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SUMMARY

Many n atu ralistic behaviors ar e built fr om modular

components that are expressed sequential ly.

Although striatal circuits have been imp licated in ac-

tion selec ti on and i mplementation, the neural mech-

ani sms that compose behavior i n u nrestr ained ani -

mals ar e not well understood . Here, we record bulk

and cellular neural acti vity in the direct and ind irect

pathways of dorsol ateral striatum (DL S) as mice

spontaneou sl y expr es s action sequen ces. These ex-

peri ments reveal that DLS neurons systematicall y

encode i nformat i on about the i den tity and or dering

of sub- seco nd 3D behavi or al moti fs; this encodin g

i s facilitated by fast-timescale d ecorrel ations be-

tween the direct an d indirect path ways. Furthermore,

l esioni ng th e DLS prev ents appropriat e sequence as-

sembly dur ing expl or atory or odor-evoked behav-

i ors. By charac terizing naturalisti c behavior at neur al

timescales, these experimen ts i dentify a code for

elemental 3D pose dynamics built from complemen-

tary pathway dynamics, suppo rt a role for DLS in

constr ucting meaningful behavioral sequences, and

suggest models for how actions are sculpte d

over time .

INTRODUCTION

T he brain evolv ed to su ppor t th e gener at io n o f na tur alisti c b e-

ha vior s, in wh ic h a nimal s inte ract w ith the en viron me nt b y fr eely

c hoo sing and e xec uting acti ons tha t refle ct inte rnal sta te ,

e xtern al c ues , inna te b ia se s, and p as t expe rie nc e s (Tinb e rgen,

19 51). S uc h beha vior s a re a t once d iscr et e a nd c ont inu ous:

th ey a r e b uil t o ut o f ste reot yped moti fs of mo veme nt, wh ic h

a re c oncat enate d to gene rate cohe rent a ct io n ( ).Las hle y, 1951

In o rder to c reat e me aning ful beha vio rs , the brain must the refore

se lec t a nd str in g t ogethe r beha vior al c omp onents in to s e-

q ue nces. This im plies a me ch anism in w hich the brain un iq ue ly

en code s e a ch moti f a nd the n takes adva nta ge o f the se rep re-

se nta tions to flexi bly o rg anize a nd imp leme nt b e hav io r

over t ime .

Mul tip le lines o f e vid ence s ugg est t hat the b a sal gang lia —a nd

sp eci ficall y sp in y p roject io n ne urons ( SPN s) w it hin its inp ut nu -

cle us, the str ia tum— pla y a key r ole in s pecifyi ng both t he con-

te nts a nd st ructur e of b eh avio r (A ldr idg e et a l., 199 3; G rayb ie l,

199 8 ). Wi th in the d or sa l s tria tum, fo r e xamp le, ne ural cor rel ates

ha ve b e en id en tified fo r man y move men t p arame ters, inc lud ing

b ody ve loc ity , t he sp eed of head move me nts, tur n a ng le , and

rea ching kine matic s (Ba rbe ra et al., 201 6; Cui et al., 201 3; I so-

mura e t al., 20 13; Jaeg er e t a l., 199 5; Kim e t al., 20 14; Kl aus

et a l. , 2 017; P an ig rahi e t a l. , 2015; Ru eda- Or ozc o a nd Ro bbe,

201 5; Tec uape tla e t al., 2014 ). Th ese obse rvati ons raise the pos -

sibil ity tha t th e st riatu m c omp rehe nsive ly encod e s the mo men t-

to-m ome nt kine mat ic s o f ong oing b e hav io r.

In a d dition, SPN a ctivity c an repr esent mo re abstr act a spec ts

of b eh avio r, li ke the sta rt a nd sto p o f an a c tio n se qu ence or t he

ide ntity of a s pecifi c b e hav io ral com pone nt w it hin a se q uen ce

( ). Ne ural c orrela tes ha veJin an d Co sta , 2010; Jo g et al., 19 99

b een id ent ifi ed in d or sola teral st riat um (D LS ) for com pone nts

of na tur alisti c b e hav io rs, suc h as g ro omi ng, ‘‘ warm up ’’ loc omo -

tion, an d juve nile pla y ( ).A ld r id ge et a l., 1 993; Ald ridge e t al. , 200 4

Fo cal le sion s of the DLS a lter the se qu en cing of t hes e h uman -

an not ated p atter ns o f a ct io n, dem onst rati ng a requir eme nt for

the str iatu m in c ontrol lin g th e s eque ntial st ructur e of a t lea st

some b eh avio rs ( ) . T he se find ingsBe rrid ge a nd Fentr ess , 1 987 

sug gest an add it io nal role for t he str ia tum in a ctio n se lec tion,

the p roce ss of d eci ding wha t to do—a nd not to d o— next.

How ev er, it is not c lea r h ow S PNs simu lt aneou sly encod e

gr an ula r infor mation a bout mo ve me nt par ame ters a nd hig her-

or der info rmat io n abo ut beha vior al com ponen ts a nd se q uen ces.

Th e str ia tum influ ence s a c tion thr oug h two ma in consti tue nt

ne ural cir cuits, th e d ire ct an d ind ire ct p ath wa ys. T he opp osing

influe nc e o f the se t wo p at hwa ys o n downs tream a reas li ke tha l-

amu s a nd corte x ha s sug geste d a b r oad mo del in w hich the

d ir ect p a thway sele cts a ction s a nd prom o tes the ir e xpre ssion ,

whil e t he ind ire ct p a thway inhi b it s unwa nt ed beha viors . Cons is -

te nt with t his mod el, o ptoge ne tic a nd c irc uit-le vel e vid e nce sup -

p orts a r ole fo r the dir ect pathw ay in ini tiat in g loc omotio n and the

indir ect p ath wa y in a rres ting mov eme nt ( ). Y et,Kra vitz e t al., 2010

44 Cell , 44– 58, June 2 8, 2 018 201 8 Else vier Inc.174 ª
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whe n p a thway acti vity is reco rded in se para te mi ce a nd the n

temp or ally a lign ed to a tur n or a le ver pres s, th e d ir ect a nd in di-

rect p a thways o ften e xh ib it ne ar-c oinc id e nt acti va tion; the se o b-

serva tions su ggest t hat both p ath wa ys some ho w col la b orate to

gener at e sp e cific beha vior s ( ).Cui e t al., 2013

We wishe d to c harac te rize how d ire ct an d in direc t p ath wa y

acti vity in the DL S relate s to b oth the d iscr et e and c on tinuou s

featur es o f sponta ne ous 3 D b ehavi or s. F urt herm or e, w e w is hed

to a sk wh eth er DLS acti vity d uring suc h beha viors is o bliga te fo r

acti on im pleme nta tion and/ or for b ehavi or al se q uen cing . To

addr es s the se q ue stion s, we too k a dvant age of a rece ntly d ev el-

oped mac hine visi on and un sup ervi sed ma chine lea rn in g te c h-

nique c alle d M otion S eque ncing (‘‘Mo Seq’’) , w hich ide ntifie s a

set of sub -seco nd b eh avioral mo tifs or ‘‘syllab les ’’ tha t mak e

up 3 D mouse b ehavi or withi n an y give n expe rim e nt an d c aptur es

the sta tisti cal ‘‘gramm a r’’ tha t g overn s ho w t he se syllab le s a re

seque nc ed ov er tim e (Be rridge e t a l. , 1 987; Wi ltsc hko e t a l. ,

2015) . Th is app roac h ha s reve ale d th at open fi eld beha vior can

be rem arka bly comp lex , invo lv in g te ns o f d is crete b eh avioral

syllab le s t hat a re p la ced p roba bilis tic a lly int o se q uen ces to

gener at e an overa ll patte rn of exp lor atory loc omot io n. I mp or -

tan tly, MoS eq ind epe ndent ly id e ntifie s w hich syll abl e is ex-

press ed at a ny mo me nt in tim e ( enab ling anal ysis of a ct io n se le c-

tion), as w ell as th e 3D pose d yna mics th at ma ke up e ach syll a ble

(en abl ing an alysis o f beha vioral kine matic s).

Her e, we c omb ine Mo Seq w ith bu lk and c ellul ar im a ging te c h-

nolog ie s to ass ess d ir ect and ind ire ct p ath wa y a ct iv it y d uring

sponta ne ous beha vior . I n th ese e xpe rim ent s, pathw ay acti vity

is c harac te rized b oth se p aratel y a nd sim ultan eousl y, a ll owing

ass ess me nt of the r ela tive c on trib ution of each p at hwa y to

beha vioral en coding . Th is a ppro ach r evea ls tha t the d ire ct and

in direc t p a thways a re freq uen tly d e corr elat ed at su b-sec on d

timesc ale s, th at S P N a c tiv it y encod e s both on going 3D p ose dy -

namic s and se qu ence p ro b abiliti es , an d th at t he D LS is r equi red

for as semb ling b eh avio ral seque nc es. Th us, the str iatu m d oes

not c ont ain p ur ely abstr act rep resen tatio ns for s yllab le s, no r

does it sim ply repr e sen t b ehavi or al kinema tics . I nste ad, the se

data sugg es t a mo del in whic h th e str iatu m takes adva nta ge of

kinema tic info rma tion to uniq uely id ent ify each beha vio ral sylla-

ble an d the n us es this c ode to or gani ze nat ural ist ic b e hav io ral

seque nc es. In p rinc ip le, s uch a c ode c ould a lso su ppor t the gen-

eratio n of new b ehavi or s un der c on dition s of le arni ng and

rewa rd.

RESULTS

To chara c teri ze the influ ence of th e DLS o n the sub -s econd

stru ctu re of sp ont aneou s beha vior, we deve lo ped a no vel mul ti-

colo r p ho tome try sys tem to mo nitor th e fl uores cenc e of g reen

(GCa MP6 s) a nd r ed (jRC a MP 1b) gene tic a lly encod e d cal cium

in dicato rs expr es sed in SPN s b e lo nging to th e direc t (d S PNs)

and ind ire ct (iSPN s) pathw ay s ( A a nd A–S 1D ;F ig ur es 1 S1

STAR Met hods ) ( Che n et a l., 201 3; D an a e t al., 201 6 ). Dire ct

pathw ay e xpre ssion wa s sp eci fied b y d elive ring jR Ca MP 1b u s-

in g a Cre -O n a d eno-a sso ciat ed vir us ( AAV ) to miceDrd1a-Cre

( ). S im ultan eous ind ir ect p at hwa y e xpre ssionGe rfen e t al., 2013

wa s a ch ie ve d by infec ting the se sa me an ima ls with a Cre -O ff

AAV expr es sing G CaMP 6s. Give n th at 95% of c ells in stria tum

a re S PNs , w e o pera tion ally a ssigne d signa ls gene rate d b y

Cr e-Off infe ction to the ind ir ect p ath wa y (Rym a r et al., 2004; Sa -

u nders et a l., 2 012) .

Th e p hoto metr y syst em exhi bited ne gli gib le cross- ta lk b e -

t we en ch ann els and low no is e attribu table to moti on arti facts

( E a nd S1 F). To a ccou nt fo r the te mpo ral lagFigur es S 1

b e tween ph oto metr ic sig na ls a nd und erl yin g e lec tr ophysi olog -

ic al ch anges , we perfo rme d sim ulta ne ous tw o-cha nne l ph oto m-

e tr y a nd mul tiuni t e le c trophy siol ogy in a wa ke beha ving mic e.

Wh ile ph oto me tr y signa ls lag ged mu lt iu nit acti vity b y 30 0 ms,

t he d e rivat iv e o f the p hoto met ry sig nal la gged by o nly 10 ms ,

ind ica ting th at t he fl uoresc e nce d erivati ve coul d b e us ed to ide n-

t ify t he o nse t of c han ges in t he u nderlyi ng neu ral a ct iv it y ( Fig ures

1 S 1B, 1C, and G).

We in tegra te d th e p hoto metr y sys tem into MoS eq, e na bling us

t o an alyze beha vior a nd reco rd fro m d ire ct and ind ir ect S PNs in

p a ralle l ( D an d A, no te all reco rdi ngs mad e in rig htFigu res 1 S2

D LS ). P roba bilis tic ma chine le a rning me tho ds were u sed to infe r

t he p ose of th e mou se w he n it wa s occlud ed b y the photom e tr y

t eth er ( A;Figu re S2 STAR Met hods ) (Row eis, 1998; Tip ping an d

Bi sh op, 1 999). T he se corr ected data we re t hen p ro cesse d by

Mo Seq to char acteri ze t he id e ntity a nd usa ge of in dividu al

b e hav io ral syllab le s and th e gram mar tha t c onn ects syll ables

t ogethe r over time ( E). As ha s b een show n p revi ous ly ,Figur e 1

e a ch id en tifie d sy lla ble (of t he 41 d isco ve red b y Mo Seq tha t

w ere e xpre sse d mo re tha n 1% o f the t ime ) wa s mor ph ologic ally

d isti nc t, w it h a me d ia n sy lla ble du rati on o f 347 0. 1 ms (Bo ot-±

s trap SEM, B). Ea ch syll abl e wa s a ssoci at ed with aF ig ure S 2

3 D b eh avioral mo tif tha t c ould b e desc ribed by a huma n

o bs erver ; syll a bles inc lud ed mul tip le va ria nts o f pause s, loc omo -

t io n, tu rns, rear s, a nd sniff s ( ; se e iso metr ic vie w exam -Vi deo S 1

p les in D ).F ig ur e 1

Differential Encodingof 2D and 3DVelocity by the Direct

and Indirect Pathways

Ne ur al acti vity in t he s tria tum ha s b een sh own to c or relate with

s evera l p e rform ance -relat ed beha vioral v ariab le s, inc lu ding

a ve rage ru nning s peed, tur ning s peed, a nd a ctio n ve loc ity . We

t herefo re a sked wh eth er ou r in tegra te d s yste m c ould c aptur e

t he expe c ted c or rel ation betw een d ire ct p at hwa y a ctivity an d

t wo-dim e nsiona l (2D ) ve lo city . In deed, whe n a ve rage d o ve r

t ime sc ales of se conds to mi nutes, mouse velo city w as w ell-

c or rel ated w it h direc t pathw ay a ctivity. T he d ua l- c han nel

p ho tome try syste m reve ale d tha t ind ir ect p a thway a c tiv it y a ls o

c or rel ated with v eloci ty over lo ng t ime sc ales , a lthou gh le ss

s trongl y th an t he d ire ct pathw ay ( A).Figur e 2

How ever, both of t hes e c orrela tions w eake ne d w hen b e hav io r

w as b inne d a t sho rter t ime scal es ( A). We th erefo re askedFigur e 2

w he the r binn ing stria ta l a ctivity at th e sub -s econd tim escale

a sso cia ted w it h e ach beha vioral syll abl e wo uld r e veal c orrela -

t io ns with spee d, turn angl e (w hich has been previou sly as soci-

a te d w ith n ear- simu lt aneou s a ct ivity in b oth pathw ays ), le ngt h,

o r he ight ( ). We a k b ut sta tisti c ally signi fi -Tecua p etla e t al., 2014

c a nt relati on ships w ere obse rved b e tween sy lla ble -times cal e

n eural a ctivity a nd each o f the se beha vio ral para mete rs . A ctivity

in the d ir ect pathw ay, b ut n ot the indir ect p a thway, c orrela ted

w it h the mou se’s syll a ble-b inn ed 2D veloci ty ( B). Whi leFigur e 2

3 D v eloci ty ( which a ccoun ts fo r the 3D p osition of the mou se

Cell , 44– 58, June 2 8, 2 018174 4 5
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Figure 1. Motion Sequencing during Neural Recordings

( A) AAVs exp ressing C re-On j RCaMP1b an d Cre-Off G CaMP6s were i njected i nto the DL S to assess direct (dSPN, red) an d i ndirect ( iSPN, g reen) p athway activity

vi a multicolo r photometry (see ). Top: sagittal sch em atic o f injection site. Midd le an d b ottom: histological verificati on of jRCaMP1b ( dSPN, red) andSTAR Meth ods

G CaMP6s (iSPN , g reen) expression (sagittal secti ons, SN r = su bs tan tia n igra pars reti culata, GP = g lobus pallid us).

( B) An examp le of simultaneous el ectroph ysi olo gical (top, b lack), firi ng rate (middle, yel low ) and p hotometry recording (bottom, g reen, G CaMP6s, red,

j RCaMP1b).

( C) T op: co rrelation betwee n el ectrophysiol ogically acq uired firi ng rates an d cre- independent p hotometry signals (red, j RCaMP1b; green, GCaMP6s, shading,

b ootstrap, SE M), compared to ti me-shu ffled electrophysiology ( shading, 9 5% b ootstrap co nfidence i nterval). Bo ttom: same as to p p anel using the derivative o f

th e p h otometry si gnals.

( D) L eft: experime n tal sch ematic. T hree-dime n sional (3D) i maging d ata is fed to th e MoSeq algorith m, which outp u ts i dentified behavioral syl lables an d th eir

tran sition stati stics ( color b ars, right, top). Middle: three examp les o f syllables, occurring su ccessively over ti me, depicted as ‘‘ spin o grams ,’’ in which the sp ine of

th e m ouse i s depicted as i f looking at th e mouse from th e si de, with ti me ind icated as increasing color d arkness. Bottom: i sometric-view illustrat i ons o f the 3 D

i maging d ata associated w ith th e ‘‘ reared p ause,’’ ‘‘ dive,’’ an d ‘‘locomotion’’ behavioral syl lables.

( E) E xample of Mo Seq-d efined syl lables ( top, i ndividual syl lables labeled with u nique colors ) aligned to dSPN (middle, r ed ) an d i SPN-related (bottom, g reen)

p hotometry signals.

See also an d an d .Figures S1 S2 V ideo S1

46 Cell , 44– 58, June 2 8, 2 018174

Page 4 of 33The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection

6/29/2018https://reader.elsevier.com/reader/sd/047A809AA355D75EC82A3E8EECE8856B881E08...



Average dSPN fluorescence

(Z-scored F/F0 )Δ

Mean Example Random

Time from syllable onset (s)

dSPN

iSPN

-4

0

4
r=0.76

-4 0 4 -4 0 4

Time from syllable onset (s)

0 Bin size (s)
-0.05

0

450

Time shuffle

dSPN

iSPN

-2 0 3

-2 0 3 -2 0 3 -2 0 3 -2 0 3

0.4

E

A C D

B

F Run Rear down ScrunchRear up

 left

Time from syllable onset (s)

-4

0

4

Low

High
Height Velocity

-4 0 4

3D Velocity

dSPN

iSPN
Diff

dSPN

iSPN
-15

0

15

-20

0

20

-20

0

20

Direct pathway Indirect pathway

Z-scored F/F0Δ

88-

0 3 -2 0 3-2

Figure 2. Direct and Indirect Pathway Activity Fluctuations Correlate with Fast Behavioral Transitions

(A) C orrelatio n b etwee n vel ocity , direct pathway acti vity (red), and indirect p athway activity (green) at i ndicated time bins.

