VeYeUal facWRUV. One
SRVVibiliW\ iV WhaW UeZaUd acWiYiW\ in BF iV WUanVmiWWed Rnl\ WR SaUWicXlaU WaUgeWV VXch aV BLA 11, bXW
nRW S1, dXe WR SURjecWiRn VSecificiW\ in VXbSRSXlaWiRnV Rf BF chRlineUgic neXURnV 7. SecRnd, Zhile
UeZaUd-deliYeU\ VignalV haYe been RbVeUYed in chRlineUgic neXURnV Rf HDB and NB 27, fibeU
ShRWRmeWU\ in WhRVe aUeaV VhRZ UeZaUd-aVVRciaWed WUanVienWV aUe Vmall UelaWiYe WR lick-eYRked
WUanVienWV and WighWl\ cRUUelaWed ZiWh an incUeaVe Rf lick UaWe fRllRZing ZaWeU deliYeU\ 21. PeUhaSV
UeZaUd-deliYeU\ Rnl\ indiUecWl\ dUiYeV aceW\lchRline UeleaVe Yia changeV in licking SaWWeUnV.
HRZeYeU, WhiV UeVXlW ma\ deSend Rn WaVk and UeZaUd VWUXcWXUe. TaVkV ZiWh YaUiable UeZaUd
SURbabiliW\ haYe VhRZn decUeaVed chRlineUgic acWiYiW\ WR highl\ likel\ UeZaUdV 12; 27. In RXU WaVk,
licking Rn gR WUialV gXaUanWeed UeZaUd, Zhich ma\ haYe VhifWed UeZaUd-deliYeU\ acWiYiW\ eaUlieU WR
Whe Wime Rf Whe chRice-Vignaling lick, Zhen UeZaUd becRmeV e[SecWed.

InWUigXingl\, Whe aceW\lchRline UeleaVe aVVRciaWed ZiWh Whe fiUVW lick began UamSing VeYeUal
hXndUed milliVecRndV SUiRU WR lick deWecWiRn (FLJXUe 4C). ThiV ma\ be dXe WR a cRmbinaWiRn Rf
fRllRZing facWRUV: ZhiVking SUecedeV licking and dUiYeV mRdeVW and addiWiYe aceW\lchRline
UeleaVe (FLJXUe 3), deciViRn UelaWed acWiYiW\ SUecedeV mRWRU acWiRn b\ VRme amRXnW Rf Wime 39,
and Whe WRngXe UeTXiUeV abRXW 150-200mV fURm SURWUXViRn iniWiaWiRn WR lickSRUW cRnWacW 32. TheVe
aUe SaUWiall\ cRXnWeUbalanced b\ Whe indicaWRU UiVe Wime, Zhich iV deSendenW Rn Whe XndeUl\ing
aceW\lchRline cRncenWUaWiRn SURfile and likel\ Rn Whe RUdeU Rf WenV Rf milliVecRndV fRU a feZ
SeUcenW ¨F/F change 30. ThXV, Ze mXVW cRnVideU Whe SRVVibiliW\ WhaW VRme Rf Whe fiUVW
lick-aVVRciaWed aceW\lchRline d\namicV aUe caXVed b\ an inWeUnal chRice delibeUaWiRn, UaWheU
Whan Whe iniWiaWiRn Rf mRWRU acWiRn. ThiV SRVVibiliW\ iV UeinfRUced b\ Whe RbVeUYaWiRn WhaW RnVeW Rf
aceW\lchRline UeleaVe iV mRUe clRVel\ aligned WR fiUVW lick Rn eaUl\ Whan Rn e[SeUW VeVViRnV
(FLJXUe 6A), VXggeVWiYe Rf e[SeUW-VSecific chRice-aVVRciaWed d\namicV RYeUlaid Rn
mRWRU-WUiggeUed d\namicV cRmmRn WR bRWh VeVViRn claVVeV.

