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6.

R E S E A R C H A R TI C L E   | N E U R O S CI E N C E  O P E N A C C E S S 

S y n a p s e -s p e ci f c c a t e c h ol a mi n e r gi c m o d ul a ti o n of n e u r o n al 

gl u t a m a t e r el e a s e 
D ari y a  B a k s hi n s k a a, b , Willi a m  Y u C h e n  Li ub , R y a n  S c h ult za , R.  St e v e n  St o w er sc  , A d a m  H o a gl a n db , C ar oli n e  C y pr a n o w s k ab, 1 , C h eri s e  St a nl e yb , 

S u s a n  H.  Y o u n g er b , Z a c h ar y  L.  N e w m a nb, 2 , a n d E h u d  Y. I s a c o ffa, b, d , e, 3 

A ffili ati o n s ar e i n cl u d e d o n p. 1 2.  

C o ntri b ut e d b y E h u d Y. I s a c o ff; r e c ei v e d O ct o b er 5, 2 0 2 4; a c c e pt e d N o v e m b er 1 5, 2 0 2 4; r e vi e w e d b y A ar o n Di A nt o ni o a n d E g e T. K a v al ali  

N ore pi n e p hri n e i n v ert e br at es a n d its i n v ert e br at e a n al o g, o ct o p a mi n e, re g ul at e t h e 
a cti vit y of n e ur al circ uits. We f n d t h at, w h e n h u n gr y, Dr os o p hil a  l ar v a e s wit c h a cti v-
it y i n t y p e II o ct o p a mi n er gi c m ot or n e ur o ns ( M Ns) t o hi g h-fre q u e n c y b ursts, w hi c h 
c oi n ci d e wit h l o c o m oti o n -dri vi n g b ursts i n t y p e I gl ut a m at er gi c M Ns t h at c o n v er g e o n 
t h e s a m e m us cl es. O pti c al q u a nt al a n al ysis a cr oss h u n dre ds of s y n a ps es si m ult a n e o usl y 
re v e als t h at o ct o p a mi n e p ot e nti at es gl ut a m at e rel e as e b y t o ni c t y p e I b M Ns, b ut n ot 
p h asi c t y p e Is M Ns, a n d o c c urs vi a t h e G q -c o u pl e d o ct o p a mi n e re c e pt or ( O A M B). 
O A M B is m ore a b u n d a nt i n t y p e I b t er mi n als a n d a cts t hr o u g h di a c yl gl y c er ol a n d its 
t ar g et U n c 1 3 A, a k e y c o m p o n e nt of t h e gl ut a m at e rel e as e m a c hi n er y. P ot e nti ati o n v ar-
i es si g ni f c a ntl y — b y u p t o 1, 0 0 0 % — a cr oss s y n a ps es of a si n gl e I b a x o n, wit h s y n a pti c 
U n c 1 3 A l e v els d et er mi ni n g b ot h rel e as e pr o b a bilit y a n d p ot e nti ati o n. We pr o p os e t h at 
a d u al m ol e c ul ar m e c h a nis m — a n u pstre a m n e ur o m o d ul at or re c e pt or a n d a d o w nstre a m 
tr a ns mitt er rel e as e c o ntr oll er — f n e-t u n es c at e c h ol a mi n er gi c m o d ul ati o n s o t h at str o n g 
t o ni c s y n a ps es e x hi bit l ar g e p ot e nti ati o n, w hil e w e a k er t o ni c a n d all p h asi c s y n a ps es 
m ai nt ai n c o nsist e n c y, yi el di n g a s o p histi c at e d re g ul ati o n of l o c o m ot or b e h a vi or. 

s y n a p s e   |   Q u a S O R   |   o ct o p a mi n e   |   U n c 1 3   |   gl ut a m at e  

C at e c h ol a mi n es, s u c h as n ore pi n e p hri n e a n d d o p a mi n e, are criti c al n e ur o m o d ul at ors t h at 
c o ntr ol n e ur al cir c uit f u n cti o n, br ai n st at e, a n d b e h a vi or ( 1 ,  2 ). I n vert e br at es, t h es e 
n e ur o m o d ul at ors e xert a wi d es pre a d i n f u e n c e d u e t o t h e e xt e nsi ve pr oj e cti o n p att er ns of 
n ore pi n e p hri n e a x o ns (fr o m l oc us c oer ule us) a n d d o p a mi n e a x o ns (fr o m b as al g a n gli a) t o 
m a n y  t ar g ets  wit hi n  t h e  br ai n  (  1  ).  I n  i ns e cts,  a  si mil arl y  br o a d  pr oj e cti o n  p att er n  is  
o bs er ve d f or d o p a mi n e a x o ns ( 3 ) a n d f or a x o ns t h at rel e as e t h e i n vert e br at e n ore pi n e p hri n e 
a n al o g o ct o p a mi n e ( O A) ( 4 ). 