(B) C orrelations b etwee n scalar vari ables and th eir d erivatives to dSPN fluorescence si gnals ( Pears on r, n = 1 89,315 comparisons), iSPN fluorescence si gnals

(n = 1 73,577 comparisons), an d to the difference b etween the two signals bi nned at th e timescale o f individual syllables ( n = 1 46,636 comparisons). * = p < 0 .001,

** = p < 1 3 10e 10. E rror b ars indicate 9 9% b ootstrap co nfi d ence interval.

(C) Top: grand-avera ged, scored dSPN ( red) and iSPN ( gree n) acti vity al igned to all syllable transitions. Bo ttom: derivative o f to p p anel. N ote tha t all syl lable-Z

triggered averag es are sco red relative to th e ti me -sh uffled control (see ). Shading fo r tri ggered averag es indicates b ootstrap SE M, an d sh adin gZ STAR Meth ods 

for time-shuffle in gray i ndicates 99% bootstrap confidence i nte rval.

(D) Averag e sco red d SPN an d i SPN fl u orescence levels fo r individual syl labl es. T op: syl lable- triggered averages for each syllable shown for th e direct an dZ

indirect p athways, so rted b y the averag es in the d irect p athway (first positive tha n negative p eaks). Bottom: same as to p excep t sorted b y indirect pathway

syllable-trig gered averages.

(E) Top l eft : averag e sco red direct and indirect pathw ay fl uorescence si gnal ( F/F0) asso ciat ed w ith each syllable (individual syllables identi fi ed vi a an arbitraryZ D

color code, w ith coding prese rved acros s al l to p p anels to illustrate relative d SPN an d i SPN activity across i ndividuals; Pearso n r = 0 .76, p < 1 1 0e 7 , n = 413 

comparisons). Top mi ddle: example averag e sco red dSPN and iSPN fl uorescence signals ( F /F0) fro m a si ngle mo us e. Top ri ght: resu l t o f ran domly sh uffli ngZ D

syllable o nsets. Bottom: averag e scored dSPN and i SPN fl u orescence signal for each syl lable i s p lotted si milarly to th e top left but each syl lable is n ow insteadZ

shaded by th eir averag e height ( left), 2 D velocity (m idd le), an d 3 D velocity (right) d uring the execu tion of th e indicated syllable. E rror b ars i nd i cate bootstrap SE M.

(F) Average d SPN ( red) an d i SPN ( green) acti vity for fo ur examp le syl lables, each of w hose pose d ynam ics were d escribed b y a h um an observer. Sh adi n g in-

dicates b oo strap SE M.

See al so , , an d .F ig u res S3 S4 S5
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c en troid) wa s a lso corr ela ted with d ire ct p a thway a ct ivity , it wa s

a nti-c or rel ated with ind ire ct pathw ay acti vity, sugg es ting a ro le

fo r th e ind ir ect p a thway in mod ula ting fa st 3 D move men ts. The

d iffe renc e in a ct ivity b e tween the p a thways w as a bette r p red ic -

to r o f 3 D ve lo city tha n eith er pathw ay a lone , c ons ist en t with th e

d ir ect a nd ind ir ect p at hwa ys e nc odin g no n- redun dant info rma -

tion releva nt to 3D b e hav io ral variab le s.

Average Direct and Indirect Pathway Activity Is

Correlated across Syllables, but Fine-Timescale

Decorrelations Distinguish Syllables

In a d dition t o 3D ve loc ity, st rong c orrela tions w ere o bserv ed be-

tw een s ylla ble -bin ne d n eural a c tiv it y a nd the he ig ht o f the

mou se, consi ste nt w ith the possi bili ty tha t th e DL S ma y en code

3D p ose d yna mics ( B). A s b e ha vio ral sy lla ble s an dFig ure 2

g ramma r effective ly e nc apsul at e t he se p o se dyn amics, we

a sked whe the r str ia ta l a ctivity fluctua te s s yste matic ally a s

mi ce expr es s syll abl e s eque nces. Consi ste nt with th is possi bil-

ity, d ir ect a nd ind ire ct pathw ay fluo resc ence wa s o n a ve rage

d ecre a sed im med iat ely b e for e and e leva te d imme dia te ly aft er

a transi tion int o a n ew b e hav io ral s yllable ( C). T he sig nalFigu re 2

d eriv ative in both dSP Ns a nd iSP Ns inc rea sed b efo re sy lla ble

o nse t, sug gesti ng tha t av erag e a ctivity in b oth pathw ays begins

to chang e 50 –75 ms b efo re a ne w syll abl e b e gins. T his te mp or al

c or relati on, whic h is not p rese nt in shuffl ed data , d emo nstr ates a

st ructur ed rel at io nship betwe e n str iata l acti vity a nd fast beha v-

ior al tr an sitions ( repr esent ing sw itc hing amo ng 3 D b eh avioral

mot ifs) d ur in g s ponta neous b ehavi or . Cont rol expe rim e nts

d emo nstr ated tha t the str ong sho rt-ti me sc ale ne ural-b ehavi or al

r elat io nship s obser ve d in DL S we re no t the conse quenc e o f

c ont amina tin g stria tal int erneu ron fluo resc ence , a nd w ere n ot

a ppa rent in mul tico lo r r ecor ding s fro m the ven tral stria tum (F ig -

ur es S3A –S 3C).

P lo tting the a ve rage flu oresc en ce o bserv ed d ur ing e ach

b eh avioral syll abl e r ev eal ed tha t eac h wa s as sociate d w ith sp e-

c ifi c le ve ls o f fluo resc ence in t he direc t a nd ind ir ect pathw ays

( D a nd 2 E). Cha rac teri stic d ire ct and ind ire ct p ho tom -F ig ures 2

e try wa vefo rms a lso c or resp onde d to e ach syll a ble ( FFigur e s 2

a nd A –S 4C). W hile the dir ect an d ind ire ct p at hwa ys gene ral lyS 4

e xhib it ed c or relate d le ve ls of aver age s yllable -spe cific fl uores-

c en ce, many s yllable s we re o bs erved in w hich e leva tion s in

d ir ect p at hwa y flu oresc en ce occu rre d in t he c on text of

d ecre a sed ind ir ect p at hwa y fl uoresc e nce a nd vic e -vers a

(P e arson’ s r = 0.7 6, E). Syllab les with part ic ular ly hig hF ig ur e 2

o r low v eloci ty te nd ed to exh ib it the most deco rrela ted a ve rage

p at hwa y acti vity; in teres tingly, s evera l syllab le s with lo w a ctivity

in b oth p a thways e xh ib ited hig h 3D ve loc it ie s.

Ins pect io n o f syll abl e-sp eci fic dir ect a nd ind ir e ct w av efo rms

r evea le d th at, a ltho ugh sim ilar, p a thway dy namic s o fte n ex-

hib it ed fa st- time sc ale dec orrela tions ( F , D , a ndFigu res 2 S 4

S 4E). T he se p e riods of d ecor rel atio n coul d b e r ela te d a necd otal ly

to the spec ifi c p at terns o f mo tion a sso cia ted with each s yllable .

F or e xam ple , a r unning syllab le includ e d a n epoc h in whic h d ir ect

p at hwa y acti vity wa s e le va te d wh ile the ind ire ct p a thway w as in-

hib it ed. S im ila rly, the wa ve forms as sociate d with ‘‘s crunc hing’’

b eh avior we re ch arac te rized b y a s harp a nd ph asic ele vat io n of

a ct ivity in th e ind ire ct p ath wa y, and a les s p ro nou nced phasi c

e le va tion o f acti vity in t he d ire ct pathw ay ( F a nd D).Figur es 2 S4

Take n t ogethe r , t hes e r es ult s su gg est tha t direc t a nd ind ir ect

p ath way a ctivity d yna mic s r ela te to the o ngo in g 3 D p os e dy-

na mics e xpre sse d by mi ce d uring sp ont aneou s b eh avio rs;

alth oug h d ir ect a nd in direc t p ath wa y acti vity w as la rg ely c or re-

late d whe n a ve rage d over the tim esca le of indivi d ual sy lla ble s,

p ervas ive withi n- syll abl e d ecor rel ation s we re also o b serve d.

Pathway Decorrelations Facilitate Behavioral Encoding

and Decoding

T h e o b s e r v e d r e la t io n s h ip s b e tw e e n n e u r a l a c t iv it y a n d s p e -

c ifi c b e ha vi or a l s yl la b le s w e r e c o n se r v e d a c r o ss in d i vi d ua l

mi c e a n d b e ha vi or a l s t a t e s, c o ns is t e n t w it h d if fe r e n t ty p e s o f

3 D a c t io n s b e in g r e p r e se n t e d th r o u g h a n in v a r ia n t n e u r a l

c o d e (F igu r es S5 A – S 5 E) . T o a d d r e s s w he th e r th is in va r ia n c e

r e fl e c t s a s y s te m a t ic ma p p i ng b e t we e n n e u r a l a c t iv it y a nd

b eha vior , we d e vel o ped a d ista n ce me tr ic ba se d up o n t he

3 D p o s e t r a je c t o r ie s th a t d e fi n e e a c h s yl la b le ( F ig u re s 3 A ,

3B, a n d ;S4 A – S 4 C STAR M e tho  d s ). Or g a n iz in g b e h a v io r h ie r -

a r c h ic a l ly us in g t h is d is t a nc e me t r ic r e v e a le d t h a t mo r p h o lo g -

ic a l ly r e la t e d b e h a v io r a l s y ll a b le s w e r e o f te n a s so c ia te d w it h

s im i la r p h o t o me t r y w a v e f o r ms , d e s p it e t he d is t in c t iv e ne ss o f

e a c h s y ll a b le ( B ,F ig u r e s 3 S 2 B, a nd S 4 C) . F o r e x a mp le , tw o

d if fe r e n t r e a r in g sy ll a b le s w e r e r e p r e s e n t e d b y s im ul ta n e o u s

im p ul se - li k e u p w a r d - d e fl e c t in g w a v e fo r ms i n b o t h th e d i r e c t

a n d in d ir e c t p a t hw a y s , w it h t h e d S P N s e xh ib it in g a hi g he r

a mp li t u d e r e s p o n se ; ho w e v e r , n e ur a l a c t iv it y ( e . g . , t e mp o r a l

d y n a mi c s a n d a mp li t u d e ) a s s o c ia t e d w it h e a c h of t h e t w o

r e a r s v a r ie d i n a s yl la b le - s p e c ifi c ma n n e r (F i g u r e 3B ) . L ik e -

w is e , t w o d iff e r e n t ‘‘ s c r u nc hi ng ’’ s y ll a b l e s w e r e r e p r e s e n t e d

b y s im i la r b u t d is t in g u is ha b le p h a s ic w a ve fo r ms i n b o th t h e

d ir e c t a nd in d ir e c t p a th w a y s .

To qu ant ify the degr ee to whic h ne ural acti vity sys tema tica lly

en code s for beha vior s base d up on simi lar it y, w e a sked w he the r

the beha vior al dist ances betwe e n any two s ylla ble s rel ates to t he

d ist ance s b et we en t heir c orres ponding ne ur al r epre se nta tions .

Th is an alysis r e veal ed th at dir ect a nd ind ir ect p a thw ay acti vity

eac h refle c t b eh avio ral r ela tions hip s b e tween syll abl es ( Pear -

son ’s c or relati on betwe e n b ehavi or an d d S PNs r = 0 .33, iSP Ns

r = 0. 21). Howe ve r, str ong er ne ural -beh avio ral relati ons hips

we re a ppar e nt w hen wa ve forms from b o th p at hwa ys w ere

consi d ered (r = 0. 48; C), c on siste nt w it h fin e- timesc aleFigur e 3

d ecor relati ons in d S PN a nd iS PN acti vity c on veying a ddi tiona l

infor mation abou t beha vior . Th is imp ro veme nt w as only

obse rved w he n both p ath wa ys we re consi dere d as ind epe ndent

ch an nels, as r epeati ng this a na ly sis with p ath wa y ide ntiti e s

sc ram bled fa ile d to enh ance n eu ral-be ha vior al corr elat io ns (F ig -

ur e 3D ). P erfor ming a p red ic tive corr elat io n a nalysis u sin g he ld-

ou t data confir med tha t ma ximal corr ela tio n w as o bs erved with

infor mation com bine d from the two p ath wa ys ( F) .F ig ure S 5

Be cause we ak corr ela tions were also obser ve d b e tween direc t

an d ind ir e ct p a thway a ctivity a nd velo city, tur n an gle a nd heigh t

( B), w e u sed LA SSO r egre ssion to consi der t he in fl uen ceFig ure 2

of th ese va riabl es ( ). In clud in g the se para met ersTibs hira ni, 1996

p lus syll abl e-b ased p ose tr ajecto ries inc rease d the P ears on’ s

corr ela tion betwe e n flu oresc en ce sig nal in both pathw ays an d

b ehavi or (r = 0 .53) , a lt houg h most o f this d epe ndenc e s till rel ie d

up on info rma tion a b out 3D p ose d yna mics r ath er tha n 2D va ri-

abl es like ve lo city ( E).Figur e 3

48 Cell , 44– 58, June 2 8, 2 018174
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Fig u re 3. Com p lemen ta ry En c o d ing o f Be havi ora l Sy llab les b y t h e Direc t an d In dir ec t Pat hway s

(A) Syllables h ierarchically o rdered by model-based distance ( see ) . Dash ed l ines indicate h uman observer -sp ecified boundari es between syl lableSTAR Methods

classes.

(B) Six examples o f av erage scored photom etry sign als, al igned to syllable onset (red, dSPNs; green, i SPNs). Colored boxes d esign ate the syl lable i n ( A)Z

represented by th e assoc i ated w avefor m. Shading i ndicates b oots trap SE M .

(C) L eft: correlations b etween behavioral d istances and syllable-associated dSPN (red), iSPN ( gree n), an d co mbined (yellow) photometry si gnals ( Pearson r,

direct p athway p < 1 10e 10; i ndirect p athway p < 1 10e 9; both pathway s p < 1 10e 1 0; n = 8 20 co mparisons). Shading o n al l regre ssion l ines i ndicates3  3  3 

boostrap SE . Ri ght: h istograms des cribi ng residu al correlations after sh uffling relatio nships between syl lable i dentities an d p hotometry si gnals (1,00 0 random

shuffles, see ) .STAR Meth ods

(D) Same as ( C) bottom right, except h ere p athway identities w ere s huffled and the an alysis was repeated 1,000 ti mes (pathway sh u ffle, see ).STAR Meth ods

(legend continued on next page)
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Th ese d at a d emo nstr at e a sys tema tic and lar gel y inva rian t

r elat io nship b etwee n d ire ct an d ind ire ct pathw ay acti vity a nd

th e partic ular b e hav io ral sy lla ble b eing e xpre sse d at a ny

mom e nt in tim e, rai sing the p ossib ility tha t s ylla ble -asso ciat ed

wa ve for ms can ide ntify t he s ylla ble bei ng e xpre sse d. We t here-

fo re a sked if neu ral acti vity in D LS c ould be u sed to d ecod e

b eh avioral s ylla ble typ e or id e ntity, an d if so wh eth er dec odin g

im prove d w hen c on sid e ring info rma tion fro m b ot h pathw ays

c omp ared to e ach p at hwa y a lo ne . A lthou gh the resolut io n of

p hot omet ry is limi te d b y str ong filte ring a nd avera ging , a r an dom

fo rest cla ssifie r c ould use s ylla ble -spe cific wa vefo rms to dec ode

3D pose d yna mi cs o n a tria l- by -trial basi s acr oss mi c e ( Fig-

ur e 3F ). Th e c la ssi fie r wa s most a ccur ate whe n d ecod in g a

r oot le ve l o f a hier arch ic a l tr ee d escrib in g beha vior (in which mu l-

tip le , relate d beha vior al syll abl es we re lum ped ) a nd gr adua lly

b eca me les s acc urate as mor e b e hav io ral deta ils w ere c on sid-

e red ( F). De sp it e t his d ecline in a ccur acy, t he cla ssi fie rFigur e 3

su ccess fully deco ded the id e ntity o f each beha vioral syll abl e a t

a rate signi fi cantly above c ha nce (1 9.36 % 0.1 2% ve rsus±

12 .58% 0.0 13% a t c han ce whe n d ecod ing 10 ‘‘ty pes ’’ of syll a-±

b le s, 9.1 7% 0.0 3% ve r sus 2. 45% 0. 007% a t c ha nce wh en± ±

d ecod ing a ll 41 s ylla ble s, b oo tstra p S EM) . T his p e rform an ce

d egra ded whe n e ach p ath wa y wa s c onsid ered se para te ly, w ith

th e c omb in ed pathw ay s consi ste ntly o utper for ming e ach

p at hwa y a lo ne ( F ). T aken tog et her, the se d a ta dem on-Fig ure 3

st rate th at t he d ire ct a nd in direc t pathw ay w avefor ms as soci ated

with each s ylla ble diffe renti ally a nd c oll ecti ve ly r epr esent th e 3D

p ose d yna mic s tha t d efine each beha vio ral syllab le .

Sequence-Dependent Neural Representations for

Syllables

P revi ous e xper ime nts ha ve s ugg est ed t hat th e str ia tum can

r epre se nt c omp on ent s o f seque nc ed b e hav io rs lik e g ro omin g

( ) . We the refor e as ked wh eth er sy lla ble -A ldr id ge et al., 1993

a ssoci at ed D LS acti vity dep ends upon t he se qu ent ia l c ontext

in w hich a give n sy lla ble is e xpre sse d du ring explo rator y

b eh avior ( A ). O n a verag e, high p ro bab ili ty t ransi tionsF ig ure 4

into a given syll abl e w ere a sso cia ted with le ss acti vat io n o f the

d ir ect a nd in direc t pathw ays tha n wa s obse rved after lo w prob -

a bili ty transi tio ns ( B). T he se se q uen ce -d e pend ent d iff er -Figu re 4

e nc es w ere a bolish ed by t emp orally shuffling the data (p < 0 .001 ,

sh uffle tes t, se e ) and d id not depend upon the 3DS TAR Me tho ds

ve loc it ie s of t he p rio r sy lla ble, dem on strating tha t diffe renc es in

th e ne ural repr es ent atio ns of high and low p ro babil ity se qu ence s

we r e n ot due t o q ua ntita tive diffe renc es in move men t (F ig ur es

4C a nd 4D) . Fu rth ermo re, ins pect io n reve ale d t hat the conte xt-

d epe ndent mod ulatio n o f the g rand a ve rage d syllab le -asso ci-

a te d w avefor ms r eflec te d t he differ en tial mod ula tion o f the

wa ve forms ass ociate d with ind ivi du al sy lla ble s ( E) .F ig ur e 4

Take n to gethe r, the se r es ults d emo nstr ate tha t t he n eural c ode

as soci ated w it h a g iv en b eh avioral syll abl e is alte red b y th e

se qu ent ia l conte xt in w hic h t hat syllab le is e xpre sse d. Sy lla ble -

as soci ated wa vefo rms the r efo re can be a t le a st p arti ally un-

coup le d fr om b eh avioral kinema tics , c on siste nt w it h a r ole for

the DLS in a ctio n sele ct io n a nd s eque ncing .