The SaWWeUnV Rf aceW\lchRline UeleaVe in UeVSRnVe WR ZhiVking and licking VXggeVW SRWenWial
fXncWiRnV fRU aceW\lchRline Rn VenVRU\ cRUWical ciUcXiWU\ 40, 41. VIP cellV in S1 aUe acWiYaWed b\
ZhiVking 42 Yia aceW\lchRline UeleaVe 43 leading WR diVinhibiWiRn Rf e[ciWaWRU\ neXURn dendUiWeV
ZheUe WRS-dRZn cRnWe[WXal infRUmaWiRn aUUiYeV in S1 44, 45, 46. ThXV, ZhiVking-indXced
aceW\lchRline UeleaVe cRXld enhance inWegUaWiRn Rf cRnWe[WXal infRUmaWiRn ZiWh VenVRU\ inSXW in
S1 neXURnV, SURYiding, fRU e[amSle, a SRWenWial mechaniVm fRU cRmbining mRWRU and WRXch
VignalV WR geneUaWe lRcaWiRn VSecific cRdeV 47 and SeUceSWV 48. VIP acWiYaWiRn alVR gaWeV neXUal
SlaVWiciW\ in cRUWe[ 49. HigheU WaVk SeUfRUmance iV aVVRciaWed ZiWh incUeaVed aceW\lchRline in V1
26. OXU VimilaU UeVXlWV in S1 (FLJXUe 6B) idenWified WhaW WhiV incUeaVe iV VSecific WR Whe fiUVW lick and
SeUViVWV fRU VeYeUal VecRndV (FLJXUe 4). ThXV, WhiV incUeaVe iV Zell-SRiVed WR SURYide ZindRZV Rf
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enhanced neXUal SlaVWiciW\ Yia VIP cell acWiYaWiRn Zhile Whe cRnVeTXenceV Rf deciViRnV aUe
eYalXaWed.

ThiV ZRUk iV Rnl\ a VWeS WRZaUdV XndeUVWanding Whe fXncWiRn Rf aceW\lchRline d\namicV in cRUWe[
and VenVRU\ SURceVVing. We did nRW deWeUmine Whe e[WenW WR Zhich Whe S1 aceW\lchRline
d\namicV UeflecW acWiYiW\ fURm nXcleXV baValiV (NB) YeUVXV hRUi]RnWal diagRnal band (HDB) RU
WheiU VXbdiYiViRnV Zhich SURjecW WR S1 7. An inWUigXing SRVVibiliW\ iV WhaW Whe VelecWiYe SRWenWiaWiRn
Rf chRice-Vignalling acWiRn ma\ be diVVRciable b\ affeUenW VRXUce. OXU RbVeUYaWiRnV ZeUe made
fURm SRRled flXRUeVcence UeVSRnVeV Rf GRABV e[SUeVVed acURVV all neXURnV. The VSecificiW\ Rf
aceW\lchRline acWiRn Rn SaUWicXlaU cRUWical cell W\SeV (e.g. VIP-e[SUeVVing inWeUneXURnV) UaiVeV Whe
TXeVWiRn Rf ZheWheU WhiV UeflecWV diffeUing SaWWeUnV Rf UeceSWRU e[SUeVViRn 50 RU alVR inYRlYeV
SUefeUenWial WaUgeWing b\ chRlineUgic a[RnV. Finall\, Zhile Ze TXanWified Whe WUiggeUV and
WimeVcaleV Rf aceW\lchRline d\namicV Rn cRUWical WaUgeWV, VXbVWanWial addiWiRnal ZRUk iV UeTXiUed
WR deWeUmine Whe fXncWiRnal cRnVeTXenceV Rf WhRVe Wime limiWV. ManiSXlaWiRn Rf lRcal
aceW\lchRline d\namicV and cellXlaU WaUgeWV aW VSecific mRmenWV dXUing WaVk SeUfRUmance and
acTXiViWiRn cRXld claUif\ aceW\lchRline¶V SRWenWial URleV in UegXlaWiRn Rf VenVRU\ inWegUaWiRn and
cRUWical SlaVWiciW\.
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MeWhRdV

Ke\ ReVRXUceV Table

ReageQW RU ReVRXUceV SRXUceV IdeQWifieU

ViUXV

AAV-GRAB-ACh3.0 Vigene

E[SeUimeQWal MRdelV: OUgaQiVmV/SWUaiQV

MRXVe:  C57BL/6J JackVRn LabRUaWRU\ RRID:IMSR_JAX:00064

SRfWZaUe aQd AlgRUiWhmV

MaWlab MaWh WRUkV 2018B, 2021a

ScanbR[ DaUiR Ringach, UCLA                 hWWSV://VcanbR[.RUg

BCRnWURl CaUlRV BURd\ hWWSV://bURd\labZiki.SUinceWRn.
edX/bcRnWURl/inde[.ShS?WiWle=
Main_Page