A nal o g o us t o t he f u ncti o ns of n ore pi ne p hri ne i n t he verte brate brai n, O A i n Droso p hil a 
re g ulates l oc o m oti o n ( 5 ), c o urts hi p be ha vi or ( 6 ), slee p ( 7 ), olfact or y ( 8 ), a n d a versi ve ( 9 ) 
lear ni n g, as well as ma n y ot her be ha vi ors ( 1 0 ). F or eac h of t hese acti o ns, t he m o d ulati o n ca n 
occ ur at m ulti ple sites i n t he rele va nt ne ural circ uit i n b ot h lar val a n d a d ult de vel o p me ntal 
sta ges. I n t he l oc o m oti o n of Droso p hil a  lar va, t his i ncl u des sites i n t he brai n a n d t he ve ntral 
ner ve c or d as well as directl y at t he ne ur o m usc ular j u ncti o n ( N MJ) of t he b o d y wall m uscles 
t hat me diate m o ve me nt. Te circ uit a n d cell ular mec ha nis ms of O A m o d ulati o n i n t he ce ntral 
ner v o us s yste m are di fc ult t o st u d y. We t heref ore t ur ne d t o t he e xcitat or y s y na pse of t he 
Droso p hil a  lar val N MJ. Eac h m uscle recei ves i n p ut fr o m t w o gl uta mater gic t y pe I m ot or 
ne ur o ns ( M Ns): l o w release pr o ba bilit y “t o nic” t y pe I b a n d hi g h release pr o ba bilit y “ p hasic” 
t y pe Is M Ns ( 1 1 ,  1 2 ). Ty pe I M Ns s y na pse o nt o m uscles near t w o ot her M N t y pes: t y pe II 
M Ns, w hic h release gl uta mate a n d O A, a n d t y pe III M Ns, w hic h release ne ur o m o d ulat or y 
pe pti des o nt o s u bsets of m uscle gr o u ps ( 1 1 ). W hereas s mall m olec ule tra ns mitters s uc h as 
gl uta mate a n d O A are release d fr o m s mall clear vesicles at all fre q ue ncies of acti o n p ote ntial 
fri n g, pe pti des are release d fr o m de nse c ore vesicles, o nl y at hi g h fri n g fre q ue ncies ( 1 3 ,  1 4 ). 
Te ne ur o m o d ulat or y acti o n of all of t hese tra ns mitters i ncreases wit h fri n g fre q ue nc y d ue 
t o t he ki netics of acti vati o n a n d deacti vati o n of t heir G pr otei n-c o u ple d rece pt ors ( G P C Rs) 
a n d t he rise a n d fall of c o m p o ne nts i n t heir si g nali n g casca de ( 1 5 ). 

L ar v al st ar v ati o n o ver h o urs i n cre as es l o c o m oti o n i n a m a n n er t h at d e p e n ds o n i nt a ct 
t y p e II M Ns, a n d o pt o g e n eti c sti m ul ati o n of t y p e II M Ns, als o o ver h o urs, i n cre as es 
l o c o m oti o n ( 1 6 ). C o nsist e nt wit h t his, O A i n cre as es t h e gr o wt h of t y p e I M N a x o ns, 
i n di c ati n g t h at pr ol o n g e d el e v ati o n of t y p e II M N a cti vit y i n cre as es t h e n u m b er of e xcit-
at or y gl ut a m at er gi c s y n a ps es a n d t h us l o c o m ot or y dri ve ( 1 6 – 1 8 ). O A als o h as t h e a c ut e 
e f e ct of i n cre asi n g t y p e I M N e v o k e d e xcit at or y p osts y n a pti c p ot e nti al ( E P S P) a m plit u d e 
o ver mi n ut es ( 1 6 ), b ut t h e sit e of t his m o d ul ati o n ( pres y n a pti c vers us p osts y n a pti c) a n d 
t h e u n d erl yi n g si g n ali n g m e c h a nis m are n ot k n o w n. M ore o ver, t h e i n vi v o fri n g d y n a mi cs 

Si g ni f c a n c e 
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6.

of t y p e II M Ns h a ve n ot b e e n m e as ure d, l e a vi n g it u n cl e ar w h et h er 
its ti mi n g is c o m p ati bl e wit h f ast o ct o p a mi n er gi c m o d ul ati o n of 
gl ut a m at er gi c tr a ns missi o n.