Direct and Indirect Pathway Neural Ensembles

Represent Behavioral Syllables and Grammar

Th e flu ctu atio ns in acti vity c aptur ed by p ho tome try r epre se nt th e

col le ct iv e d yna mics o f DLS ne urons d uring beha vior ; the se sig-

na ls ma y r eflec t th e c on tinuou s ev olution of DL S n eural a ct iv it y

or switc hing b et we en diffe rent ne ur al ens emb le s. To e xpl ore

the rel atio nship betwe e n cel lu la r acti vity in the st riat um and th e

expr es sion o f b ehavi or al sy lla ble s, we imp lant ed a gr adi ent -in-

d ex (GRI N) len s o ver DLS neu rons e xpre ssing vira lly del iv ered

GCa MP6 f, a nd u sed he a d-m ount ed min is cope s to ask how the

acti vity o f in dividu al str ia ta l neu rons relate s to b e hav io rs e x-

p resse d d ur ing ope n fiel d e xpl oration ( A ) ( Figu re 5 G hosh e t a l. ,

201 1 ). T he d ire ct a nd in direc t pathw ay s we re la bel ed by infe c ting

Drd1a-Cre A2a-Crea nd mi ce with Cr e- dep ende nt AAV s (n = 6 53

d SPN s, n = 794 iS PNs) ( ), a nd pathw ay- inde -Ge rfen e t al., 2013

p ende nt lab eling wa s achi e ved b y infec ting mice with a Cre -in-

d epen dent A AV (n = 694 neu ro ns).

Ins pect io n of c ellul ar fluo resc ence t race s sug geste d th at D LS

ne urons p refer en tiall y exhi bited c a lc ium transi e nts n ear sy lla ble

b ounda ries ( B). Ind eed, q uan tify in g th e nu mb e r o f ne u -Figu re 5

ro ns a ct iv e in eac h or b oth pathw ay s a t sy lla ble transi tion s r e-

ve ale d fl uc tua tions in syll able- ass ociate d a c tivit y th at we re

sim ila r to tho se o bserv ed b y ph oto metr y ( C). S mallF ig ure 5

gr oups of ne urons we re mo du la te d d uring e ach insta nc e of

an y give n b e hav io ral syll abl e, altho ug h a verag ing acro ss a ll in-

sta nc es o f a give n syll abl e r ev ealed t he p a rtic ip a tio n of a gr eater

p ropor tion of DLS ne ur ons (me dian frac tion of n euron s a ct ive

d uring e a ch sy lla ble = 8.8 8%, 9 5% b oo tstrap confid en ce in terva l

4. 76%– 14%, me dia n fractio n acti ve d uring e a ch s ylla ble

insta nc e = 6. 51% , 9 5% boots trap confid en ce inte rv al 6 .38% –

6. 6%; D; ) . Wh en sor te d, ne urons w ereFigur e 5 S TAR Me tho ds

acti ve th rougho ut the e xpre ssion of a given syll abl e, a lthou gh

this patte r n w as far le ss appare nt d uring singl e s ylla ble in-

sta nc es, c ons is ten t w it h sp a rse fi ring of DLS e nse mble s.

Fu rthermo re, d S PN a nd iS PN a c tivit y r evea le d sim ila r s yllab le -

sp eci fic cor rel at io ns a nd d e correl at io ns in a mp lit ud e a nd t imi ng

as obser ve d p revi ous ly via p hot omet ry ( E a nd A) .F igur es 5 S 6

Th ese obse rvation s sug gest tha t th e ide nt it y of th e b eh avio ral

syllabl e b e in g expr esse d a t a ny g iven mo ment is repres ent ed in

DLS b y a n e nse mble c ode. Cons is te nt w ith th is possi b ility,

( E) L eft: co rrelation between ph o tometry si gnals and behavioral d istance (here, defined u sing Mo Seq, h eight, angle, and veloci ty, w ith each p arameter w eighted

u sing L ASSO reg ression) (Pearson r = 0 .53, p < 1 10e 10, n = 8 20 comparisons, see ). Right: recovered LASSO regress ion w eights th at3  STAR Meth ods

maxi mize the n eural-behavioral correlations sh own on the l eft.

( F) Left: s ame dendrogram shown i n (A), w ith 4 examp le h ierarchical cuts u sed fo r the d ecoding shown on the l eft displayed ( see ). Middle: classi fi erSTAR Meth ods

d ecoding hit rate (y axis) of syl lable ident ity b ased upon either dSPN (red) or i SPN (green) waveforms alone, or their combination ( yellow); cl assifier p erformance

w as evaluated at p rogressive l y deeper levels of th e hierarchica l cl ustering (left), with th e o utermost branch ( the fu ll set of 4 1 syl lables) repres en ted as cu t 1. Shuffle

rep resents th e ran dom assignment of syl lable identity to th e cl assifier ( shading i ndicates 95% bootstrap confidence i nterval). Note that th e n um ber o f cl asses to

d ecode d ecreases at highe r hierarchical cu ts, leading to increased chance performa n ce. Right: ratio between the p erformance using both pathways an d ei ther

d SPNs (red) o r iSPNs (green) al on e.

See also an d .Figures S4 S5
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 by sequence statistics
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E

Fig u re 4. Seq ue nc e-De pe nden t Sy llab le Re pre se nt ati o n s in D LS

(A) Sch ematic o f an example syllable sequence. Throughout al l p anels in th is fig ure, waveforms are al igned to syl lable B (starred) an d the n so rted based on the

likelih ood o f either th e incom ing transition o r both th e i ncoming an d o utgoing tran sitions. Sh ading for photometry averages i ndicates b ootstrap SEM .

(B) Grand average p hotometry w aveforms ( red co lors , dSP Ns; green colors , iSPNs; n = 8 mice) for al l syllables, sep a rated b y high or l ow probabi lity of exp ression

(here defined as ab ove o r below the 5 0 p ercentile p robabili ty, resp ectively). Top: waveforms so rted b ased u pon th e summed probability o f incoming and

outgoing syllables. Bo ttom: waveforms s orted b ased u pon th e p robabili ty of th e incoming syllable.

(legend continued on next page)
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e nsemble acti vity p atter ns aligne d to ind ividua l exam p les of th e

sa me sy lla ble w ere mo re s imi lar to e ach o the r tha n to t he a c tivity

p at terns o ccur ring d ur in g d ifferent syllab les ( F ). T he neu ralF ig ur e 5

c ode fo r b eh avioral s ylla bles wa s sys tema tic, as t he e xpre ssio n of

r elated b eh avio rs c or relate d w ith a ctiva tion of sim ila r direc t an d in-

d ir ect p a thway n eural e nse mb les; th ese corr ela tions w ere ma xi-

mi zed w he n infor matio n wa s c omb in ed fro m the tw o p at hwa ys

(F ig ur e 5G ). Ensemb le a ctivity c ou ld also be use d to dec ode sylla -

b le id ent it y, with the b es t p erforma nc e o bs erved wh en n eu rons

fr om th e dir ect a nd ind ir ect pathw ays we re s imul ta ne ous ly fed

to th e classifie r (Figu re 5H). Cla ssi fie rs based up on ens embles

o utperfor me d t hos e b ased u pon ph oto metry signa ls, su ggestin g

th at t he v ariab ili ty o f in divid ual ne urons su bstan tially c ontri butes

to dec oding acc uracy (using 300 dSP Ns and 300 iS P Ns, 43 .1%

± 0.18% ve rsu s 11 .7% 0.05% at ch ance wh en deco d ing 10±

‘‘types’’ o f sylla bles, 24.2% 0 .18% ver sus 3.2% 0.03% at± ±

c ha nce wh en d ecod ing a ll sy lla bles, b oo tstrap S EM ).

Th e me mbe rsh ip o f syll abl e-ass ociate d DLS e nse mble s wa s

mod ula ted b y the se qu ence in w hich part ic ular s ylla ble s w ere

e xpre sse d ( I) . T he se se quenc in g e ffe cts we re n ot u ni -Figu re 5

fo rm a cross the p opul at io n; rathe r, b id ire ct io na l mo d ul at io n o f

ne ur ons w as o bser ved whe n c omp arin g high a nd lo w prob a bilit y

se q uen ces. T he ne t r esu lt o f this mod ulat io n wa s the in hibiti on o f

o verall neu ral e nse mble acti vity a ssoci at ed with high prob abi lity

se q uen ces, a findi ng consi ste nt with t he resul ts obta in ed with

p hot omet ry ( J). Mor eov er, syll a ble seque nc es c ou ld b eF igur e 5

c la ssifie d a s hig h o r low prob abi lity a t a bove c han ce rate s

wh en using d ata fr om all rec orde d ne urons ( rates va rie d from

70 % acc uracy d isti ng uishi ng th e to p a nd bottom 50 perc en tile

to 80% a ccur acy d is tin guishi ng the top and b ottom 30 p erce n-

til es ; ). T aken tog et her, t hes e d a ta dem onst rateS TAR Me tho ds

th at the DL S ens emb le s comp rise d of b ot h d ire ct and ind ire ct

p at hwa y n eurons sys tema tica lly e nc ode in forma tion abo ut

b eh avioral syll abl es and gr amm a r in a ma nne r a cce ssible to

d ow nstr eam circui ts.

Th ese c ellul ar anal yse s we re perfo rme d b y as sessing th e a ctiv-

ity o f d S PNs a nd iS P Ns in s epar ate mi ce. T o a sk wh eth er c e llul ar

a ct ivit y in t he two p athways wa s d ecor relat ed with in the sa me

mou se, SPN acti vity w as c ha racterize d in b eh aving mic e w ith out

r egard to pathw ay id e ntity, a nd the n mul tiph oto n micro sc opy wa s

us ed post ho c to assig n individ ua l n eurons to the d ir ect or in direct

p at hwa y (b as ed upon p ath way-s pe c ific e xpre ssion of a d To mato

ma rker ; STA R Met hods). By align in g mi nis cope a nd mul tiphot on

im ages, we coul d a sse ss fun ctio nal a ctivity a nd defin itiv ely a ssign

p at hwa y ide ntity for a sub se t of ne ur ons p e r mous e (4 –19 n eurons

p er pathw ay per mou se, n = 4 mi ce, n = 4 0 tot al dSP Ns and n = 52

to tal iS PNs, Fig ure S 6B).

S imul ta ne ous a nalysis of s yllab le -asso cia ted c e llul a r a c tiv it y

in b oth p at hwa ys r evea le d t emp oral deco rrela tions in the a ctivity

o f in dividu al d SPN s w he n com pare d to iS P Ns , a nd in iSP Ns

wh en comp a red t o d SPN s, part ic ular ly d uring acti ve 3D mo ve-

me nts ( A ). Speci fic ne ur al e nse mble s w ere a sso cia tedFigur e 6

with ind ividua l beha vio ral s yllab l e s a nd c ou ld be use d t o d ecod e

syll abl e id en tity; how ev er, c lass ifi er per fo rma nc e was no t su b-

sta ntia lly d iffe rent to t hat o bs erved whe n d SPN s and iSP Ns

we re r ecor ded se para te ly (w it h th e cave at tha t fe we r ne urons

we re a va ila ble for this comp a rison , B a nd 6C). TheseF ig ures 6

d ual p at hwa y c ellul ar rec ordings va lid ate th e ma in c onclu sions

d rawn fr om e xper iments in wh ic h p a thway- spec ifi c acti vity

wa s a sse sse d in se para te mice a nd sug gest tha t th e b eh avio ral

se gme nta tio n a fforde d b y MoS eq is suffi cien tly prec ise fo r e ffec-

tive alignm e nt of p a thway- sp ecific neu ral d at a b et we en mic e.

Give n tha t d SPN a nd iSP N a c tivit y is d e correl at ed a nd en -

code s c omp leme nta ry info rma tion a b out beha vior al syll abl es ,

we as ked w het her we c ould pred ict if a give n ne ur on b e lo nged

to the d ir ect or the ind ir ect pathw ay base d up on its syll abl e-

as soci ated p atter n of acti vity. Usi ng me rg ed d a ta fro m expe ri-

men ts in w hic h pathw ay-sp eci fic cel lula r acti vity w as reco rded

se para te ly , a tr aine d r andom fo rest c la ssifie r c ould c or rect ly

as sign pathw ay id en tity t o a g iv en ne uron b e tween 85% an d

100 % of the tim e ( D). A bove chanc e perfo rma nce w asFigur e 6  

also obse rved whe n t he pathw ay s we re r ecor ded simu lt a-

ne ous ly, a lt hou gh p e rfo rman ce w as degr ade d d ue to the r ela -

tive ly s ma ll s ize of the tr aining a nd tes ting d at asets. These s ylla-

b le -ba sed c la ssifie rs sig nificant ly outpe rform ed c la ssifi ers in

whic h indivi d ua l ne ur ons w ere c ha racteriz e d o n the basi s of the ir

corr ela tion w ith scal ar beha vior al met rics like ve lo city or h eigh t.

Th us, b eh avio ral sy lla ble s are mor e e ffecti ve tha n scal ar metr ics

at highl ighting diffe rence s b et we en the d ire ct and ind ir ect p at h-

wa ys d ur in g sp o nta neous b e ha vio r. Furthe rmo re, s ylla ble -spe -

cifi c d iff erenc e s in patte rn ed acti vity a r e suffi cien t to ide ntify

the p ath way to w hich a give n DL S n euron b e lo ngs .

The DLS Is Required for Moment-to-Moment Action

Selection

Bot h p hot omet ry and c e llul a r r ecor ding s ind ica te tha t t he DLS

en code s in forma tion releva nt t o both a ct io n imp leme nta tion

(e .g., th e fa st d yna mic s as sociate d w it h each syllab le , th e d ecor -

rel atio ns betw een the dir ect an d ind ir e ct p at hwa ys, a nd the sys-

te matic relati on ships betwe e n ne ural acti vity a nd beha vior) an d

acti on se le c tion (e.g. , t he syst ema tic fluctua tions of acti vity a t

syll abl e b ou ndarie s, an d t he conte xt-sp eci fic rep resen tatio n of

syll abl es) . T o chara c teri ze t he func tiona l influ ence of the DL S

on the sub -s econd st ructur e of sp on tan eous b e hav io r, we

foc ally lesio ned the DLS , a llo we d th e mi ce to r ecove r fo r se ve ral

d ays, an d the n a sse sse d th e p at tern of e xplo rati on g ener ated b y

mice in the c ir cu la r ope n fi eld ( A a nd A;Fig ures 7 S7 S TAR

Me thods ). Con trol an d le sione d mi ce e xhib it ed sim ilar velo city

d uring loc omot io n, and in spec tion o f 3D vid eo r evea le d no

obvi ous chang es in the overa ll p a ttern o f beha vior ( B;Figu re S7

Vide o S 2) . F urt herm or e, MoS e q- base d ch arac te rizat io n o f th e

und e rlying sub -seco nd st ructur e of b e hav io r revea led th at the

se t o f b ehavi or al syll ables d e ploy ed d ur in g e xpl oration wa s

sim ila r in contr ol an d le sione d mice , a s w ere t he sp eci fic 3D

( C and D) Same as (B) but controlling fo r the 3 D velocity of th e incoming syl lable ( n = 8 mi ce). Velocities w er e g rouped by w hether th ey were ab ove o r b elow th e

5 0 p ercentile o f average velocity p rior to syllable onset. Syl lables w ere so rted b y either high or low i nco mi ng velocity, and th e associated n eural waveforms w ere

th en so rted by ei ther h igh or l ow probability of co mbined (C) or i ncom i ng (D) syl lable exp ression. Shading for vel ocity traces i ndicates 9 5% b ootstrap co nfide nce

i nterval.

( E) I ndividual syl lables an alyzed u si ng th e same scheme sh o w n i n ( A).
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Figure 5. Direct and Indirect Pathway Neural Ensembles Encode Syllable Identity and Grammar

(A) E xample miniscope fiel d o f vi ew ( FOV) from a mouse with b oth d SPNs an d i SPNs l abeled . Scal e bar, 100 m.m

(B) Normaliz e d flu orescence of i ndividual n euron s extract ed u sing C NMF-e ( top, see ) al igned to b ehavioral syllables (bottom, each syllableST AR Meth ods

uniquely co lor coded).

(C) Pro portion of acti ve direct (red), indirect (green) , an d b oth pathway ( yellow) n eurons al ign ed to syllable onset (see ) . T ime- shuf fled d ata i s shownST AR Methods

in g ray (95% co nfidence i nterval). Sh a ding indicates bootstrap SE M.

(D) Left colum ns: peak-normalized flu oresce n ce averaged acro ss all i nstances of th e same syllable, in this case a ‘‘ rear up.’’ Al l n euro ns fro m all mice are included

in th is rep resent ation. C ells with p ositive peaks w ere sorted from earliest to l atest, then cells with n egative-goin g p eaks were so rted from l atest to earliest. Si ngle

trials (all o ther co lumns) are shown for all neurons, merg ed acro ss mice ( see ) . I n each panel h ere (and in E), cel lular traces are n ormalizedST AR Methods

individually to emp hasize responses.

(legend continued on next page)
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p ose d yna mics ass ociate d with each syll abl e ( BFigu res 7 

a nd 7C).

How ever, t he frequ ency with which e ach s yllable w as use d

wa s s ig nific ant ly alte red by D LS lesion s, w it h a sub se t of s ylla -

b le s prefe renti a lly expr es sed in e a ch cond it io n ( B). InFigur e 7

a ddi tion, the s eque ncing of the se syll abl es wa s c ha nged, with

th e transi tion s betw een s yllab le s b ecom ing signi fican tly mo re

rand om ( D, 7 E, a nd C) . F urt herm or e, an in tact D LSF ig ures 7 S7 

wa s r equi red for mi ce to a void the fox odor TM T, whic h ha s

b een p revi ous ly d emon strate d to elicit in na te av ersion e ntir ely

thr oug h s timu lu s-drive n ch anges in syllab le transi tion fre-

q uen cies ( F, 7G , a nd C;Figu res 7 S5 Video S 3) ( Wi lts chko e t a l. ,

201 5 ). T hus, le sion in g the DLS profo und ly alte rs th e gr a mma tica l

micr ostruc ture o f acti on —whil e prese rv in g its und erly ing

( E) Top: peak-normalized flu orescence traces for five d ifferent syllables aligned to syllable onset , w ith human an notations ab ove. Cells are sorted as i n (D).

Bo ttom: p roportion of d SPNs (red) an d i SPNs (green) active al igned to syllable onset ( defined as exceed ing two SDs above the mean F /F0). Shading indicatesD

9 5% b ootstrap confidence interval.

( F) Left: cumulative distribution function o f ensem ble correlation s, computed using different examp les o f th e same syllable (black) or examp les o f d ifferent

syl lables (gray) fo r the direct pathway ( top), i ndirect p athway (middle), or b oth (bottom). Ri ght: h istogram o f th e averag e w it h in syllable correlat ion after sh uffling

syl lable identities.