OWheU

TZR-ShRWRn micURVcRSe NeXURlabZaUe

NIR laVeU (2 ShRWRn
micURVcRSe)

SSecWUa-Ph\VicV InSighW DS+

SWUeamPi[ NRUSi[ RRID:SCR_015773

PneXmaWic Vlide FeVWR CaW#170496

SRlenRid YalYe Lee CRmSan\ CaW#acA800-500Xm

CMOS cameUa BaVleU CaW#acA800-500Xm

TelecenWUic lenV EdmXnd RSWicV CaW#58-259

E[SeUimeQWal MRdel aQd SXbjecW DeWailV

AQimalV
We XVed 2.5-4 mRnWhV Rld male (n=2) and female (n=6) C57BL/6J mice (#000664, The JackVRn
LabRUaWRU\). Mice ZeUe mainWained Rn a 12:12 UeYeUVed lighW-daUk c\cle. AfWeU ZaWeU UeVWUicWiRn,
healWh VWaWXV ZaV aVVeVVed eYeU\da\ fRllRZing a SUeYiRXVl\ UeSRUWed gXideline (GXR eW al.,
2014). All SURcedXUeV ZeUe SeUfRUmed in accRUdance ZiWh Whe UniYeUViW\ Rf SRXWheUn CalifRUnia
InVWiWXWiRnal Animal CaUe and UVe CRmmiWWee PURWRcRl 20732 and 20788.
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MeWhRd DeWailV
HeadbaU VXUgeUieV
BefRUe each VXUgeU\, Uimad\l WableW ZaV giYen 0.5 mg/WableW 24 hRXUV befRUe VXUgeU\.
bXSUenRUShine-SR and maUcaine ZeUe injecWed VXbcXWaneRXVl\ aW 0.5 mg/kg and 2% UighW
befRUe Whe VXUgeU\. A cXVWRmi]ed VWainleVV VWeel headbaU ZaV aWWached WR Whe VkXll XVing la\eUV
Rf KUa]\ glXe (ElmeU¶V PURdXcWV, Inc) and denWal cemenW (Lang DenWal Mfg. CR., Inc).

IQWUiQVic VigQal imagiQg
InWUinVic Vignal imaging (ISI) ZaV dRne 3 da\V afWeU headbaU VXUgeU\ and 7 da\V afWeU Whe cUanial
ZindRZ VXUgeU\. All ZhiVkeUV e[ceSW Whe C2 ZhiVkeU ZeUe WUimmed befRUe ISI. TR idenWif\ C2
ZhiVkeU, C2 ZhiVkeU ZaV VWimXlaWed XVing a Pie]R VWimXlaWRU Zhen mice ZeUe XndeU lighW
iVRflXUane aneVWheVia (0.8-1.0%). CRmSaUiVRnV Rf aceW\lchRline d\namicV inVide Whe C2 cRlXmn
YeUVXV VXUURXnd ZeUe baVed Rn cRlXmn-Vi]ed hand-dUaZn ROIV cenWeUed Rn Whe ISI hRWVSRW.

CUaQial ZiQdRZ aQd YiUXV iQjecWiRQ VXUgeUieV
In all mice C57BL/6J mice (n=8), AAV9-hS\n-GRAB-ACh3.0 (Addgene PlaVmid #121922
hWWSV://ZZZ.addgene.RUg/121922/ ) ZaV injecWed fURm 1[ aliTXRWV dXUing Whe cUanial ZindRZ
inVWallaWiRn. A glaVV caSillaU\ (WiUeWURl� II, DUXmmRnd) ZaV SXlled WR 10-20ȝm in WiS diameWeU
XVing a micURSiSeWWe SXlleU (MRdel P-97, SXWWeU inVWUXmenW), and WiS beYeled WR abRXW 30
degUeeV. The glaVV ZindRZ ZaV 2[2 mm glaVV hand fXVed WR 3[3 glaVV (bRWh 0.13-0.17 mm
WhickneVV) ZiWh XlWUaYiRleW cXUing glXe (NRUland RSWical adheViYe 61, NRUland Inc.).