C o m bi ni n g  G C a M P  i m a gi n g  of  t y pe  II  M N  acti vit y  wit h  
S y n a p G C a M P i m a gi n g of gl ut a m ater gic t y pe I M N s y n a ptic tr a ns -
missi o n i n Dros o p hil a  l ar vae d uri n g restr ai ne d l oc o m oti o n, we f n d 
t h at t y pe II M Ns i ncre ase acti vit y i n h u n gr y a ni m als a n d b urst 
d uri n g b o uts of t y pe I M N s y n a ptic tr a ns missi o n, a ti mi n g c o m -
p ati ble  wit h  O A  m o d ul ati o n  of  gl ut a m ater gic  tr a ns missi o n.  
O pt o ge netic i n hi biti o n of t y pe II M Ns r a pi dl y re d uces l oc o m oti o n, 
c o nsiste nt wit h a m o del of r a pi d oct o p a mi ner gic p ote nti ati o n of 
gl ut a m ater gic ne ur o m usc ul ar dri ve.

 Gi ve n t h e di f ere n c es b et we e n t h e t w o t y p e I M Ns a n d t h e wi d e 
di versit y i n tr a ns missi o n pr o p erti es b et we e n s y n a ps es of e a c h M N 
t y p e ( 1 2 ,  1 9 ,  2 0 ), we s et o ut t o as k w h et h er O A d o es i n d e e d 
m o d ul at e tr a ns missi o n, a n d, if s o, t o d et er mi n e w h et h er m o d u -
l ati o n is u nif or m a cr oss all t y p e I M N s y n a ps es a n d t o d e f n e its 
m ol e c ul ar m e c h a nis m.

 Q ua ntal s u perres ol uti o n o ptical i ma gi n g at h u n dre ds of i de nti fe d 
t y pe I M N s y na pses ( 1 9 , 2 0 ) re veale d t hat ac ute a p plicati o n of O A 
p ote ntiates  t he  pr o ba bilit y  of  gl uta mate  release  wit hi n  mi n utes.  
R N Ase q res ults s h o w t hat t y pe I M Ns e x press se veral O A acti vate d 
G P C Rs. R N Ai k n oc k d o w n of o ne of t hese, t he G q -c o u ple d O A  
rece pt or  O A M B,  eli mi nates  t he  O A-i n d uce d  b o ost  of  release.  
C o nsiste nt wit h t his, O A m o d ulati o n de pe n ds o n p h os p h oli pase C 
( P L C) a n d o n u nc o or di nate d 1 3 A ( U nc 1 3 A), a ke y c o m p o ne nt of 
t he tra ns mitter release mac hi ner y, w hic h is a k n o w n tar get of m o d u-
lati o n  b y  t he  P L C  e nz y matic  pr o d uct  diac yl gl ycer ol  ( D A G).  
Pres y na ptic  p ote ntiati o n  b y  O A  is  mi mic ke d  b y  t he  me m bra ne - 
per mea ble D A G a nal o g P d B U a n d is eli mi nate d b y eit her R N Ai 
k n oc k d o w n of U nc 1 3 A or re place me nt of wil dt y pe U nc 1 3 A wit h a 

m uta nt U nc 1 3 A t hat ca n n ot bi n d t o D A G. Te m o d ulat or y e fect 
of O A varies greatl y bet wee n t y pe I b s y na pses of t he sa me a x o n, a n d 
t he de gree of p ote ntiati o n is pr o p orti o nal t o t he le vel of U nc 1 3 A at 
t he s y na pse. Stri ki n gl y, m o d ulati o n b y O A occ urs o nl y at t he s y na pses 
of t y pe I b M Ns a n d n ot i n t h ose of t y pe Is p hasic M Ns t hat i n ner vate 
t he sa me m uscles.