( G) H istogram o f correlations between n eural activity distance and MoSeq-define d behavioral d istance for dSPNs (red), iSPNs (green ), or b oth cell typ es (yellow).

( H) Left: dendrogram o f behavioral distances w ith the 6 h ierarchical cuts u sed fo r decoding shown. Middle: d ecoding accu racy along different cu ts o f the

b ehavioral h ierarchy for d SPNs ( red), i SPNs (green), an d b oth cell types (yellow) (as i n F , syl lables are cl ustered i nto larger groups moving from cu t 1 to cu tFigure 3

6 ). Right: decod ing accu racy for i ndividual syl lables as a function o f the n umber of n eurons p rovided to th e d ecoder. Sh ading indicates 99% bootstrap confid e n ce

i nterval. Chance p erformance increased at higher hierarchical cu ts g iven fewer cl asses to decode.

( I) L eft: d istribution o f si ngle n euron mo dulation with respect to syllable seq uence frequency. Lower i ndices indicate higher activity fo r low p robability tran sitions,

w hile higher indices indicate higher activity fo r high probability transitions ( see ). C ells signi fi cantly modulated relative to a sh uffl e co ntro l ( gray l ine)STAR Meth ods

are h ighlight ed in dark an d l ight gray. Mi ddle: each pair of d ots indicates the p roportion of trials a given n euron w as active acro ss al l s yl l ables for h igh ( HiP ) an d l ow

( LoP) tran sition probabilities. Sh own are n eurons th at increase activity for h igh transition probabili ty examples (left, l igh t g ray) an d l ow tran si tion p robability

examp les (middle, dark g ray) from l eft.

( J) Percent o f cells that have a si gnificant modulation i ndex ( p < 0 .05 rel ative to sh uffle co ntrols) reveals a g reater n umber of i nhibited than activated n eurons

d uring h igh p robability sequences.

See also an d .Figure S6 Video S2
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Figure 6. Simultaneous Imaging of dSPNs and iSPNs Reveals Pathway Decorrelations

( A) Average cro ss-correlations compared to th e average cros s-correla ti on of cell-type-iden ti ty-shuffled traces w hen the an imal’s 3D vel ocity exceeded th e 50

p ercentile. F or al l co mparisons b etween the o bserved correlati ons and identity-shuffled traces, p < 0 .01.

( B) Left: similar to F , cu mulative distribution function o f ensemble co rre lations for sep arate examples o f the same syl lable ( black, w ithin syl lable) andFigure 5

examp les of d iffere nt syl lables ( gray, b etween syllable). Rig h t: h istogram of averag e within syl lable correlation after sh uffling syllab le i dentities. Red line sh ows th e

o bserved av erag e correlation b efore shuffling.

( C) Top : decod ing accu racy of al l syl lables in pseudo p opulations o f separately reco rded iSPNs (green) and d SPNs ( red) as a function o f neuron n um ber. Deco d ing

p erformance u si ng b oth iSPNs and d SPNs sh own i n yel low. M idd le: decoding accuracy u sing psuedopopulations of si multaneously reco rd ed i SPNs and dSPNs

( see ) . Bo ttom: examp le decod ing accuracy using simultaneously recorded iSPNs and d SP Ns fro m th e same mo us e (orange) an d from aSTAR Methods

p seudopopulation o f iSPNs an d d SPNs w here b oth th e iSPNs and th e dSP N s u sed w ere from a si ngle animal ( yellow). Shading i ndicates 99% bootstrap

co nfidence interval.

( D) Left: performance o f a cl assifier p redict ing p athway identity o f separately recorded dSPNs and iSPNs ( see ) u sing MoSeq (blue dashe d l ine),STAR Meth ods

scal ars (bl ue d otted line), or b oth combined ( blue solid line), as a function o f the confidence criterion for the cl assifier ( percent of neurons meeting cri terion sh own

i n red , see ) . Ri ght: same as l eft, except p redicting th e cl ass of si multaneously recorded d SPNs and iSPNs. N ote th at the n oise i n p ercent co rrect isSTAR Meth ods

d ue to fin ite si ze effects ( i.e., there are fewer n eurons to classify i n th e test s et) .
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Figure 7. Excitotoxic Lesions of the DLS Alter the Expression and Sequencing, but Not Number or Content, of Behavioral Syllables

(A) C oronal schematic of N MDA an d sal ine injection s ites.

(B) Syl lables exp ressed i n sal ine an d DL S lesioned mi ce, o rdered b y di fferential u sage, sorted with the mo st ‘‘ lesion-downregulated’ ’ syl lables o n th e l eft and

‘‘ lesion-enriched’’ syl lables on the ri ght (asterisks = p < 0.05, tw o-sample t test co rrected for fal se discovery rate). Error bars i ndicate 95% bootstrap confidence

intervals.

(C) Average d istance between th e 3 D pose dynamic s th at define each syl labl e (behaviora l distance) for each i nstance of th e same s yllab le w ithin a conditi on (i.e.,

sham o r lesio n), fo r each syl lable i nstance in b oth condi ti ons, and for al l i nstances of a given syl lable an d fo r all o ther syl lables i n b oth conditions ( see ST AR

Methods) . Each circle ind i cates a different syllable.

(D) Statemap depiction of syl lables (as n odes) an d tran sition p robabilities ( as edges, here w eighted by b igram p robability , the probabili ty of o ne syllable occurring

after th e other) fro m co n tro l ( sham, left, n = 3 mi ce) i njecti ons. H eatmap d epiction of th e difference (red, u pregulated tran sition; blue, downregulated transition)

between this contro l statemap an d th e DLS lesion statemap ( right, n = 5 l esione d mice).

(E) T he first-order tran sition entropy rate between syl lables i n sh am and l esioned cases, d emonstrating th at DL S lesioned mi ce exh ibit l ess predictable b ehavioral

sequences ( p < 0.01 rank-sum, = 2.79; n = 24 lesio n tri als; n = 15 sham tri als). E ach circle repres ents a trial.Z 

(legend continued on next page)
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c omp onents— du ring sponta ne ous and mo tiv ated beha vior s.

A lt hou gh the se expe rim en ts c a nnot rule ou t a r ole for the DL S

in im pleme nting beha vio ral kinema tics d ur in g no rmal p hysiol o gy

(d ue to th e foc a lity o f the le sions a nd the possi bili ty of fun ctio nal

r edund an cy) , the se findin gs su ggest a gener a l r ole fo r the DLS in

a sse mbli ng conte xt-ap prop ria te se quenc es ou t o f sub -s econd

b eh avioral sy lla ble s.

DISCUSSION

In ma ny o rganism s, n atu ralist ic beha vior s are b uilt fr om mod ular

c omp onents th at a re or gani zed hie r archic ally and expr es sed

p ro babil isti cal ly ( ). Mi ce exp r ess su b- se condT inbe rg en , 1951

3D beha vio ral syllab le s tha t a re place d into coher en t se quenc es

to crea te p a tterns o f acti on ( ) . How ever, theW iltsc hk o et al., 2015

ne ur al mec ha nism s tha t g overn t he e xpre ssion and se qu enci ng

o f the se b ehavi or al mo tifs a re no t und e rstood . Her e, b y mon i-

to ring DLS acti vity in b ot h the d ir ect a nd indir ect p ath wa ys, w e

sh ow th at b eh avio ral sy lla ble s are a sso ciat ed with c ha racterist ic

a nd pathw ay-sp eci fic ne ural dyn amics . T hes e d yna mics r epre -

se nt k ey 2D a nd 3D mo ve ment para met ers, a nd effec tively e n-

c odin g t hes e p a ram eters —whic h c oll ecti vely enca psu la te

muc h o f th e beha vio ral d iv ersi ty e xpre sse d by mi ce—r equi res

b oth dSPNs and iSP Ns. In a ddi tio n, the DLS both e nc odes and

sp e cifies b e hav io ral gr amm ar, dem ons trating tha t t he str ia tum

p la ys a key ro le in c hoo sin g wh ic h sub - secon d b eh avioral syll a -

b le to expr ess at a ny g iven mo ment .

DLS Encodes Behavioral Syllables and Grammar

Re cord ings fro m SPN s in aw ake beha ving a nim als, a long with

a na tomi cal ev id en ce, d e mo nstr at e th at the str ia tum is b oth so-

ma totopic ally ma pped a nd prese r ves tim in g a nd kine ma tic de-

ta ils a b out mo tor outputs (Ale xande r a nd De Long , 19 85; Ba rbe ra

e t al. , 2016 ; Iso mura et a l., 2 013; Kim et al., 2014; Pani gr ah i e t al. ,

20 15; Ru eda- Or ozc o a nd Ro bbe , 201 5; Tec uape tla e t al., 2014 ).

In forma tion a bout mov eme nt p arame ters a rrive s a t DLS fro m t he

mot or cort ex and fr om se nso ry c ortex , a nd thu s D LS acti vity

c ould r eflec t moto r c omm a nd s a nd /o r dete ct ed mo ve ment s.

We o bserv e perva sive a nd inva rian t r ela tio nship s b e tween

su b-sec on d DLS ne ural a ctivity an d beha vio ral syll abl es, rem i-

nisc en t o f r elat io nship s p revi ously sug geste d betwe e n st riat al

a ct ivity a nd a sub se t o f high -vel ocity 3D a ctio ns ( Kla us et al.,

20 17). One p ossib le fun ct io n for th ese r epre se nta tions in the

st riat um is to infl ue nce p ose d yna mic s a nd the reby to fa c ili ta te

th e im ple ment ation of b ehavi or . O ur fo cal excitot oxic le sion ex-

p erime nts s ugg est tha t the DLS is n ot r equi red fo r the exec utio n

o f s ponta neousl y e xpre sse d b eh avio ral sy lla ble s bu t do not r ule

o ut a p hys io lo gical role for t he D LS in a ct io n impl eme nta tion un -

d er c irc umsta nces in whic h c or tica l-b asal gangl ia c ir cuits are

inta ct .

In addition to p ot en tia lly influe nc in g mo tor out pu ts, t he stria -

tu m h as b een p ro posed to me d ia te acti on se lec tion . This n otion

is sup p or ted b y t he broa d conve rgenc e of cortic al inp uts

on to SPN s, the inte gr at ive n atu re o f S PN phy siol ogy , a nd th e

wid espre a d mu tua l inhi bition tha t is c harac te ristic of SPN

ne two rks , w hich ha s le d to ‘‘ winne r-ta ke- a ll’’ mo dels in w hich

str ia ta l e nse mb le s rep resen ting c hosen a ctio ns e ffe c tively inhi b it

com peting acti ons (Ca rt er et al., 200 7; Ma o a nd Mas saquo i,

200 7; Zh eng a nd Wi lson, 20 02). Mo st w ork o n th e func tion of

the str ia tum in a c tion se lec tion h as been in the conte xt o f dec i-

sion mak in g, in whic h a nim als a re r ew arde d for ch oos in g fr om

amo ng a se t of sim ple b e ha vio ral a lter na tives . How ev er, the

conc ept o f a ction se lec tion c a n inc lu de mor e prob abi list ic a nd

na tur alisti c for ms of beha vior, s uch a s se quenc e gene rati on

( ) . Our dem on-Be rridge an d F ent ress, 19 87; J in and Cost a, 2010

str at io n th at both bulk an d cel lula r DLS a ctivity a re mod ulated

b y se qu ence prob abi lity , and th e D LS is req uir ed t o p la c e

b ehavi or al syllab le s into a p prop riat e se qu ence s duri ng both

explo rati on and o dor avoi danc e, a rgues tha t t he str ia tum

acti ve ly se lec ts and o rg anize s t he conte nts of beha vio r at the

sub -s econd tim es cale.

Th e r equi rem en t for the DL S in beha vio ral seque nc in g r aise s

an im porta nt questio n a bout neu ral repr es ent atio ns fo r acti on:

why does t he D LS repr esent syllab le s b y syst ema tica lly e nc od-

ing the ir c ont ent s r ath er th an more a b strac tly? I n o the r n eural

syst ems ch arge d with c onst ructi ng b eh avio ral seque nc es,

suc h a s th e s ong cir cuit in the ze bra fi nc h a nd the d esce nding

moto r c ir cu it in t he fr uit fly, beha vio ral c omp on ent s are a bs tract ly

rep resen ted in the patte rn ed firing of c omm and ne urons th at r e-

crui t d own strea m c irc uits resp ons ib le fo r a ctio n imp leme nta tion

( ). We sp ecul at e tha tCa nde e t a l., 2017 ; Ha hnlos er et al. , 2 002

the DLS use s a n alte rnati ve repr esent ation al str at egy for tw o r ea-

son s. F irst, mice can le arn to e xpr e ss ne w beha vio rs and, pre-

suma bly t herefo re, n ew beha vioral syll abl es. Usi ng repr esenta -

tions o f 3 D mo ve me nt a s a code fo r syll abl es obvi a tes th e

ne ed to g ener ate a ne w a b strac t repr es ent ation for e ach ne w sy l-

lab le tha t is gene rate d d uring a lifeti me. Sec ond, the str ia tu m is a

lik ely lo cus a t w hich part ic ular mo tor acti on s a re r einfo rced . It

the refor e fo llow s tha t the str ia tu m sh ould c on ta in s uffic ie nt info r-

mat io n to e na ble c red i t as sig nme nt of th e a ppro priate acti on in a

rewa rdi ng conte xt ( ). O ur e xper im ent sFee and G oldbe rg , 20 11

reve al t hat d uring e xplo rator y loc omo tion— a typ ic a l prec ur sor

to r e info rceme nt in t he wild—t he s tria tum e ncode s a ll o f the in -

for matio n requir ed to r einfo rce b ot h sp ecific s ylla ble s an d sy lla -

b le seque nc es. T his mod e of b ehavi or al repr esenta tion ma y

the refor e a ffor d th e DL S th e a bili ty to fl exibl y mod ulate b oth sy l-

lab les a nd gr amm ar in resp ons e to le a rning cues.

Fine-Timescale Pathway Decorrelations Support Neural

Codes for Action

Whe n a verag ed o ver tim escale s of s in gle sy lla bl e s, w e o bs erve

str ong c or relati ons in d ire ct a nd indir ect p a thway acti vity

acr oss most b eh avio ral syll abl es. Ho we ve r, wh en vie we d at

the sub -sy lla ble tim es cal e, ma ny syll abl es e xhib it p eriods in

( F) Top: averag e occupancy heatmap for sh am mice during a sessi on without o dor (left) , d uring an o dor presentation session ( middle), and the d ifference b etween

th ese tw o sessi ons (right). Bottom: same as top but fo r lesioned mi ce. Gray ci rcles mark th e ap proximate l ocation of the o do r source.

( G) T he d ifference in th e amount o f time spent within 1 0 cm of th e odor source (dot i n F ), b etween pre-odor an d odor tri als fo r sh am and lesione d mi ce (p < 0 .01

ran k-sum; ran k-sum value 1 6; n = 5 s ham trials; n = 8 lesion trials).

See also an d .Figure S7 Video S3
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which d ecor relati ons b etwee n d S PN a nd iSP N a ct ivity are

appare nt. Fr om both a n e nc odi ng an d d e coding p e rspec tive

the se dec orrela tions a ppear to pla y a n impor ta nt role in

conve yin g info rmat io n a b out the ide ntity and fo rm of indivi d ual

beha vioral syllab le s. I ndee d, s yllable -spe cific patte rn s of a ctivity

are s uffic ie nt to pred ict whe the r a g ive n S P N bel ong s to th e

direc t or ind ire ct pathw ay. Thu s, d es pite the str ong correl at io ns

in t heir dyn amics, the se p a thways fu ndam en tally rep resen t com -

ple me nta ry (r at her th an red und ant ) c odes for b ehavi or . T he

obser ve d c or relati ons b e tween dSPN a nd iS P N a c tivit y at lon ger

timesc ale s, t ogethe r with d e cor rel atio ns a t su b-syl la b le tim e -

scal es, pote ntiall y r econc ile th e lon g-sta nding confli c t b etwee n

mo del s in wh ic h th e d ire ct an d ind ire ct pathw ay c omp et e, with

thos e s ugg est ing tha t t hey colla bora te (Cui et al., 201 3; Kr av itz

et al. , 2 010; Old en burg an d Sabati ni, 2015 ; T ecua petla et a l. ,

2014) . F urth er c harac te riza tion o f th e relati ons hip b e tween d e-

correl at ed p ath wa y acti vity and su b-sec on d b e hav io r w ill li kely

requir e th e use of b eh avioral se gme nta tion me thods li ke Mo S eq,

which en abl es t emp or ally p recise alignm e nt o f ne ural d ata to a

la rg e n umbe r o f dive rse b eh avioral c omp onents.

Revealing Neural Correlates for 3D Behavior in Time

and Space

Whi le syll abl e ide ntity is e nc oded in the p a tterne d a c tivit y of DL S

ens emb le s, we we re un able to p erfec tly d ecod e beha vior fro m

neu ral acti vity either via p ho tome try o r c ellul ar im a ging. Th is

ma y r efle c t our in abi lity t o reco rd fro m s uffic ie nt n umbe rs o f neu -

rons, a n im perfe ct b eh avio ral se gme nta tion (w hich is almost

certai n to be th e c as e, give n th e li near n at ure o f o ur beha vioral

mo del ing and t he in he rent n on-line ari ties in b eh avior itse lf), or

a b iol og ic al li mit on th e a moun t of info rma tion S P Ns c onvey

about o ngo in g syllab le s. F urth erm ore, a lth oug h we failed to

obser ve str ong coup ling to beha vioral syll a bles in ve ntr al st ria-

tum, it is unli kel y tha t the DLS is uniq ue in encod ing info rmat io n

releva nt t o t he und erl ying s tru ctu re of beha vior. F utur e expe ri-

me nts w ill a lmo st certai nly reve al imp or ta nt (a nd p ot ent ia lly

causa l) r ela tionsh ip s b etwee n syll abl es a nd ne ural a ct iv ity in

the man y c or tica l an d sub cortic al st ructur es invo lve d in mo tor

contro l, in clud ing d iffe rent sub region s o f dorsa l st riat um n ot

querie d h ere. Whi le th e 30 0 ms tim esca le a t whic h b eh avioral

syllab le s a r e o rganiz e d a p pear s t o b e a t lea st some wha t p rivi-

le ged in DLS , b eh avio r is str uc tur ed hier a rchica lly a c ros s many

timesc ale s. A s a c on seque nc e, t here li kely also e xist r epre se nta -

tions fo r the long er-tim e scal e stru ct ure of beha vior both w it hin

DLS and e ls ew here. Furthe r d ev elopm en t of Mo Seq— whic h of-

fers a powe rful b ut li mit ed vie w of beha vior— wil l h elp to clari fy

how d iff eren t regions of the brain c oo pera te to or gani ze sp on ta -

neous b eh avior at mul tip le sp at io te mp or al sc ale s, a nd u lt ima te ly

to u nders tan d h ow b e ha vio ral va riabi lity an d r ew ard in teract t o

gener at e p recise lea rned beha vioral se quenc es .