BefRUe each VXUgeU\, Uimad\l WableW ZaV giYen 0.5mg/WableW 24 hRXUV SUiRU and
BXSUenRUShine-SR ZaV injecWed VXbcXWaneRXVl\ aW 0.5 mg/kg immediaWel\ befRUe. A 2[2 mm
VTXaUe Rf VkXll ZhRVe cenWeU ZaV Whe idenWified C2 ZhiVkeU baUUel UegiRn ZaV UemRYed. ViUXV
ZaV backfilled inWR a SiSeWWe Rf mineUal Ril (M5904, Sigma-AldUich). We injecWed 400nl YiUXV inWR
Whe idenWified C2 baUUel cRlXmn WhURXgh a Vingle injecWiRn ViWe RYeU 4 min aW 300ȝm belRZ Sia,
ZiWhdUaZing afWeU an addiWiRnal WZR minXWeV. The e[SRVed bUain UegiRn ZaV When cRYeUed ZiWh
Whe hRme-made glaVV ZindRZ. TaUgeWing Rf Whe C2 cRlXmn ZaV cRnfiUmed Yia ISI Rne Zeek afWeU
cUanial ZindRZ VXUgeU\, afWeU Zhich ZaWeU UeVWUicWiRn cRmmenced.

BehaYiRUal WaVk aQd WUaiQiQg
Mice ZeUe WUained in a ZhiVkeU-gXided GR/NR-gR lRcali]aWiRn diVcUiminaWiRn WaVk (O¶CRnnRU eW
al., 2010). DXUing WUaining, a VmRRWh black SRle ZiWh 0.6 mm diameWeU (a SlXngeU fRU glaVV
caSillaU\, WiUeWURl� II, SainWed ZiWh black lXbUicanW, indXVWUial gUaShiWe dU\ lXbUicanW, Whe B¶laVWeU
CRUS.) ZaV YeUWicall\ SUeVenWed aW WZR SRViWiRnV XVing a SneXmaWic Vlide (FeVWR), ZiWh Whe
SRVWeUiRU SRViWiRn UeZaUded (GR WUialV) and anWeUiRU SRViWiRn nRn-UeZaUded (NR-gR WUialV). The
SRle came inWR WRXch Uange ZiWhin 100 mV Rf SRle mRWiRn RnVeW. Mice XVed a Vingle ZhiVkeU (C2)
WR diVcUiminaWe SRViWiRnV. Mice indicaWed WheiU deciViRn WhURXgh licking RU ZiWhhRld licking dXUing
Whe anVZeU SeUiRd accRUding WR SRle SRViWiRn. LickV in Whe 1V VamSling SeUiRd ZeUe ignRUed. On
HiW WUialV, mice UeceiYed ZaWeU UeZaUdV Rn Whe fiUVW lick in Whe 1V anVZeU SeUiRd. On FalVe AlaUm
WUialV, baVed Rn each mRXVe¶V leaUning SURceVV, each lick dXUing Whe anVZeU SeUiRd Ue-WUiggeUed
a WimeRXW WhaW laVWed 0-4 VecRndV. MiVV and CRUUecW RejecWiRn WUialV ZeUe XnSXniVhed. The
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behaYiRUal WaVk ZaV cRnWURlled b\ MATLAB-baVed BCRnWURl VRfWZaUe (C. BURd\, PUinceWRn
UniYeUViW\).