 T us, a t w o-c o m p o ne nt m olec ul ar mec h a nis m, c o m prisi n g t he 
u pstre a m O A M B rece pt or a n d t he d o w nstre a m U nc 1 3 A pr o m oter 
of tr a ns mitter rele ase, deter mi nes w het her a s y n a pse is s u bject t o 
m o d ul ati o n. O nl y str o n g U nc 1 3 A -ric h s y n a pses i n t o nic t y pe I b 
a x o ns u n der g o p ote nti ati o n w hile we a k U nc 1 3 A -p o or I b s y n a pses 
d o n ot. A d diti o n all y, s y n a pses i n p h asic t y pe Is a x o ns s h o w n o m o d -
ul ati o n.  Tis  m o d ul at or y  s peci aliz ati o n,  c a p a ble  of  e n h a nci n g  
rele ase b y as m uc h as 1 0-f ol d, le a ds t o s u bst a nti al o ver all p ote nti a-
ti o n of t he t y pe I b s y n a pse p o p ul ati o n. H o we ver, it le a ves t he m aj or-
it y of gl ut a m ater gic s y n a pses u nt o uc he d, preser vi n g t heir c a p acit y 
t o res p o n d t o ot her si g n als, t here b y m ai nt ai ni n g t he s yste m’s fe xi-
bilit y f or di verse l oc o m ot or c o ntr ol. 

R e s ul t s 

N e u r al A c ti vi t y i n O c t o p a mi n e r gi c T y p e II a n d Gl u t a m a t e r gi c 

T y p e I M N s D u ri n g L o c o m o ti o n.  I n t h e Dr os o p hil a , m us cl e c ells 
re c ei ve i n p ut fr o m t w o gl ut a m at er gi c t y p e I M Ns: I b ( bi g) a n d 
Is  (s m all)  ( 2 1),  b ot h  of  w hi c h  f or m  stri n gs  of  b o ut o ns,  e a c h  
c o nt ai ni n g m ulti pl e s y n a ps es ( Fi g.  1 A ). C o n ver gi n g n e ar b y o n 
t h e s a m e m us cl es t h ere is als o a t y p e II M N t h at rel e as es O A ( 2 2). 
Gi ve n t h at G P C R si g n ali n g t e n ds t o o p er at e o ver h u n dre ds of 
millis e c o n ds t o s e c o n ds ( 1 5), o n e w o ul d e x p e ct t h at t h e a cti vit y of 
t y p e II M Ns w o ul d n e e d t o i m m e di at el y pre c e d e or c oi n ci d e wit h 
t h at of t y p e I M Ns t o m o d ul at e t y p e I M N s y n a pti c tr a ns missi o n. 