STAR METHODS+

De tailed met hods are p ro vide d in th e o nline ve rsion o f this p aper

and inc lud e the foll owing :

d KE Y RE SO UR CES TAB LE

d CO NT A CT FO R RE AG ENT A ND RE SO UR CE S HA RING

d EX PERI MENT AL MODEL AND S UB J ECT DETA ILS

B Mi c e

d ME THO D DET AILS

B S te reota xic sur gery

B P ho tome try e xpe rim ent al me thods a nd anal ysis

B I ma ging expe rim en tal me thods a nd an alysis

B Mo tion S e quenc ing (Mo Seq )

B S tr ia ta l le sions e xpe rim ent al me thods a nd anal ysis

d QUA NTI FICA TIO N A ND S T ATIST ICA L ANA LY S IS

B Bi nn in g

B S ta tisti cal com pariso ns

d DA TA A ND S OFT WA RE AVA ILAB ILI TY

SUPPLEMENTAL INFORMATION

Su pplemental I nformation includes seven figures and three videos an d can be
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STAR METHODS+

KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING

Furthe r infor matio n an d r eque sts fo r resou rces a nd reag en ts sho uld b e d ire cted to a nd will b e fulfil led b y the le a d c ont act S ande ep

Da tta ( ).srda tta@h ms .harva r d.ed u

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All expe rim en ts we re app rov ed by a nd in acco rdan ce with Ha rvard Medi cal S c hoo l I ACUC proto col n umbe r IS 00 00013 8. P hot ome try

and im agin g w ere p e rfo rmed in 8- 26 we ek old C57/B L6J (Jack son Labor at or ie s) ma le mi c e h arbo ring e ithe r the alleleDr d1a -Cr e

RE AGENT or R ESOUR CE SOU R CE ID ENT IFIER

Chic ke n Ant i-GFAP abc am Ca t# ab4 67 4, R RID :A B_304 55 8

Alex a F luo r 48 8, D on key An ti-C hick en Ig Y Ja cks on Labo rat ory Cat# 70 3-54 5-15 5; R RI D_AB_ 23 40 375

Rabb it An ti-N eu N abc am Ca t# ab1 04 225 ; RR ID _ AB_ 10 71 115 3

Alex F lu or 55 5, Do nke y An ti-Ra b bit I gG Th erm o-Fi sh er Cat # A-31 572 ; R RID :AB _ 162 54 3

Bac ter ial and Virus Stra ins

AAV 9-C BA-d o(Fa s)- GC aM P6s UN C Vec tor Co re N/A

AAV 9-C BA-D IO-jRC aM P1 b UN C Vec tor Co re N/A

AAV 1.S yn .Fle x. GC aM P6f. W PRE .SV40 Pe nn Vec tor Co re Cat # AV -1 -PV2 81 9

AAV 1.EF1 . DI O.GC aM P6 s.P2A .NLS .dTo ma to Ad dg en e Cat # 51 082a

Che mic als , Pe pt ides , and Rec omb inan t Prot ei ns

N-Me th yl -D -a sp art ic aci d Sig ma -A ldri ch Ca t# M32 62 -2 50 MG

Experi men tal Mod els : Org anis ms /Stra in s

Mous e: B 6. FV B(Cg )-Tg (D rd1 -cre ) EY2 62 Gs a t/Mm ucd MM RR C-UC D MM RRC Sto ck # 03 09 89-UC D

Mous e: B 6. FV B(Cg )-Tg (Ad ora2 a-cre ) KG13 9Gs a t/Mm u cd MM RR C-UC D MM RRC St ock # 03 615 8-U CD

Mous e: C5 7BL /6J Ja ckson Labo rat or y Jax s tock #0 006 64

Mous e: B 6; 129 S-P d yn /Lo wlJ Jac ks on L abor ato ry Ja x sto ck # 027 95 8

Rec omb inant D NA

pAA V-CBA -D IO-jR CaM P 1b Th is pap er Add gen e I D 11 01 34

pAA V-CBA -d o( Fas )-GC aM P6s Th is pap er Add gen e I D 11 01 35

Softwa re and Alg orith ms

MoSe q ( ) N/AW il tsch ko et al ., 2 01 5

MATL AB T he Ma thW orks http s://ww w.ma thwo rks .com/

pro du ct s/ma tlab .h tm l

Cons tra in ed Non -ne gativ e Ma trix Fac tor izati on

for mic ro en do s co pe d at a ( CN MF- E)

( ) N/ AZ ho u et al ., 201 8

Mos aic vers io n 1. 2. 0 In sco pi x http s://ww w.in sco pix. co m

Intan Rec ord ing Sy stem So ftwa re In tan Tec hn ol ogi es http ://i ntante ch .com/d own load s.htm l

Othe r

Kinec t fo r Xbox One (K inec t 2) Mic ro soft http s://ww w .xbo x. com /en -US/

xb ox- on e/a cce s sorie s /kine ct

Xbox One S Ki nec t Adap tor Mic ro soft http s://ww w .xbo x.c om/e n -US /

xb ox- on e/a cce s sorie s /kine ct/

ki nec t-ad apte r

Shallo w tank US Pl as tic Ca t# 14 31 7

C ell , 4 4–5 8.e1– e8 , Ju ne 28, 2018174 e1
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(B6 .FVB( Cg )- Tg(D rd1- cre)EY 262 Gsa t/Mmu cd; MM RRC #0309 89- UCD ) or th e a llel e (B6. FVB(C g) -T g( )A2a - Cre Ad ora2a - cre

KG1 39Gs at/Mm uc d; M MRR C #036 158- UC D) ( ). Mi c e we re gr oup -h oused prior to vir us inj ecti on a nd fib er imp lan-Ge rfen e t al. , 2013

ta tion, an d th en in dividu ally ho use d for the r ema ind e r o f t he s tudy, o n a rever se 12- hour lig ht- dark sch edul e.

No r andom iz a tion of a nim als wa s im ple me nt ed, a nd e xper iment ers we re n ot b lin ded to an ima l g en otype o r c ondi tion. Sam ple s ize s

fo r a ll e xper ime nts w ere d e term in ed base d o n p revi ous ly p ub lis hed wo rk , an d s tatis tica l s ig nific ance wa s dete rmi ne d p ost hoc.

METHOD DETAILS

Stereotaxic surgery

Virus injection and optical fiber cannula implant

8 w eek o ld ma le mi c e w ere a ne sthe tized w ith 1%–3 % iso fl urane in ox ygen, at a flo w r ate o f 1 L/ min. Eac h a nimal wa sDr d1 a-Cr e

inj ecte d with 250 n L o r 500 nL o f a 3:1 or 2: 1 mi xt ure o f A AV9. CB A.DIO .jRC aM P1b ( Cr e-On ) a nd A AV9. CB A.DO( fas) .GCa MP 6s

(Cr e-Off) ( UNC Ve c tor Cor e) , r especti ve ly (n = 10 mi ce) using a Nan oject I I Inje ct or (Dru mmo nd S cie ntific , US A ) (S au nders e t al. ,

20 12). This p at tern of infe c tion is e xpec te d t o sim ulta neousl y la bel d ire ct pathw ay S P Ns with the red c alc iu m repo rter jR Ca MP1 b,

a nd the ind ir ect p at hwa y S P Ns with the gr een calci um r epor ter GCa MP 6s; the se fluo ro phore s w ere c ho sen d ue t o s imi lar it ie s in

th e k in etic s of the ir c alc ium resp onses ( ). A 20 0 m core 0. 37 NA mul tim ode opti cal fiber (Do ric ) wa s im pla nte dD an a e t a l., 2016 m

in the r ig ht d or so la te ral str iatu m, 2 00 m above the inj ecti on site . Co or dina te s u sed for inj ecti ons an d fib er im p la nts : A Pm

0. 260 mm ; M L 2.5 50 mm ; D V 2 .400 mm ( for a ll c oo rdi nat es desc ribed in this se ct io n, A P and ML a re rel ative to breg ma, and DV

r elat iv e to the p ia l surfac e) ( ). The opti cal set up wa s coup le d t o th e fi ber via a zi rcon  ia sle eve (Do ric ).P a xinos and F rankli n, 20 04

Du e to the lo w numb er of loc al inte rneuro ns p rese nt in the stria tum (< 3 %), a nd no k now n in terne uron-s pecific tr opis ms fo r th e CB A

p ro mo te r or the AAV 9 se rotype in str ia tum, the c on trib ution o f fluo resce nc e sig nal fro m int erneu ro ns infec te d fr om the Cre -O ff v ir us is

e xpec te d to be min ima l ( ). We th erefo re heu ristica lly through out r efer t o ne urons infe cted w it h the red fl uorop horeRym ar et a l., 20 04

a s ‘‘ direc t pathw ay ’’ n eurons , a nd n eurons in fecte d with t he g reen fluo ropho re as ‘‘ind ir e ct p a thway’’ ne urons. To va lida te t his heu -

r ist ic we dir ectl y ass ess ed the degr ee of inte rneur on sig nal conta mi nat io n. 8 w eek old mi c e we re inj ecte d with 350 nL o f a 3: 1A2a - Cre

mi xtu re of A AV9 .CBA .DI O.jRCa MP1 b (Cre -O n) a nd AAV 9. CB A.DO( fas).GC a MP6 s (Cr e-Off) vir us, resp ecti vely (n = 5 mi ce), e ffe c-

tive ly the genet ic inve rse of flu or ophor e e xpre ssion w ith resp ect to the p hoto metr y mi ce. T he s ame optica l fi ber im pla ntDrd1a -Cre

p ro cedu re and impl an t coord ina tes d e scri bed in th e p revi ous p a ragrap h we re use d. P ho tome try and beha vior al acq uisit io n occu rred

3- 5 we e ks p ost -surge ry, for 5-6 ses sions o f 20 mi n e ach.

Fo r photo me tr y in t he nuc leus a ccum bens core (NA cc), 8- 26 w eek old mi ce w ere inj ected w it h a 3: 1 mi xt ure ofDrd1a -Cr e

A AV9. CB A .DIO.j RC a MP1 b (Cre -O n) a nd A AV9 .CBA .DO (fas ).G Ca MP 6s (Cre -O ff) viru s, resp ecti vely (n = 5 mice ). A 200 m corem

mul tim ode fi ber w as imp la nt ed 200 m a bove the injec tion site (D oric 0.3 7 NA, 5. 5 mm le ng th or Tho rla bs 0.39 NA, 5 mm le ng th).m

Coo rdi nat es u sed for injec tions a nd fiber impl an ts: A P 1.3 mm; ML 1. 0 mm; DV 3. 25 mm . P hot omet ry a nd beha vior al acq uisi tio n

we r e p erfor me d 3-5 weeks post- surger y, fo r 4 s ess io ns o f 20 mi n eac h.

Virus injection and GRIN lens implants

T o as ses s pathw ay-sp ecific singl e-cell contrib utio ns to b e hav ior, 5-1 2 we ek o ld mi ce (Dr d1a-Cre t o lab el th e d ir ect p ath wa y; A2a -Cr e

to lab el the ind ir ect p at hway; b ot h male a nd fe ma le) were unilate rally inje ct ed with 5 00-600 n L of A AV1. Syn.Flex .G Ca MP6f.W PRE.SV40

virus (P en n Ve c tor Core) into t he r ig ht d or sal str iatum ( n = 4 Dr d1 a-Cre A2a -Cremi c e; n = 6 mice) . Coo rd in at es us ed for inj ect io ns: AP

0. 5mm; ML 2 .25 mm ; D V 2 .4 mm or A P 0.6mm ; ML 2.2 mm ; D V 2 .5 mm . A gradie nt ind ex (G RIN) lens (1 mm d iame te r, 4 mm le ngth; 

In sco pix ; PN 1 30-000143) wa s im pla nted int o the dorsa l stria tum 200 m a bove t he inj e ctio n site im media tely fo llowing vir us injec tion.m

Be ha vior al d at a we r e o btaine d b e tween 2-5 w eeks post- surgery b y c oupl ing t he G RIN len s to a mi nia turize d h ead- mounte d sing le

p hot on mi cros cope w it h a n inte gr ated 4 75 n m LED ( Insc opix). In tot al, fr om t hes e mic e, we w er e a ble to rec or d calcium a c tivity

fr om n = 65 3 dSP Ns and n = 7 94 iSP Ns,

P ath wa y-ind epe nd ent singl e -cell c ont ribu tions to beha vior we re a ls o me asu red. 8- 21 we ek old mic e we reDr d1a -Cr e

un ila terall y inj e cted with 600 nL of a 1 :1 mix tur e o f A AV1. EF1a .D IO. GCaMP 6s .P2A. nls.d To mato (Cr e-On; A ddge ne #5 1082 ) an d

A AV9. CB A .DO (Fas). GCaM P6s (Cr e-Off; UNC Vec tor Co re), with th e coord ina tes d escrib ed a bove (n = 5 mi ce). This appr oach

se lec tive ly la b ele d direc t p at hwa y S P Ns with a nuc lea r-lo cal ize d d Toma to, so th at the d ire ct pathw ay-p roject ing n eurons c ould

b e id en tified u nd er a two -phot on (2P) mi crosc ope an d cross- registe red with singl e p hoto n mi nisc ope d a ta, a s d e scribe d bel ow.

Whi le e nd oscop ic d at a we re includ e d fr om all mic e fo r the path way in depend en t an alysis sho wn in F a nd 5G (n = 986 ne u-F ig ures 5

r ons) , n = 4 o f the se mi ce ha d su it able d Toma to e xpre ssion for c e ll typ e id en tifi cati on . To gener at e a ddi tiona l pathw ay ind epe ndent

d at a, 5 -11 w eek o ld mice w ere un ila terall y inj ecte d w ith 500 nL o f AAV 1.Syn .GCa MP 6f (P enn Ve ct or Co re), u sin g the sa meDyn - Cre

c oord in ates d escrib ed a bove (n = 3 mi c e). Calc iu m ima ging and b ehavi or al d at a w ere o btain e d 4 -6 w eeks p os t-s urger y. We we re

a ble to id ent ify cal cium acti vity fr om n = 694 ne ur ons fr om th ese mi ce.

Dorsolateral striatum lesions

C57/ BL6 mi c e we re inj ecte d with 1 50 nL NM D A (2 mg /1 00 L; n = 8 mic e) o r P BS ( saline ; n = 5 mi ce) into the D LS . Coo rdin at es us ed form

inj ecti on s: A P 0. 260 mm ; ML 2.55 0 mm; DV 2.5 00 mm . Mi ce we re allowe d t o rec over for 1 we ek. Mi ce we re the n p la ced in a cir cula r

o pen fiel d a nd ima ged u sing d epth c a me r as d ur in g 6 se ssio ns of 45 -60 min each ; d ata we re the n a na ly ze d using Mo S eq.

e2 Cell , 44– 58. e1 –e8, Jun e 28, 2018174
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Photometry experimental methods and analysis

Photometry and electrophysiological array assembly and implantation

An o pt ic al fibe r wa s glue d in p lac e a bove a n e le c trode arra y (Ne uronex us mod e l nu mb e r A 4x8 -5mm -2 00- 703- CM 32, n = 15 c ha nne ls

we re in clud ed in this s tudy). T he en d o f the fiber wa s loc at ed in clos e p ro xim it y b ut d ors al to the cond uct in g p ads. P ho to-cu rable

cem ent wa s us ed to ho ld th e opti cal fiber in p lac e. A cran io tomy wa s p erfor med , and th e e lec tr ode arra y a nd fiber c omb ina tion

wa s imp lant ed so th at th e fibe r wa s p la c ed 200 m abov e the virus inje ct io n site ( same coor dina tes desc ribed a b ove). T he e lec trodem

ground wa s p lac ed in t he cere b ellum whil e the refe rence wa s pla ced in visua l c or te x. The lag b etwee n s piking an d fl uores cenc e

traces w as n ot d ir ectl y u sed to adju st the tim ing o f any data in this p aper .

Photometry and behavioral data acquisition

De pth-b ased mo use vide os we re acqu ir ed using a Ki ne ct 2 for Win dows (Mi c ro soft) u sing a cu stom us er in terfac e progr amm e d in

C#. A nimal s we re pla ced in a circul ar open fi eld (US P last ic s, O hio) fo r 20 mi n p er s ess io n, w it h at le ast o ne day of r est b e tween s es-

sions. The ope n fiel d w as p a in ted b lac k with sp ray pai nt (A c ryli-Q uik Ul tra Fla t Bl ack; 1324 96) t o a void ima ge arti facts crea te d b y

refle ctive sur faces . Fr ame s we re r ecor ded a t a rate of 30 Hz.

P hoto met ry d at a we re c ollec ted sim ulta neousl y with beha vio ral data . A lo ck-in a mp li fier wa s p rogra mm atic ally d esign ed using a

TDT RX 8 digita l s ig na l p ro cesso r (c ode a va ila ble o nlin e a t ). A 475 nm LED wa s sinuso id a lly mod ula ted a thttps: //gi thub.c om/ datta lab

300 Hz wh ile a 55 0 nm LED wa s mod ulat ed at 550 Hz (Mi gh tex). Exc ita tion lig ht w as p a ssed th rough a two -color fluo resce nc e mi ni

cube (Do ric FMC2 _GF P-RFP _FC) into a rotar y joi nt an d, in tu rn, th rough a fi ber opti c p a tch c ord c on necte d to the mous e via a

zirco nia sle eve. Em issi on w as coll e cted through the same patc h cord , a nd the n passe d t hrough the mi ni c ube to t wo fi ber- coup le d

silic on p hoto mul tipli ers (S enSL Mi niS M 30035 ). Ra w p hot omet ry d at a we re col le ct ed thr oug h the TDT in terfac e a t 61 03.5 2 Hz . Da ta

we re d e -mod ula ted, low -pa ss filte red, an d d own samp led to 30 Hz . To align p hot ome try a nd beha vioral data , tim es tamp s obta ined

from th e d epth se nso r we r e a lign ed to th e c lo se st tim est amp obtaine d fr om the TD T a cqui siti on. S e ssions w ith app aren t equi pme nt

failure or moti on a rt ifa c ts p rese nt in the refe rence c han nel w ere e xclu ded from fur the r a na ly sis.

Photometry and electrophysiological array data acquisition

Photom e tr y data we re col le ct ed thr ou gh th e T DT int erfac e d e scri bed above , w hile the e le c troph ysiol og ic al d at a w ere c oll ecte d a t

30 kHz th rough the sup p lie d In tan u ser inte rfa ce soft wa re. Tim e sta mp s for the ph oto me tr y data we re aligne d to the Intan d ata thr oug h

in terpo lation betwe e n b oth s ets of tim es tamp s. El e ctrop hys io lo gical d ata we re com mon a ve rage refer en ced o ffline prior to d own -

strea m a na lysi s.