We WUained mice in a VWeSZiVe manneU. FiUVW, Ze aVVRciaWed Whe Wiming Rf cXe and SRle WR UeZaUd
WR leW mice leaUn WhaW ZaWeU can cRme RXW Rf Whe lick SRUW and Whe ZaWeU iV WemSRUall\ aVVRciaWed
ZiWh a SRle SUeVenWaWiRn. Mice XVXall\ leaUned Whe aVVRciaWiRn in a feZ minXWeV. Then Ze
inWURdXced GR WUialV Rnl\ WR leW Whe mice leaUn Whe WUial VWUXcWXUe, Zhich XVXall\ WRRk 1-2 VeVViRnV
fRU Whe mice WR achieYe high SeUfRUmance. AfWeU Whe mice ZeUe able WR geW RYeU 10 HiW WUialV in a
URZ, Ze inWURdXced NR-gR WUialV. DXUing eaUl\ WUaining, Ze adjXVWed Whe NR-gR WUialV SURbabiliW\
and Wime-RXW Wime Rn FalVe AlaUm WUialV WR helS mice leaUn, VeWWling Rn 50% NR-G- SURbabiliW\ and
0V WimeRXW Rnce mice did nRW geW diVcRXUaged and VWRS licking afWeU a VeUieV Rf miVVeV. E[SeUW
WhUeVhRld ZaV VeW aW >70% accXUac\ cRnWinXRXVl\ fRU 3 VeVViRnV. AfWeU Whe animalV became
e[SeUWV, Ze WUimmed Whe animal'V laVW ZhiVkeU (C2 ZhiVkeU) WR WeVW ZheWheU Whe mice leaUned Whe
WaVk in a ZhiVkeU-deSendenW manneU.

WhiVkeU mRWiRQ acTXiViWiRQ aQd aQal\ViV
BackliW ZhiVkeU mRWiRn YideR ZaV acTXiUed ZiWh a CMOS cameUa (BaVleU acA800-500Xm),
SWUeamPi[ SRfWZaUe (NRUPi[ Inc.) aW 311H] WhURXgh WelecenWUic lenV (0.09Xò´ GRldTL�
#58-259, EdmXnd RSWicV), a CMOS cameUa (BaVleU acA800-500Xm). WR UecRUd ZhiVkeU mRWiRn.
CameUa fUameV ZeUe WUiggeUed and V\nced b\ BCRnWURl and AUdXniR. We WUacked ZhiVkeU
SRViWiRn ZiWh Whe Janelia WhiVkeU TUackeU
(hWWSV://ZZZ.janelia.RUg/RSen-Vcience/ZhiVk-ZhiVkeU-WUacking, Clack eW al., 2012). The fXU ZaV
maVked imSURYe WUacking TXaliW\. The ZhiVkeU¶V a]imXWhal angle ZaV calcXlaWed aW Whe
inWeUVecWiRn Rf Whe maVk and ZhiVkeU WUace. WhiVking midSRinW, amSliWXde and ShaVe ZaV
decRmSRVed fURm WhiV angle XVing Whe HilbeUW WUanVfRUm, aV deVcUibed in CheXng eW al., 2019.

TZR-ShRWRQ micURVcRS\
The WZR-ShRWRn micURVcRSe (NeXURlabZaUe) XVed a galYanRmeWeU VcanneU (6215H, CambUidge
TechnRlRg\), PRckelV cell (350-105-02 KD∗P EO mRdXlaWRU, CRnRSWicV), a UeVRnanW VcanneU
(CRS8, CambUidge TechnRlRg\), an RbjecWiYe (W Plan-ASRchURmaW 20î/1.0, ZeiVV), a GaAVP
ShRWRmXlWiSlieU WXbe (H10770B-40, HamamaWVX), and a 510 nm emiVViRn filWeU (FF01-510/84-50,
SemURck). We XVed an 80 MH] WXnable laVeU aW 940 nm (InVighW DS+, SSecWUa-Ph\VicV) fRU
GRAB-Ach3.0 e[ciWaWiRn. Imaging ZaV cRnWinXRXV WhURXghRXW each VeVViRn. The VcRSe ZaV
cRnWURlled b\ a MATLAB-baVed VRfWZaUe ScanbR[ ZiWh cXVWRm mRdificaWiRnV. Imaging fUeTXenc\
ZaV 15.44 fUameV/V Rn Whe Vi]e Rf Whe FOV (512 î 796). SSaWial UeVRlXWiRn ZaV 1.4 ȝm SeU Si[el.

DaWa aQal\ViV aQd VWaWiVWicV
All imaging daWa ZeUe SURceVVed in MaWlab. We e[clXded Whe fiUVW 100V fRU each VeVViRn dXe WR
nRn-lineaU ShRWRd\namicV Zhich VWabili]ed afWeU 100 VecRndV Rf cRnWinXRXV e[ciWaWiRn Vcanning
(SFig2). In FigXUe 2B Ze XVed Whe mean flXRUeVcence inWenViW\ Rf Whe VamSle VeVViRn aV
baVeline. In FigXUe 2C-2E Ze XVed 16 fUameV afWeU WUial VWaUW aV baVeline. FigXUe 3A and 3B Ze
XVed 1 VecRnd befRUe VWimXli (SRle RnVeW and SRle ZiWhdUaZal) aV baVeline). FigXUe 3D Ze XVed
16 fUameV afWeU WUial VWaUW aV baVeline. FigXUe 4A, 4B, 5A and 6A Ze XVed 32 fUameV befRUe fiUVW
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lick WR 16 fUameV befRUe fiUVW lick aV baVeline. SWaWiVWical cRmSaUiVRnV ZeUe made XVing SaiUed T
TeVW cRUUecWed fRU mXlWiSle cRmSaUiVRnV.
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Figure 1 - Learning of whisker-guided object location discrimination and associated motor actions.

A.Two location discrimination task design with trial outcomes. B. Single trial structure with example licking, whisking, GRAB-ACh signal 
traces. C. Learning curves of 8 mice, mean ± SEM sessions to expert. Blue circles, unbalanced go and no-go trials. Gold dash, expert 
threshold. Gray dash, chance level. D. Mean performance for three early and expert sessions, per mouse. 3 mice with 1 no-whisker 
session, 4 mice with 3 no-whisker sessions averaged. E. Average whisking amplitude aligned to pole in cue, 3 expert sessions / mouse. 
F. Same aligned to pole out cue. G. Grand mean trial averaged whisking amplitude by trial outcome, 3 expert sessions / mouse. H. 
Same for licking rates.
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Figure 2  - Acetylcholine release in S1 varies with trial outcome

A. GRAB-ACh3.0 AAV expression in S1 barrel cortex, 3 weeks post injection. Cartoon 
generated by BioRender.com. B. Phasic increase of acetylcholine release after pole in 
cue in most trials. C. Acetylcholine induced fluorescence changes sorted by trial types, 
one expert example session.  D. Grand average, 8 mice, 3 expert sessions each. E. 
Comparison of grand average acetylcholine dynamics within the C2 column (solid) and 
in the surround (dashed). 8 mice, 3 expert sessions each.
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Figure 3 - Whisking drives acetylcholine release in S1

A. Grand mean acetylcholine fluorescence change aligned to pole in cue. 8 mice, 3 expert sessions each. B. Same to pole out cue. C. 
Whisking amplitude sorted by mean of 500ms post pole in cue. No lick trials pooled from 3 expert sessions, 1 mouse. D. Same, for ace-
tylcholine fluorescence change sorted by whisking amplitude. E. Grand mean of acetylcholine fluorescence change vs. whisking ampli-
tude of 500ms after pole in cue. No lick trials from 3 early and 3 expert sessions, 8 mice.
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Figure 4 - Licking strongly drives acetylcholine release in S1

A. Acetylcholine fluorescence change across trials, sorted by number of licks in trial, aligned to first lick. 
One example expert session. B. Lick pattern across trials, sorted by number of licks in trial, aligned to 
first lick. Same example session as A.  C. Grand mean acetylcholine fluorescence change aligned to 
first lick. 3 expert sessions, 8 mice. D.�,QWHU�OLFN�LQWHUYDO�IURP�HDUO\��JUD\��DQG�H[SHUW��EODFN��VHVVLRQV���
E. Mean acetylcholine fluorescence change in 1 second following first lick binned by number of licks in 
WKDW�SHULRG��&LUFOHV��PHDQ���H[SHUW�VHVVLRQV���PRXVH��/LQHDU�ILW�IURP�����OLFNV� F. Duration, onset to 
trough, of the first acetylcholine transient, binned by number of licks within 2 seconds of first lick. 
&LUFOHV��PHDQ���H[SHUW�VHVVLRQV���PRXVH��/LQHDU�ILW�IURP������OLFNV�

�
�ǻ)�)

E

B

a

0 0.2 0.4 0.6 0.8 1

,QWHU�OLFN�LQWHUYDO��V�

Lick interval distribution

C
ou

nt
 p

ro
ba

bi
lit

y

0

0.12

0.02

0.04

0.06

0.08

0.1

F

Early
Expert

7LPH�IURP�ILUVW�OLFN��V�
 0 1 2 3 4 5 6

1
2
3

4

5

Licks, sorted - example session

6

7

8
9

10

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.21.473699doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473699