Photometry and electrophysiological lag computation

Ele ct rophys io lo gic al data we re b andp ass filte red b et we en 300 a nd 3000 Hz ( 4 or der El lip tic b a ndpa ss filte r, 0. 2 dB r ipp le, 40 d B

attenu atio n) an d th e nu mb e r of th reshold crossing s abov e tw o sta nd ard d e via tion s fro m th e me an w ere smo othed t o p roduc e a mea -

sure of mul ti-u nit firing rate . Th ese filte red sig nals we r e use d t o c ompu te t he c ro ss- correl at io n betw een the mul ti-un it fi ring r at e a nd

photom e tr y signa ls.

Photometry data pre-processing

Photom e tr y d ata fr om th e g reen a nd red sili con p ho tomul tip lie rs we re c ollec ted a t 61 03. 52 Hz w it h 24 -bit sigm a -delta a na lo g t o

digita l conve rters. Th en data w ere de-mo dula ted o ffline b y mu ltip lyin g th e d igi tized raw sig nals w it h the a ppro pri ate in-p ha se an d

quad ratur e r efere nc e sinu soids (300 Hz a nd 550 Hz for the two excita tion L ED s) a nd t he n lo w- pass fi lte ring with a 4 o rde r But ter-

worth filte r ( 2 Hz cut off). A fte r d e mo du la tion, ph oto metr y d ata we re the n a nti-a lias filte red a nd resa mp led at the same rate as vid eo

acqu is itio n, 30 Hz. The b asel in e fl uoresc e nce c ompo ne nt F0 wa s es timate d u sing a 15 s sli d ing es timate of th e 10 perc e ntile. FD

wa s the n e stim at ed by sub tract in g th is base line . Fo r a lig nmen t to beha vior al chang epoints (i.e ., switc he s b e tween syll abl es,

Figur e 2 C) , p hot omet ry d a ta w ere h ig h-p a ss fi lte red with a 2 or d er Ell iptic filte r (4 0 d B attenu atio n, 0 .2 d B rip ple , 0. 25 Hz c uto ff)

to r emov e low -freq ue nc y conte nt. We not e th at t his resul t w as robust acro ss a va riet y of fi lter in g se tting s, a nd wa s a ls o a ppa rent

witho ut an y filte ring a t a ll. O nly ses sions w here t he 97 .5 perc en tile of F /F0 e xce eded 1% w ere inc lude d . Fo r the cal cu la tions show nD

in E, to a ccoun t for the la g b et ween p hot omet ry a nd electr ophysi olo gy sign als, s yllab le -a sso cia ted acti vity w as c on sid e redF igur e 2

from 50 ms befor e syll abl e onset to 50 ms befor e the o nse t o f the n ext sy lla ble . F in ally, for a ll sy lla ble -tri ggere d a verag es with

the e xce p tion o f th ose sho wn in C a nd D, to no rmaliz e for the d iff erent numb e r of tria ls inc lu ded in a ny g iv en plo t,Fig ures S 4 S 5

the a ve rage s we re z-sc or ed rel ative to t heir r es pect iv e tim e-shu ffled c ontrol s. T ha t is , for each a ve rage the me a n of the tim e sh uffle d

avera ges w as su bt racted and th en d ivi ded b y th e st an dard devi at io n of t he t ime shu ffled a verag es .

Photometry waveform distance

For com pariso ns of wa ve for m d ista nc e in C and 3E, a na ly sis wa s condu cted in t he sa me ma nne r a s the dec odin g an alysisFigu res 3

(se e b elow ). In b rie f, wa ve for ms aligne d to syll abl e on set w ere c lipp ed fro m sy lla ble o nse t to s yllable offse t, t hen li ne arly time wa rped

to a commo n tim e-ba se –20 s amp le s. As w it h the dec odin g a nalys is, to c omp ute wa vefo rm d is tan ce, b ot h z-sc or ed F/ F0 a nd theD

deriva tive o f this tr ace we re use d.

Pathway shuffle

The p ath wa y shuffl e show n in D wa s p erfor me d a s foll ow s. F ir st, the p at hwa y ide ntity for all singl e tr ia l syll able tr igge redF ig ur e 3

wa vefo rms w as p e rmute d . Th en, the sa me n umbe r o f tria ls tha t we nt into the a verag es for C w as use d fo r e ach p at hwa y.F igur e 3

Fina lly, t he c or rel atio n wa s com puted betw een p hoto met ry wa ve for m a nd beha vior distanc e fo r e ach p air o f syllab le s a s in Figur es

3C an d 3E. The proc edur e w as r e peat ed 1,0 00 tim es .

C ell , 4 4–5 8.e1– e8 , Ju ne 28, 2018174 e3

Page 19 of 33The Striatum Organizes 3D Behavior via Moment-to-Moment Action Selection

6/29/2018https://reader.elsevier.com/reader/sd/047A809AA355D75EC82A3E8EECE8856B881E08...



Decoding and held-out regression analysis

De c odin g of p hot omet ry d at a wa s p erfor me d u sing a rando m forest c lass ifi er (2000 t rees, max imum nu mb e r of sp lit s 1000 , min imum

lea f siz e 1) ini tia liz e d w ith unifor m p rio r prob a bilit ie s for each s yllable ID. A s w ith the c or rel atio n betwe e n ph oto me tr y wa ve forms a nd

b eh avioral d is tan ce, for eac h tria l w e use d the z- sc ored F/ F0 a nd t he d eri vat ive of th is t race as fe a tures. T he n, sinc e s ylla ble s coul dD

ha ve a va rie ty of d urati on s, wa ve for ms w ere c lipp ed fro m sy lla ble o nse t to s yllable offse t an d w ere li nearly tim e w arpe d to a c omm o n

tim e -base (20 s amp le s, s ame as th e c orre la tion a na ly sis). Q ualita tively sim ilar r esu lt s we re found whe n sim p ly c lipp in g the wa ve fo rms

fr om syll able on set t o 300 ms a fte r syll abl e o nse t with no time wa rpi ng, thou gh th e b est p e rfo rman ce wa s obser ve d us in g tim e wa rp-

ing alon g with com bining both t he z-sc or ed F /F0 an d d e rivat iv e traces; the hit r at es r epor te d r e prese nt the per forma nc e o f thisD

p arti cu la r vari ant . D ecod ing accu racy wa s th en as ses sed u sing t he av erag e hit r ate me as ured using a five-fo ld c ro ss valida tion

(i.e ., the numb er of c or rect cla sse s p redic ted ou t of t he t otal numb er of p redic tions) . Not e t hat simi lar p erforma nc e w as obser ve d

us ing a lter na tive cla ssific at io n a lgor ithm s, includ ing Naive Ba ye s. Syllab le lab els we re c lu ste red using aggl ome rati ve clus teri ng

with comp let e li nkage . Cl uste rs were fo rme d us in g a distanc e c uto ff in s teps o f 0.1 fr om the mi nimu m t o the max imum li nkage d is-

ta nc e (e .g ., in A fro m 0 t o 2). He ld- out regressi o n of b ehavi or al dist ance ( F ) wa s set up in a n id e ntical ma nn er, exce p tF ig ure 3 Figur e S 5

we use d rand om for est regressi o n. Be ha vioral distanc es we re define d a s th e c omb in ed distanc e o f a g iven s yllab le fro m s yllab le 1

(h ere th e r efere nc e s yllable d oes not ma tter , c omb ine d dist ance w as constr uc ted us in g the LA S SO regr ess io n c oef ficients in Fig-

ur e 3 E, se e b elow ). All para met ers for the regr essio n we re the sa me with the exce pt io n of mi nim um lea f siz e, which wa s se t to 5 .

Sequence Modulation

T he st atist ic al sign ifi canc e o f s eque nce mod ulatio n wa s te ste d using the same time wind ow t ha t wa s use d for imagi ng data –syll abl e

o nse t to 3 50 ms a fter on set (see b elow ). He re, w e c omp ared the me an a b solute diffe renc e in a ve rage wa vefo rms fo r high and low

p ro babil ity se q uen ces (50 p erce ntil e cut off) t o th e same d iffe renc e c omp ute d for contr ols wh ere t he se quenc e prob abi liti e s

we r e shu ffle d (n = 1, 000 sh uffle s).

Histological examination and cellular counting

Mi c e use d fo r th e tw o-co lo r p hoto metr y we re p erfuse d fir st w ith PBS an d th en 4 % for mald ehy de, a nd 5 0 m c or onal s ecti ons w erem

c ut on a vibr a tome . S lic es w ere p la c ed und er a c onfo cal mi c ros cope with a 40X/1 .3 NA o il o bjective , a nd t ile d z sta c ked im ages w ere

a cqui red . Ce lls tha t w ere lab ele d with only r ed, on ly gr een, an d both fl uorop hores we re ma nua lly c ount ed, and e xpre ssion fre-

q ue ncie s we re reco rded .

Mi ce us ed for the lesion expe rim e nt we re a ls o p erfuse d firs t with PBS a nd the n with 4% p a raforma lde hyd e and 50 m c or onalm

se ct io ns we re c ut on a v ib rato me. S lic es we re st aine d with an tibo dies for g lia l fibril la ry a cid ic p ro te in (GF A P; A bcam; a b4 674,

1/ 1000 d ilut io n) a nd Neu N (A bca m; ab10 4225, 1/ 100 0 d ilut io n) t o visu aliz e t he exte nt of the les io n. Slice s w ere ima ged using an

Olym p us VS 120 Vi rt ual S lide Micro sc ope.

Imaging experimental methods and analysis

Miniscope data processing

Da ta we re acqu ir ed a t a r ate of 30 Hz, and tim es tamp s we re align ed to th e ne are st dep th se nso r tim es tamp for beha vio ral a na lysi s.

In scopix nVi sta so ftwa re wa s use d to c oncat enate expe rim e nta l r ecor ding s fro m a sing le se ssion. The data we re moti on cor rec ted

a nd s patiall y down s amp le d b y a factor of 4 a nd c e lls we re extra c ted using the con str aine d no n- negat ive mat r ix fa ct oriza tion fo r mi-

c ro endos copic d a ta ( CNM F-e ) a lg or it hm ( ) . Extr acte d d a ta u nderw en t a ma nua l e xcl u-Pn evma tika kis e t al., 201 6; Zho u et a l., 2018

sion crit eria to r emo ve no n-n eu ral o bjects. Only o ne se ssio n per a nim al wa s in clud ed for downst ream a nalysis, so tr acking of ne urons

a cross s ess io ns wa s no t nece ssa ry. Raw CN MF -e trac es w ere use d for a ll a na lys is . Fo r C, a n eu ron w as c on side red a ct iv e ifFigu re 5

its a vera ge F /F 0 exce e ded t wo S Ds a bove the me a n. To bette r visu aliz e til in g p atter ns in singl e tria ls fo r D, the data in t hisD F ig ure 5

p an el we re firs t smoo the d with a 0. 5 Hz low -pa ss filte r, a nd the tria l- av erag e im ages w ere smo othed w ith a 2 D Ga ussia n filte r (3 p ixel

st anda rd devi at io n).

Two-photon and single photon image cross-registration

In a sub se t of mi ce, GCa MP 6s wa s e xpre sse d in all SPN s wh ile dTom at o wa s co-e xpre sse d in d S PNs. A c usto m-b uilt 2 -phot on (2P)

mi crosc ope w as use d p ost h oc t o regist er dSPNs w ithi n the field- of-v ie w (F OV) o f t he mi nisc ope r ecor ding s. Mi c e we re aw ake a nd

he a d-fixe d duri ng 2P d ata acq uisi tio n. A z sta c k wa s ta ken acro ss 15 0-2 20 m of tissue . Ea ch frame wa s smoo the d w ith a me d ia nm

filte r a nd avera ged to gene rate a te mpla te im age. Then, a t lea st 4 r efere nc e p oints we re s ele cted in b ot h the 2P te mp la te ima ge and

mi nisco pe d at a t o c omp ute an a ffine tr ans form to ma p fr om t he mini sc ope FO V to t he 2P FOV (sho wn in B) . A fte r th is ,F igur e S6

d SPN s and iS PNs we re h and- picked a c cord in g t o a c on serva tive red/ gr een sig na l overla p thr esh old. A c e ll w as c onsid ered a

d SPN if the re w as red/ gr een overla p t hat e xce eded this th reshold , w hile a c ell wa s consi d ered an iS P N if it only e mit ted gr een fl uo-

r esce nce. G Ca MP 6s wa s e xcit ed with 94 0-10 00 nm. d To mato wa s excite d a t the highe st S NR wa ve le ngt h foun d d uring acqu is it io n,

a t 940- 104 0 nm. F or t he c ro ss- correl at io ns b etwee n d SPN s a nd iS PNs s how n in A, we inc lude d only tim e p oint s whe re theFigur e 6

a nim al’s 3D velo city e xcee d ed th e 50 p e rcent ile (a lt houg h s ig nific ant d ecor relati on s we re o bserv ed a cross ne arly a ll b e hav io rs

e xcep t wh en th e mou se w as st ill or n early stil l). P au sin g syll abl es inc rea se th e inte r- and intr a-pa thw ay c or relati on s du e to t he o ve rall

lac k o f acti vity obse rved w he n ima ging b ot h pathw ay s at t he sing le c ell le ve l d uring stillne ss; note tha t p at hwa y dec orrela tions w ere

st ill obser ve d d uring the e xpr essio n of slow s yllab le s in data obtaine d u sing p hot omet ry, which avera ges a ctivity a cross hund reds to

th ousand s of n eurons .
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Decoding of calcium imaging data

For deco d ing of mi nisco pe cal cium im aging data , the F/ F0 t race for e a ch ne ur on w as a ve rage d fr om each syllab le ons et to syll ableD

offse t (syll abl e b inni ng) . Then, neu rons acro ss mi ce we re me rg ed by inc lud in g resp onses to syllab le s with a min imum nu mbe r of t rials

for a ll ne ur ons ( in t his case 15). The me r ge w as u sed to form a ps eudo- popu la tion o f ne urons b y in clud in g the 15 t rials o f e a ch n eu-

ron’s r espon se to e ach sy lla ble tha t met this c rite rion, so the numb er of tr ia ls p er syll able wa s b a la nc ed. T his resul te d in a fe at ure

ma tr ix w it h 15 x n(sy lla bles ) o bser vat io ns a nd n( neu rons) dimen sio ns. A r andom forest using the s ame p arame te rs as with the

photom e tr y d at a ( 2000 tree s, 1000 max imum splits, mi nimu m lea f siz e 1) w as the n trai ned u sing 5- fold c ros s-val ida tion, a nd as

with t he p hoto metr y d e coding , p erfor manc e is r epor te d as perc e nt c or rect –perc e nt s yllab le lab e ls p redic ted c or rect ly ou t of all

pred ictio ns.

To com pare the p erforma nc e a s a func tion o f numb er of n eurons in the ps eudo- popu la tion , we rand oml y sa mple d n eurons 100

times w ith out repla cem ent with a va ry ing numb e r of s amp le s fr om 10 to 6 00. For com pariso ns b et we en d S PNs , iSP Ns, and b oth

neu ron typ es, we use d t he sa me numb er o f ne urons, a nd equa l numb ers of iSP Ns a nd dSP Ns we re sa mp led to c rea te a b alan ced

dual -pat hwa y p opul at io n. F or exam p le , t o c omp are p erfor manc e for n = 3 00 ne urons, we com pare d n = 3 00 d SPN s w it h n = 3 00

iS P Ns or n = 15 0 d SPN s and iS PNs (for a to tal of 30 0). Da ta we re p oo le d fro m n = 4 Drd1a -Cr e mic e an d n = 6 A 2a -Cre mi c e,

with th e nu mb e r of neu rons per mo use ranging fro m 2 7-3 36.

A ddi tiona lly, to t est the consi ste ncy of d ecod ing p erfor ma nc e a c ros s mice , we tr aine d d ecod e rs o n d ata fro m in dividu al mi ce to

clas sify syllab le ide ntity. Her e, w e o nly use d mi ce with mor e t han 50 ne urons in the ir fiel d of v ie w, a nd rand oml y samp led 50 ne ur ons

witho ut repla cem en t 10 tim e s an d a sse sse d p erfor manc e using 5 -fold cross- va lid at io n. A gai n, a rand om for es t cla ssifie r wa s us ed

with the sa me p arame te rs t hat were u sed for dec odin g fro m pool ed d ata. F or t he A 2a -Cr e a nim als (n = 4/6 with mor e t han 5 0 ne u-

rons), w hen clas sifyin g a ll 42 sy lla ble s, the d ecod er achi ev ed 8.35 perc en t accu racy o n av erag e (8. 06- 8.6 5 perc e nt, 95 perc en t boot-

strap confid en ce in terva l; chanc e p erfor manc e w as 2 .5% ). Fo r th e Dr d1 a-C re anima ls ( n = 3/4 ), a vera ge a c curac y wa s 10 .21 p erce nt

(9.8 1-1 0.67 perc e nt, 95 p e rcent b oot strap c onfi denc e inte rv al). Thu s, perfo rma nce wa s not s ub sta ntiall y d iff erent fro m dec oder s

trai ned on data pool ed a cross a nim als us in g a simil a r numb er of ne ur ons ( H a nd C).Figu res 5 6

To deco de se qu ence p ro bab ili ty fr om the mini sc ope c a lc ium ima ging d a ta, we s imp ly me r ged ne urons fr om the ent ir e d at aset into

a p se ud o-p opul a tion a nd r epl aced s ylla ble lab e ls with a 0 or 1, indic at ing w het her e ach sy lla ble wa s in a lo w o r hig h p ro babil ity

seque nc e, r e spect iv ely. A s with deco ding of syll abl e ide ntity , the F/ F0 tr ace fo r e ach ne uron wa s a verag ed fro m e a ch sy lla ble o nse tD

to syll abl e o ffset . De coding effi cie ncie s we re comp ute d for mul tip le sub se ts of th e d at a, inc luding abov e a nd b elo w the 50 perc en -

tile for both inco min g a nd o utg oing tr an siti on p ro babil ities, and for the top an d b ott om 40 p erce ntil es and 30 p erce ntil es; perfo r-

ma nc e inc rea sed fro m 70 p erce nt a ccur acy to 80 p erce nt a ccur acy a s the se para tion betwe en wha t wa s c ons id e red low and high

prob abi lity p ro gr ess iv ely incr ease d. De coding w as p e rfo rmed using a sup p ort vecto r mac hine with a 3 o rder pol ynomi a l ker nel, a nd

accu racy w as a sse sse d using 5 -fo ld cross -val id a tion.