-2 -1 0 1 2 3 4 5 6 7

Time from first lick (s)

0

1

2

3

4

�
�ǻ
)�
)

Hit 
)DOVH�$ODUP

-2 -1 0 1 2 3 4 5 6 7

Time from first lick (s)

0

0.2

0.4

0.6

0.8

1

6L
JQ
LIL
FD
QF
H

)DOVH�$ODUP Hit
0

1

2

3

4

5

6

7

8

N
um

be
r o

f l
ic

ks

p=6.80e-5

A

B

$FHW\OFKROLQH���H[SHUW�VHVVLRQV

0

0.35

&
RX
QW
�S
UR
ED
EL
OLW
\

Hit
)DOVH�$ODUP

1  2  3  4  5  6  7  

0.05

0.1

0.15

0.2

0.25

0.3

/LFNLQJ�GLVWULEXWLRQV���H[SHUW�VHVVLRQV

/LFNV�LQ�DQVZHU�SHULRG

1 2 3 4 5 6 7
-1

6

0

1

1 2 3 4 5 6 7

0.2

0.4

0.6

0.8

0

1

2

3

4

5

Hit
)DOVH�$ODUP

$FHW\OFKROLQH��PDWFKHG�OLFN�FRXQWV���H[SHUW�VHVVLRQV

C

D

/LFNV�LQ�DQVZHU�SHULRG

/LFNV�LQ�DQVZHU�SHULRG

$Q
VZ

HU
�S
HU
LR
G�
��

�ǻ
)�
)�

6L
JQ
LIL
FD
QF
H

Figure 5 - Reward delivery does not drive acetylcholine release in S1

A.7RS��$FHW\OFKROLQH�IOXRUHVFHQFH�FKDQJH�DOLJQHG�WR�ILUVW�OLFN�IURP�+LW��EOXH��DQG�)DOVH�$ODUP��JUHHQ��WULDOV��0HDQ�DQG�
6(0��%RWWRP��6LJQLILFDQFH�WHVW�EHWZHHQ�+LW�DQG�)DOVH�$ODUP�DFHW\OFKROLQH�RYHU�WLPH��S�YDOXH��SDLUHG�W�WHVW��FRUUHFWHG�
IRU�PXOWLSOH�FRPSDULVRQV���B.�0HDQ�QXPEHU�RI�OLFNV�LQ�WKH�DQVZHU�SHULRG�RQ�+LW�DQG�)DOVH�$ODUP�WULDOV����H[SHUW�VHV-
sions per mouse. C.�'LVWULEXWLRQ�RI�OLFN�FRXQWV�LQ�WKH�DQVZHU�SHULRG�KLVWRJUDP�IRU�+LW��EOXH��DQG�)DOVH�$ODUP��JUHHQ��
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Figure 6 Learning selectively potentiates acetylcholine release to choice-signalling licks in S1

A. Grand mean acetylcholine fluorescence change aligned to first lick in expert (black) and early sessions (gray). Bands SEM. B. Relationship between correct answer 
UDWH�DQG�DFHW\OFKROLQH�IOXRUHVFHQFH�FKDQJH�ZLWKLQ���VHFRQG�IROORZLQJ�ILUVW�OLFN��)LW�HTXDWLRQ�U� ��������[���������C. Mean lick rates for trial types in early (top) and 
H[SHUW��ERWWRP��VHVVLRQV����VHVVLRQV�SHU�FRQGLWLRQ����PLFH��D. Mean lick numbers per trial. E. Peak lick rate. F.�*UDQG�PHDQ�����6(0�DFHW\OFKROLQH�IOXRUHVFHQFH�FKDQJH�
in no lick trials. G.�6DPH�IRU�PHDQ�����6(0�DYHUDJH�ZKLVNLQJ�DPSOLWXGH�H. Mean acetylcholine fluorescence change in 1 second following first lick binned by number of 
OLFNV�LQ�WKDW�SHULRG��%ODFN����H[SHUW�VHVVLRQV���PRXVH��*UD\����HDUO\�VHVVLRQ���PRXVH��/LQHDU�ILWV�IURP�����OLFNV��I. Difference in acetylcholine fluorescence change 
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