Decoding cell type using response properties

For dec oding the mol ecul ar ide ntity o f neu rons reco rded fro m a nd mi ce, w e us ed the followi ng featur es: (1) th eDrd1a-Cre A2a-Cre

Pear son correl at io n coeffi cie nts b et we en e ach ne ur on’ s time- course an d a ll sc ala rs inc lude d in B, and (2) th e tr ial -a ve rage dF ig ure 2

respo nse to e ach of 4 2 syll ables, fr om syll abl e o nse t to sy lla ble o ffse t. A rand om for est c lass ifi er (200 0 trees , min imu m le af siz e 1 ) wa s

the n trai ne d to p r edict w het her a ne ur on c ame from a or mo use base d on either a featur e se t with jus t (1), jus t (2)Drd1a-Cre A2a-Cre

or (1 ) an d (2) comb ine d. T o inc lu de pred ictio ns of va ry ing confid e nce leve ls, we use d t he p ro bab ili ty tha t a neu ro n wa s ass ig ne d to a

partic ular cla ss fr om the r andom fo rest c lass ifi er. F or ins tan ce, a t a confid e nce th reshold of 0 .6, we only inc lud ed p redic tio ns a s-

signe d a p ro bab ili ty of 0. 6 o r hig he r w he n c alc ulating p erce nt corr ect. Perfo rma nce w as as ses sed u sing 5 -fo ld c ro ss v alida tion.

The same p repr ocess ing pip eline and c la ssifie r w ere us ed for deco ding the mo lec ular ly id e ntity of s imul ta ne ous ly r ecor d ed dSP Ns

and iSP Ns, with t wo d iff erenc e s: (1 ) give n th e sma ll s ize of th e d a tas et of sim ultan eousl y r ecor ded n eu rons (n = 92) r ela tive t o the

numb er o f featur es (n = 42 fo r the syll abl e-ba se d fe at ures), each featur e ve ct or w as c omp resse d u sing P CA, retaini ng the minim um

numb er of com pone nts r equi red to a ccou nt for 90% of the va ria nce, ( 2) for the sa me r easons we use d 1 00 tr ees inste ad of 2000.

Identifying significant relationships between syllables and single neuron activity

For eac h neu ro n an d sy lla ble p a ir , w e e stim at ed the area und e r the rec eive r o pera ting c ha ract erist ic c urve (A UC ) an d e valua te d its

signi fican ce thr oug h shuffl in g the syll abl e lab e ls a nd repe at in g the cal cula tion 10 00 tim es . A n euron- syll abl e p air w as c on side red sig -

nificant fo r p < 0.0 5 acc ording to the shuffl e te st. Then, t o dete rmi ne the relia bilit y of e ach ne uron- syllab le pai r tha t p as sed this te st,

we comp ute d the numb er of sing le tr ia ls for whic h the ne uron’s p e ak F/ F0 e xcee d ed 1 S TD a b ove the mea n.D

Sequence modulation index

To q ua ntify th e d egre e t o wh ic h se q uen ce conte xt imp acte d t he a c tiv it y of a give n ne ur on, we d e rive d a sim ple mo d ula tion in dex.

First w e a ve rage d e ach ne uron’s acti vity to e ve ry inst ance o f a g ive n sy lla ble fr om syll abl e o nse t to 3 50 ms aft er syllab le ons et, whic h

wa s chose n since it app roxima te s the mod al du rati on of sy lla ble s in our mo del . Th en, as w it h the photom e tr y data , we com puted the

like lih ood of inc omi ng a nd outg oing t ransi tions fo r e ach syll abl e, and sp lit into lo w a nd h ig h lik elihoo d g roups u sin g a 5 0 p erce ntil e

cut off for both; t hat is , if the t ransi tion p ro bab ili ties coming in and lea ving a syll able insta nc e e xcee d s the 50 perc e ntil e c utoff, it is

consi dere d a high li keliho od seque nc e, if th e sa me p ro babil iti es a re both b elow the ir resp ecti ve c uto ffs, th e insta nc e is c ons id ered a

lo w li keli ho od seque nc e. T he se g ro up la bel s are shuffle d , a nd t he ir diffe rence is c ompu te d 10 00 tim es to c reat e a null distr ib ut io n.

The mea n a nd sta nd ard d ev ia tion of this d istr ib ution is use d t o z- score the obse rved diffe rence , s how n in I. Cell s tha t a reFig ure 5

grea ter tha n or less tha n the null dist ribu tio n fo r mor e t han 95% o f the rand omi zatio ns a re consi dere d signi fican tly mod ulated .
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Motion Sequencing (MoSeq)

Motion sequencing overview

Mo tion S eque nc ing (MoS e q) is a catc h-al l te rm for a c omb in ed mac hine v is io n an d mac hine le a rning s yste m tha t au toma tica lly id en-

tifie s b eh avio ral mot ifs and the or der in w hich t he y occur ( ) . In b rie f, th e te ch niqu e wo rk s as follows: mice a reWi ltsc hko et a l., 2015

p la c ed in an a p para tus ( in this c ase, a circul a r ope n field), and th eir 3D pose d yna mi cs a re mea sur ed a t 30 Hz thr ou gh th e us e of a

d epth c a me ra (h ere, the Kin ect 2, Micro soft ). Mo Seq seeks to q ua ntify ho w th ese p ose dy namic s c han ge as t he mo use freely e x-

p lo res, a nd so p re-p ro cesss in g code au toma tica lly id en tifies the mo use in the a rena , c en ters the mous e in an 80 80 p ix el sq ua re,3

a nd t hen aligns th e mou se’s no se to the right a nd ta il to t he le ft. A ll p ro cessi ng is th en d one on t his aligne d a nd crop ped s et o f ima ges,

in wh ic h th e mou se is c on tinua lly a lig ned a lo ng t he v ir tua l axis o f its sp ine.

In th e c as e of s imul ta ne ous n eu ral r ecor ding s, e it her thr oug h ele ct rophys io logy, fiber ph oto me tr y or throug h calci um ima ging , a n

a ddi tiona l c omp lex ity occur s: th e mou se w ears s ome so rt o f ‘‘ hat ’’ t hat partia lly o bscur es its h ead, and the re is a fi ber c omi ng ou t of

th e ‘‘hat’’ th at swings as the an ima l freely b e hav es, thus va riabl y obsc uring the a nimal s fro m the dep th c ame ra p la c ed abov e. To

a ddre ss th is c ha lleng e, t he u pdat ed ve rsion o f MoS eq desc rib ed he re id en tifies the h ats and cab le s, s ubtra ct s the m fr om the image

o f t he mo use , a nd the n rec onst ructs th ose mis sin g p ixels t hrough p r obab ili stic PCA .

A fter fill in g in miss in g pix els, t he Mo Seq a lgo rithm the n ta kes the 80 80 p ixe l a lig ned movi e s of e ach mous e, and perfo rms P CA3

o n this high -dime nsion al data str eam to low er the dimen siona lity of the data tha t is bei ng a na ly zed. Not e th at t his PCA proc edur e is

o nly perfo rmed to ma ke the sub seque nt c omp uta tions e as ie r; MoS e q retur ns sim ilar r es ults whe n fe d r aw p ixe ls , a lth oug h at s ig nif-

ica nt c omp uta tiona l cost.

Th ese PCA - reduc e d 3D ima ging d at a a re the n fit to a g enera tive mo del for mo use b e ha vio r th rough th e use of c omp uta tiona l infe r-

e nc e te ch nique s. T he mo del and fitt in g p roce dure us e r egul aritie s in the data t o a utoma tica lly d isc over, in a ny b eh aviora l d at aset, t he

o ptima l nu mb e r of b eh avio ral sy lla ble s, the ide ntity o f each o f the se b e hav io ral sy lla ble s (in te rms of th e sp eci fic pose tr aje ct ories tha t

d efine e a ch sy lla ble ) and the frequ en cy w ith which each s yllable transi tion s from o ne t o the oth er. MoS e q a ls o lab els th e d atase t tha t

wa s us ed for t rain in g: fo r e ach fram e o f 3D d at a, MoS eq ide ntifie s the most like ly beha vior al syll abl e to be expr es sed. T hus Mo Seq

ta kes a s it s in put 3D im aging data of mice , a nd r etu rns a se t of b ehavi or al syll abl es t hat chara c teri zes th e e xpre sse d b eh avior of th ose

mi ce, a nd the st atistic s th at g overn the o rder in whic h th ose syll abl es we re expr es sed in th e e xper iment . Whi le MoS eq ha s b e en

d es cribed p r eviou sly, the main advan ce he re is to bu ild e xtensi ons to this te chn iq ue tha t affo rd b etter im agin g (a s the Ki nect 2

ha s bette r spatia l resoluti o n th an the o rigina ll use d Kin ect fo r Wi ndows) , a nd tha t enab le s imul ta ne ous ne ural r ecor ding s. See

F ig ure S 2A fo r a sc hema tic o ve rvie w of th e c ur rent Mo Seq p ipe lin e.

Motion sequencing

De p th d ata we re mod eled a s in w it h mod ifi cati ons t o acc omm odat e im agin g with th e Ki ne ct 2. First , raw d epthW iltsc hk o et al. (2 015)

fr ame s we re colle cted fr om a M ic ro soft Ki ne ct V2 , moun ted abov e th e a rena, using c ust om acq uis it io n soft wa re written in C#. F ram es

we r e c ollec ted at 30 Hz , a nd e a ch fr ame wa s comp os ed of 512 4 24 p ix els, w he re each p ixe l c ont aine d a 16- bit inte ger sp e cifying3

th e d is tan ce of tha t p ix el fro m t he s ens or in mm . A fte r eac h se ssion, frame s we re gzip c omp resse d a nd move d t o an other c omp ute r

fo r offl in e a na lys is .

If no cable was prese nt, the mo use ’s c en te r an d o rien tatio n we re fou nd us in g an ellipse fit. O the rw is e, a sim ple t rack in g mod el wa s

us ed to ma int ain th e mou se’s posi tion in the pres e nce of no is e in the dep th im age . T he mo del a ssu mes th at t he mou se’s b ody in t he

d epth im age is we ll fi t by a 3D G au ssian w it h full c ovaria nc e (x , y, a nd heig ht fro m t he g ro und ). F or e ach fr ame , the mea n an d c ovari-

a nc e of th e mo del w ere ini tiali zed using the fit fro m the previo us fram e a nd the n refine d u sing e xpec ta tion ma ximiza tion, whic h wa s

r un unt il the imp ro ve me nt in li keliho od fell b e lo w a t hresho ld va lu e. The lo g-like lih ood we ighte d pixel s we re u sed to t hen est ima te t he

mou se’s cente r a nd orienta tion w it h an e llip se fi t (sim ilar to the case w it h no c abl e) . Then, a n 80 8 0 pixel box wa s draw n a round t he3

mou se, and the mous e wa s ro ta ted to fa c e the rig hthand s id e . Nex t, if the trac king mod e l w as us ed, mi ssing p ixe ls w ere id ent ifi ed by

th eir li keliho od acco rdi ng to t he G au ssian mo del . Low -like liho od pixel s we re treat ed as mi ssing data a nd prin cip al com ponen ts (P Cs)

a re comp ut ed using p ro bab ili stic P CA ( ). I f the e xpe rim ent had no o ccl ud ing arti facts in th eRow eis, 1 998; Tippi ng a nd B ish op, 199 9

d epth vid eo (a ll expe rim e nts th at d id no t req uire tether ing th e a nimal ), st anda rd PCA wa s use d. Fina lly, fram es w ere p ro je c ted ont o

th e fir st 1 0 PCs, for min g a 10 d ime nsion al tim e s eries tha t d es cribe d t he mo use ’s 3D pose traj ector y.

Th ese d at a w ere use d t o tr ain an au toreg ressi ve hidd e n Ma rkov mo del (AR -HMM ) w it h 3 la gs to cluster mous e b eh avio ral dy-

na mi cs in to disc rete ‘‘syllab les ,’’ w it h st ate n umbe r au toma tica lly ide ntifie d thr oug h t he use o f a hie rarc hica l Diric hlet p roce ss.

Ea ch sta te wa s c omp rise d of a vecto r a uto regr es siv e proc ess tha t capt ures the e volution of the 10 P Cs o ver tim e . T he mod el

wa s fit using Gibbs samp ling a s d es cribe d in u sing freely avai la b le so ftwa re (Wi ltsc hko et al. (20 15) h ttps:/ /g it hub .com /ma ttjj /

p yb asic baye s). Mod el o utput wa s inse nsiti ve to a ll b ut two hyp e rpar ame te rs, whic h w ere s et using uns uperv is ed te ch nique s for

d et ermining the le ngt h sc ales fo r d iscr et e b eh aviors a s in . Due to differ en ces in mouse sha p e a nd siz e , a lo ngW iltsc hk o et al. (2 015)

with differ en ces in equi p me nt a ttac hed to t he mou se, a se p arate mod el wa s fit to e ach expe rim e nta l c ondi tion: NM DA le sions , Drd1a-

Cre A2a-CreDL S p hot ome try, DLS p hoto metr y, NA c c p ho tome try, an d mi nisc ope im agin g.

Syllable Cross-Likelihood Computation

In orde r to d emon str ate th at the sta te s disc ov ered b y th e A R-HMM (au toreg ressi ve hidd e n Ma rk ov md oel) desc ribed mea ning ful

st ructur e in the data , w e e stim ated h ow w ell, on a ve rage , e ach sta te ’s A R par ame ters can d es cribe d a ta se gme nts a ssign ed to o the r

st ates. T his as ses ses h ow li kely t he mo del is to conf use two give n syllab le s b ased on th e sim ilarity o f the ir 3D p ose tr ajecto ries o n a

e6 Cell , 44– 58. e1 –e8, Jun e 28, 2018174
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tria l fo r tr ia l basi s. Cr oss-lik elihoo ds n ear o r abov e 1 ind ica te one sta te c an expla in a no the r. Cr oss -lik eliho ods we ll bel ow 1 in dic ate

one sta te does n ot e xpla in a not her we ll. For d etai ls see .Wi ltsc hko e t a l. (20 15)

Behavioral usage and transition matrix analysis

Syllab le u sage w as c alc ulated by su mming the numbe r o f occur renc es o f each s yllab le an d d iv id ing b y tot al syll abl e usa ge acr oss a

reco rdin g se ssion, c onvert in g syll a ble usa ge int o a perc e nta ge. T he n umbe r of syll abl es use d fo r e ach a na ly sis wa s base d on t he

syllab le usa ge acro ss a ll se ssions w ithi n a c ondi tion. Sylla ble u sage w as c ut off a t 1% u sage ( ) for all c on dition s,Wiltschk o e t al., 2015

resul ting in 41 s ylla ble s in both the lesion and D LS p ho tome try e xpe rim ent s, 42 s yllable s in the Insc opi x expe rim e nts, 27Drd1a-Cre

syllab le s in the NAc c e xpe rim ent s, a nd 3 2 syllab le s in the exp e rim en ts. T ransi tion ma tric es w ere c alc ulated b y c oun ting theA2a-Cre

total nu mb e r o f occ urren ces s ylla ble A tr an sit io ns int o s yllab le B (for a ll s ylla ble s). Be hav io ral dist ance s use d in C we reF ig ur e 7

comp ut ed by e stim a tin g th e d iffe renc e in p rinc ipa l comp on ent traj ector ies o ve r the tim e c ou rse of e ach syll abl e. Mor e sp e cifica lly,

the Eu clide an distanc e b e tween t he fi rst 10 p rinc ip a l c omp onents fo r t he fi rst 600 ms a fter syll abl e o nse t wa s use d a s a beha vioral

distanc e me tric . Th e me dian beha vioral distanc e va lue was use d fo r com pariso ns with in c on dition s and b etwee n c ondi tions fo r the

same syll abl e, and b etwee n sy lla ble s acr oss a ll c ondi tions . Not e th at this beha vior al d ist ance metr ic is a se para te distanc e me tr ic

from Mo Seq -base d beha vioral dist ance s (se e b elo w), and use d spec ifi cal ly in C.F igur e 7

MoSeq-based behavioral distances

In or der to ask whe the r sim ilariti e s betw een wa ve forms o r ne ur al en semb les c or respo nd s to sim ilariti e s in beha vior, we e sta b lish ed a

me tr ic to a sse ss ho w sim ilar o r diffe rent e ach b ehavi or al syll abl e is fro m every o the r b eh avioral syll abl e. Impo rtantly, each b e ha vio ral

syllab le is c le arl y dist inc t fr om e ach o the r (se e B) ; a lt houg h in tw o-d im ens io na l r epr esenta tions the se differ e nces c an beFigur e S 2

hard t o app recia te (in no small part b e cause beha vior occur s in 3D), fro m a math ema tica l p e rspec tive and in 3D mov ie s e ach syll abl e

appea rs d is tinct , whic h sug gests th at o ne c a n derive suc h a me tric for b eh avio ral sim ilarity o r d iff erenc e . To d o t his, we too k a dvan-

tage o f the fa c t tha t MoS e q ide ntifi es a mea n 3D p ose tr ajecto ry (a nd the vari ance fr om tha t me an) t hat is a sso cia ted with e ach b eh av-

io ral s yllable . T his pose traj ector y is en caps ulated by the aut oregr es siv e p ro cess t hat desc ribes e ach syll a ble.

We the refor e a sse sse d the sim ila rity o f b ehavi or al sy lla ble s using the d ist ance betw een sim ulat ed tr aje ctories d eriv ed fro m the

aut oregr es sive ( AR) c oef fici ent s fit to th e d at a. The dy namic s of t he A R c oef ficients for each of the 10 p r inc ipa l com ponen ts (P Cs)

we re c omp ute d o ve r 10 tim e ste ps (c or resp ondi ng to 300 ms), and rep resen t tha t syll abl e’s proto typ ic a l 3D pose d yna mi cs. The tra-

je ct or ie s we re ini tiali zed fro m the avera ge sta rt in g p osition of the 10 P Cs for e ach syll abl e. The corr ela tion d ista nce (1- r, whe re r is

Pear son ’s r ) wa s the n c omp ute d b e tween each AR t rajec tory for all syllab le s.

LASSO regression

LASS O regr es sion ( E) wa s p erfor me d u sing Mo Seq d ista nce b etwee n a ll syll abl es ( A ), a long with the c orrela tion d is -F ig ure 3 F igur e 3

tan ces for heigh t, a ngle , a nd 2 D ve lo city a s p redict or s, a nd t he w avefor m distanc e ( C) a s obse rvati ons ( ). Th eF ig ure 3 Tibs hir a ni, 1996

final c oef fici en ts we se le c ted mi nimize d t he 1 0-fo ld c ro ss-v alida te d me an s quar e e rror on th is d a tas et.

Striatal lesions experimental methods and analysis

Information theoretic analysis

En tropy rate wa s cal cu la te d u sing t he s tan dard for mul a o ver b ig ram prob abi liti e s ( ). Jense n- Shanno n d iv er -W iltsc hk o e t a l. , 20 15

gence , a symm et ric d ista nce mea sur e b et we en p ro bab ili ty d is trib utions ( either us age d is trib utions and fir st or der t ransi tion d is trib u-

tions) , wa s c alc ula te d a s d e scribe d in .Lin ( 1991)

Trimethylthiazoline (TMT) exposures

Mice w ere su bje cted to on e ope n field se ssion c on sis ting of a 3.5 cm Petr i d ish with a pie ce of filte r p ape r insi de a s a c ontrol for novel

objec t in teracti on s. In the c on trol a nd odor expe rim en ts, t he d ish w as s ealed and ho le s we re d rilled in t he t op to p ro mo te odor e x-

chang e, b ut to p reven t dir ect inte ract io n with th e o dora nt. 2 5% T MT d ilute d in d ipr opyl en e glyc ol wa s p rese nte d o n a p iec e o f filter

paper w it hin the Petr i d is h du ring th e ne xt o pen fiel d s essio n (odor expo sure se ssion) . In th e p hoto met ry e xper ime nts, to sh ow p ersi s-

ten ce in syllab le en coding b e tween vale nce sta te s, fl uoresc e nce signa ls we re com pare d b e tween odor a nd contro l s ess io ns. I n the

le sion expe rim en ts, to sho w diffe renc es in o dor-re la te d b e hav io r in lesio ned mice versus sh am mi ce, a nim al p ositions w ere

comp a red b et we en odor a nd c ontrol se ssions . T o d etermi ne the amo unt of tim e s pent c lo se to t he o dor s ource in the lesion odor

expo sure e xper ime nts, we counte d the numb er of fram es the mouse wa s with in 10 c m of the P etri dish ( Eu clide an distanc e) .

QUANTIFICATION AND STATISTICAL ANALYSIS

Binning

For all corr elat io n a nd d e coding a na lysi s ( C –3F , , a nd ) in or der t o c ontrol for Mar ko via n d epe ndenc ie s in th eFigu res 3 5F –5H 6B –6 D

beha vior itse lf tha t c ould imp act o ur a na lysi s, w e o nly consi d ered ne ural a c tivi ty fro m syll able o nse t to s ylla ble offse t. Speci ficall y,

photom e tr y data we re c lip ped fro m syllab le on set to syllab le o ffset and li nearly t ime wa rpe d t o a com mo n t ime base a nd c a lc ium

traces in t he singl e cel l data we re a vera ged fr om on set to offse t ( for deta ils s ee rel ev ant se ction s a bove ). No te t ha t we a ls o til ed

bin siz e s to comp ut e ne ur al b ehavi or al r ela tionsh ip s a t d iffe rent o ffse ts, w ide ne d a nd na rrowe d t he bin siz e it self, an d c ons id e red

wa rped an d unw arpe d data a c ros s tho se b in siz es. In all case s, th e sp eci fic choi ce of bin siz e did n ot su bst ant ia lly a ffe ct a ny r esu lt s

in the paper.
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Statistical comparisons

S ta tisti cal com parison s we re no n-pa ram etri c, exce pt io ns a re mar ked thr oug hout the man usc ript . Exc e pt whe re not ed, e rror bar s

ind ic a te b oo tstrap st anda rd erro r (10 00 b oo tstrap s) a nd mu lt ip le c omp ari son c or rect io ns w ere a ppl ied using the Ho lm-B on feronn i

st ep-d ow n proc edur e w here appr opria te.

DATA AND SOFTWARE AVAILABILITY

A ll c ode r ela ted to Mo tion S e quenc ing w ill be mad e a va ila ble upon req ues t (se e fo r d ow nloa d instr uc tions) . Da taw ww. datta lab .o rg

r elat ed to t his study w ill also be mad e up on r eason able req ue st to the Lead Conta c t ( ) .sr datta @hm s.har vard. edu

e8 Cell , 44– 58. e1 –e8, Jun e 28, 2018174
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Supplemental Figures
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Figure S1. Two-Color Photometry in an Open-Field Environment, Related to Figure 1

(A) Sch ematic o f photometry set-up. A cu stom p rogrammed d igi tal si gnal p rocessor was used to mo dulate th e freq uency of th e tw o exci tation w avelengths, an d

fluorescence emiss ion was fil tered an d decomposed i nto the resu ltin g p hotometry si g n als.

(B) C oronal schematic of vi rus injection and optical fib er placement si tes.

(C) Coronal co nfocal i m age o f striatal ti ssue after i nfection w ith Cre-On jRCaMP1b and C re-Off GCaMP6s; scale b ar, 100 m.m

(D) Mean p roportio n o f each cel l categ ory (both GCaMP/jRCaMP expressing, yel low ; GC aMP expressing, g reen; jRCaMP exp ressing, red , n = 5 tissue slices from

n = 1 an imal). Error b ars indicate 95% bootstrap co nfidence i nterval.

(E) Left, correlat ion b etween th e red an d g reen emi ssion channels with ei ther: (1) the b lue LED on o nly (GCaMP6s excitation), (2) the l ime L ED o n only ( jRCaMP1b

excitatio n), o r (3) b oth L ED s on w hile reco rding from b oth green an d red cre-indepen d ent calcium i nd i cators. The absence o f corre latio n when only o ne exci tation

source i s activated indicates th e absence of cro sstalk in the system. Right, averag  e correlation b etween flu ores ce nce an d firing rate, depicted fo r each i ndicator

and the referen ce ch annel. The reference w as esti mated b y calculating the red emission d ue to blue l ight excitation (i.e., fil tering for th e blue L ED freq uency on th e

red emission channel), whic h we assu me to be d ue to au tofluor escence of b rain tissue and n ot fro m fluorescence of ei t h er G CaMP6s or j RCaMP1b ( Croce an d

Bottiroli , 2 014) . H ere, an y residual bleed- through from G CaMP6s emission on the red ch an nel fro m blue l ight excitation was remo ved u sing stan dard b lind source

separation tech niques (FastICA (H yvä ri nen, 1 999) ). This reference w as not subtracted from o ur si gnal for an y other analyses, b ut is i nclude d here to d emonstrate

the mi nimal co ntribution of mo vem en t arti facts to th e syl lable o nset-triggered signal. Error bars i ndicate bootstrap SEM.

(F) Syllable onset triggered averag e o f th e reference si gnal ( top ) an d i ts derivative (bottom). Light gray i ndicates tim e-s h uffled 95% confidence interval of th e

reference signal. T riggered averages of th e GCaMP an d j RCaMP si gnals are shown in main text C. For th e averages, shadi n g i ndicates b oo tstrap SE M.F igure 2

(G) Syl lable ons et-triggered flu orescence waveform deriv ati ve (top) appea rs si milar to a trace deconvolved fro m a kernel generated using the co rrelation betwee n

firing rate and fluoresce n ce acti vity ( bot to m). Deco nv olu tion was p erformed u si ng i nve rse filterin g, i.e., division betw een th e signal and the cro ss-correlation

kernel ( C ) i n th e freq uency domain. Sh ading fo r time- shuf fl es and averages is th e same as (F).Figure 1 
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Figure S2. Motion Sequencing Pipeline, Related to Figure 1

( A) Illustration o f the Motion Sequencing (MoSeq) pipeline i n th e presence or absence of o ccluding arti facts (e.g., cab le s; see fo r an exten dedSTAR Meth ods

d iscussion o f th e MoSeq pipeline). F irst, raw d epth frames are co ll ected fro m a Microsoft Ki nect V2 mounted above the arena. If n o cab le is p resent, the mo use’s

cen ter and orien tation i s estimated using an el lipse fit. Otherwise, a simple tracki ng model i s used to estab lish the mous e’s p osition an d h eading in the p rese nce of

n oise i n th e depth i mage. T he mo del assumes th at the mouse’s b ody in the depth i m ag e i s well fit b y a 3 D Gaussian with fu ll co variance (x, y, and height from th e

flo or). T he Gaussi an model i s initialized using the fit p arameters from th e previous frame, and the n refin ed u sing expectation maximization, which is ru n until only a

mi nimal improvem ent in likelihood i s found. T hen, th e mo use i s cropped to an 8 0 80 p ixel box and ro tated su ch th at i ts head faces right w ard an d tail leftward3

( along th e virtual axi s o f its sp ine). Next, i f the tracking mo del was u sed, mi ssing p ixels are iden tified by th eir likeliho o d according to the G au ssi an model. Then,

th ese pixel s are treated as missing data, and p rincipal co mponents (PCs) are computed using probabilistic PC A ( ) . If n oRo weis, 1 998; T ipping and Bishop, 199 9

arti facts are p resen t i n th e d epth v ideo (e.g., i n th e lesion dataset), stan dard PCA i s used. F inally, frames are p rojec ted o nto the first 1 0 PC s to creat e a 1 0

d imensional ti me series, and then an AR-HMM is fit these d ata using the MoSeq modeling code ( ). T his modeling approach takes th e PCAWiltschko et al ., 2 015

rep resentation o f the mo use’s 3D p ose dynamics as i nput, and automaticall y identifies repeatedly-use d mot ifs o f acti on, w hich are ch aracteri zed math ematically

as au toregressive p rocesses i n PC A sp ace. E ac h of th e se brief autoregressive processes is referred to as a behav i oral syllable. Becau se each frame of th e

b ehavioral i maging data can b e assigned to i ts mo st likely syl lable, th is ap proach al so yields th e observed tran sitio n p robabilities fro m o ne b ehavioral syllable to

th e n ext. T hus, th is an alytical framew ork al low s si multaneou s recording o f neural acti vity and 3D b ehavior, which is th en tran sformed into a set of b ehavioral

syl lables and their sequence o f exp res si on.

( B) C ross-likelihood analysis d epicting th e likelihood that a given d ata instance assi gned to a p articular syl lable i s effectively modeled b y another syl lable,

d emonstrating that each syllable is well sep arat ed fro m all o ther syl lables ( units are nats, where e i s the l ikelihood ratio, see ) .ST AR Methods
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Figure S3. Reversing Fluorophores in dSPNs and iSPNsRetains Neural-Behavioral Correlations in Dorsal Striatum that Are Largely Absent in

Ventral Striatum, Related to Figure 2

(A) T op, mo del-assig n ed l abels given d uring b ehavior. Bottom, p hotomet ry si gnals from th e direct (green) an d i ndirect ( red) p athways in an imals u singA2a-Cre

the same viral infection strategy as A, but with th e fl uorophores assi gned to each p athway n ow reverse d .F igure 1

(B) T op left, dSPN ( green) an d i SPN (red) acti vity i n an imals aligned to syl lable o nset. Photometry signals shuf fled b y time sh own in gray ( 99% bootstrapA2a-Cre

confidence i nterval). Bottom left, th e derivativ e o f the to p si gnals. Ri ght, referen ce sig nal and derivative ch ange i n flu orescence aligned to syl l able onset . Shading

for average si gnals i ndicates bootstrap SEM.

(C) Response mag nitude from th e D1 R-expressing SPN s (red) an d D2R-expressing SPNs ( green) i n the n ucleus accu mbens core (NAcc; l eft) co mpa red to th e

DLS (right) at syl lable onset. G ray shading i ndicates p = . 01 cutoff esti mated fro m time-shuffled estim ates .
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Figure S4. Syllable and Class Waveform Comparisons, Related to andFigures 2 3

( A) T op , mi ce are i maged at 30 frames per seco nd in th ree-dimensions u sing a d epth camera (see heatmap) an d th en Mo Seq i s used to i dentify individual syllables

exp ressed during a g iven experiment. Syl lables can be represented as ‘‘spinograms’’ (middle), i n w hich the sp ine of the mo use i s depicted as i f looking at th e

(legend continued on next page)
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mouse fro m the si de, with time sp anning th e syllable i ndicated as increasing color d ark ness , or as traj ectories i n p rincipal co mponent ( PC) space ( bottom, see

STAR Methods) . Al though o nly two PC s are included i n th e depiction h ere, 1 0 PC s are u sed to identify behav ioral syllables by Mo Seq. N ote al so th at here and

throughout, th e spinograms are sh own to ai d i n h uman interp retation o f the Mo Seq -identified syllables, an d are not used analyticall y in any w ay; n ot e al so that

these 2D rep res en tations of i ndividual syl lables (like th e isometric views of th e syllab les sh own i n e. g., ) by d efi nition cannot co mplete ly cap ture th e 3DFigure 1 

behavioral d ynam ics o f each syl lable, and th erefore may ap pear si milar d espite si gnificant d ifferences between syllables (as mathematically sh own in

Figure S2 B).

(B) L eft , Hierarch ic al o rganiza ti on of the 3 D pose traj ecto ries ( comput ed using pri ncipal components, as i n th e lower p anel o f (A) across mi ce, al ong with th e ir

associated 2D sp ino grams (see ) . Scal e bar, 1 0 mm i n b oth x and y axes. Right, hum an o bserver- assigned labels fo r each syl labl e; n ote eachST AR Methods

syllable i s visually distinctive, b u t because o f the l imitations of h uman language o ften the same d escriptors are used (e.g., scru nch, rear up).

(C) Same o rganiza ti on as in (B) with resp ect to th e photometry waveforms, aligned to syllable onset (dashed line). Scale bar, 5 00 ms x axis, 0.1 stan dard deviations

(z-scored F /F0) y axi s.D

(D) Averag e dSPN and iSPN waveforms associated with each syllable ‘class’ (each given a h uman observer - assigned d escriptor), w ith wavefor ms aligne d to

syllable onset ( dashed l ine). Note that th ese w aveforms are l argely correlated, but th at differences i n th e two pathways are apparent ( and can o ften b e rati onalized

based u p on the human o bserver-assigned descriptor). Sha d ing i ndicates b ootstrap SEM.

(E) T hree examples of d SPN an d i SPN activity alig n ed to MoSeq-define d syl lables. Yel low b ars indicate p eriods o f high decorrela ti on betwee n dSPNs an d i SPNs.
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Figure S5. Conserved Relationships between Syllables and Neural Activity across Mice and Behavioral States, Related to andFigures 2 3

( A) Averag e z-scored d irect an d i nd i rect pathway flu oresce n ce signal asso ciated with each syllable (individual syl lables are arbitrarily color co ded to al low

co mparisons between graphs); g iven the lag between p hotometry an d electrophysiology si gnals, here syllable-associated activity w as considered fro m 50 m s

b efore syllable onset to 50 ms before the onset of th e next syllable. Data are plotted for th ree i ndividual mi ce, th e mean across th ese mice, an d after ran domly

sh uffling s yllab le o nsets. Error bars indicate boo tstrap SEM.

( B) Averag e pairwise correlation b etwee n w aveforms from th e same syllable (eac h syl lable-s pecific set o f correlations p lotted as a dot) co mpared to w av efo rms of

o ther syllables (p < 1x10e-7, z = 5 .5332, signed rank, n = 41).

( C) T o ch ange the i r behaviora l state, mice w ere exp osed to th e fo x odor tri methy l thiazoline (TMT), w hich induces fear-like b ehaviors, avoidance, freezing, and

al ters h orm onal status ( ). Density plot depicting the averag e position o f the mo use i n th e circular open fi el d w ith andFendt et al ., 2005; W ilts chko et al ., 2015

(legend continued on next page)
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without TMT odor exp osure at one locati on (indicated by red dot; n = 1 1 mi ce for odor exp osure, an d n = 9 mi ce fo r pre o dor). Lighter color indicates higher

occupancy.

(D) Averag e photometry signals from the to p 2 0 mo st u sed syl lables d uring exp osure to T MT ( right) co mpared to th e sam e syl lables w ith no o dor exposure ( left).

(E) Average p airwise co rre lation between o dor/no-od or w aveform s (with d ata merged betw een th e control an d T MT-exposed co nditions) from th e same syllable

compared with th e corre lation to other syl lables ( eac h syl lable-s pecific set of co rrelatio ns p lotted as a dot, p < 1x10e- 3 , z = 3.5466, si gned ran k, n = 2 0 syl lables

from n = 7 mice).

(F) A random fo rest regression w as trained to p redict the co mbined b ehavioral distance u sing th e L ASSO reg ression co efficients sh own i n E. T he b estF igure 3

performance, q uantified using the mean sq uared prediction error, w as found when co mbining b oth iSPN and d SPN w aveform s ( i.e., this combination resu lts in

the mi nimal erro r b etween the p redicted and actual behavioral distance).
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Figure S6. Neural Ensembles Associated with Single Syllables, Related to Figure 5

( A) Left, peak-normalized tri al-averages from al l d SP Ns sh o wn aligned to th e onsets of 3 differen t syllables, w ith annotatio ns sh o wn above. For each ro w, the trial

averag e fo r a given syl lable is so rted u sing the p eaks from th e tri al averag e highlight ed w ith the red b ox ( e.g., i n ro w 1 all tri a l av erages are sorted using th e order

fro m th e leftmost trial average). Peaks are sorted by positive-going peaks first from earl iest to latest, an d th en b y latest to earl iest fo r n egative-going peaks. Right,

same as left b u t fo r i SPNs.

( B) W orkflow for reg ist rati on of mi niscope data to 2 P data ( see ) . T op left, maxi mum p rojection o f th e green channel for a z stack taken through th eST AR Methods 

d orsolateral s tri atum. Here, both d SPNs an d i SPNs exp ress GCaMP6s. Top mi ddl e, maximum projection of th e red ch annel, revealing dTomato expression

( dSPNs o nly). Top ri ght, merg e of the g reen an d red m axi mu m p rojec ti ons. Bo ttom left, same FOV as to p left, except vi sualized u sing th e miniscope. Shown i s the

co rrelation i mage co mputed o ver a b ehavior sessi on– each p ixel is weight ed b y its co rrelation with its 4 nearest n eigh b ors, then averaged acro ss all frames in th e

sessi on. Bo tto m middle, arro ws p oint to fo ur referen ce poi nts u sed i n th e miniscope and 2P d ata to compute an affine transform for map ping the miniscope F OV

to th e 2P F OV. Bo ttom right, highlighted i n red an d g ree n are an identified dSPN and iSPN, respectively. Scale b ars, 1 00 m. Note that w hile four registrationm

p oints are shown here, this is the mi nimum n umber of points used for reg istratio ns ; for n early al l FOVs mo re points were used for al ignment.
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Figure S7. Histological and Behavioral Examination of DLS Excitotoxic Lesions, Related to Figure 7

(A) Coronal tissue section o f a mouse lesioned with N MDA, an d stai ned with GFAP (red) an d N euN ( gree n). White d ashed perimeter marks th e extent o f the lesion.

A d epletion o f cell b odies w ithin the l esioned area i s clearly visible. T he extra-stria tal red fluoresce n ce is attributable to the b ackgrou n d signal, as i t was al so

observed in saline- i njected mice.

(B) Mean vel ocity of saline-treated ( blue; n = 5 mice) and lesio ned (red; n = 8 mi ce) mi ce (velocity, p = 0 .37 ran ksu m, z = 0.880 5; n = 2 4 lesion sessi ons ; n = 15 saline

sessions).

(C) L esioned m ice display significan tly mo re similar behavior to th emselves th an to sali ne-treated mi ce as reveale d b y Jen sen-Shann on d ivergence, measured for

syllable tran sition frequency an d n umber o f transitions, where lesio ned mouse syllable statistics w ere either compared to o ther l esioned mi ce (red) o r to saline

mice (blue) ( for b ot h comparisons, p < 1x10e-4 si gned ran k, z = 4.2857; n = 24 s es sion s, ci rcles i ndicate a single session).
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