A B C D  

E F G  

Fi g. 1.   T y p e II M N ff ri n g f r e q u e n c y i n c r e a s e s b ef o r e I b b u r st s a n d i n hi biti o n of t y p e II M N s r e d u c e s l o c o m oti o n. (A ) S c h e m ati c d e pi cti n g t h e D r o s o p hil a  N MJ 
ill u st r ati n g t y p e II M N ( p u r pl e), t y p e I M N s: I b ( bl u e), a n d I s ( o r a n g e) s y n a p si n g o nt o t h e s a m e m u s cl e. I n di vi d u al a cti v e z o n e s ( A Z s) a r e s h o w n i n m a g e nt a.  
(B ) E x a m pl e s f r o m 4 st a r v e d a ni m al s s h o wi n g t y p e II M N a cti vit y, m e a s u r e d b y c yt o s oli c G C a M P 6f ( U p p e r  o r a n g e ti c k s; e a c h ti c k r e p r e s e nt s t h e ffi r st f r a m e of 
a t y p e II M N ff ri n g b o ut) a n d c o r r e s p o n di n g I b M N s y n a pti c t r a n s mi s si o n b o ut, m e a s u r e d b y S y n a p G C a M P 6f c o n c e nt r at e d i n t h e m u s cl e p o st s y n a pti c d e n sit y 
(l o w e r bl u e t r a c e). (C ) B o x pl ot s h o wi n g f r e q u e n c y ( # of e v e nt s/ 5 0 m s) of t y p e II ff ri n g i n f e d ( n = 1 5) v s. st a r v e d a ni m al s ( n = 1 2). R e d p oi nt s a r e m e a n ± S. E. M.  
( * *P  < 0. 0 1 b y t h e Wil c o x o n si g n e d- r a n k t e st.) ( D ) F r e q u e n c y of t y p e II M N fi ri n g i n 8 s p ri o r t o a I b M N b o ut ( b ef o r e) c o m p a r e d t o fi ri n g o v e r t h e e nti r e 6 0 0 s 
r e c o r di n g ( o v e r all) ( n = 2 3). R e d p oi nt s a r e m e a n ± S. E. M. ( * * P  < 0. 0 1 b y t h e Wil c o x o n si g n e d- r a n k t e st.) ( E ) E x a m pl e a l a r v al t r a c k r e gi st e r e d i n t h e l o c o m oti o n 
a s s a y. ( F ) M e a n c r a wli n g v el o cit y of c o nt r ol att p 2  l a r v a e ( bl a c k t r a c e, n = 1 6) a n d l a r v a e e x p r e s si n g t h e i n hi bit o r y Gt A C R 1  i n t y p e II M N s ( bl u e t r a c e, n = 1 8). 
R e c o r di n g st a rt s at 5 mi n. t o a c c o u nt f o r a n a dj u st m e nt p e ri o d. Bl a c k b a r s a b o v e r e p r e s e nt d a r k; bl u e b a r s r e p r e s e nt ill u mi n ati o n wit h 5 0 5 n m li g ht. ( G ) M e a n 
di s pl a c e m e nt f o r e a c h a ni m al i n ( F ), a c r o s s t h e t w o d a r k a n d t w o li g ht ( 5 0 5 n m) p e ri o d s f o r att p 2  ( n = 1 6) a n d Gt A C R 1  ( n = 1 8) a ni m al s. R e d p oi nt s a r e m e a n ± 
S. E. M.  ( * *P  < 0. 0 1; n. s., n ot si g ni fi c a nt b y St u d e nt’ s p ai r e d t- t e st). 
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To ass ess t his, we si m ult a n e o usl y m e as ur e d t h e a cti vit y of t y p e 
I b M N s y n a pti c tr a ns missi o n a n d t y p e II M N a cti vit y d uri n g 
l o c o m oti o n ( Fi g.  1B  a n d SI  A p pe n di x , Fi g.  S 1C ). We o bs er ve d 
n ati ve a cti vit y i n a li n e ar P D M S c h a m b er t h at restri cts t h e l ar v a 
t o cr a wl i n pl a c e, a n d s u bs e q u e ntl y us e d m o ve m e nt c orre cti o n 
t o f oll o w e a c h N MJ o ver ti m e (SI  A p pe n di x , Fi g.  S 1 A – C ) ( 1 2). 
T e ti mi n g of t y p e I b M N a cti vit y w as d et er mi n e d b y m e as uri n g 
gl ut a m at er gi c tr a ns missi o n p osts y n a pti c all y wit h S y n a p G C a M P 6f, 
u n d er t h e c o ntr ol of t h e m y osi n h e a v y c h ai n ( M H C) pr o m ot er 
( M H C-S y n a p G C a M P 6f ),  w hi c h  l o c alizes  t o  t h e  p osts y n a pti c  
d e nsit y a n d d et e cts C a 2 +  i n f u x t hr o u g h p osts y n a pti c ( m us cl e) 
i o n otr o pi c gl ut a m at e re c e pt ors ( 1 2, 2 3, 2 4). T e a cti vit y of t y p e 
II M Ns w as m e as ure d i n t h eir t er mi n al a x o ns usi n g c yt o pl as mi c 
G C a M P 6f ( SI  A p pe n di x , Fi g.  S 1B ). T e t y p e I b, Is, a n d II a x o ns 
are p ositi o n e d n e ar e a c h ot h er o n t h e m us cl e, m a ki n g it pl a usi bl e 
t h at O A rel e as e d b y t h e t y p e II M Ns c o ul d re a c h t h e t y p e I M N 
s y n a ps es ( Fi g.  1A  a n d SI  A p pe n di x , Fi gs.  S 1B  a n d S 6B ). Des pit e 
t h eir  pr o xi mit y,  t h e  a x o n  t er mi n als  are  e asil y  disti n g uis h a bl e  
m or p h ol o gi c all y ( SI  A p pe n di x , Fi gs.  S 1B  a n d S 6B ). 
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6.

As s h o w n e arli er ( 1 2 ), t y p e I b M Ns alt er n at e d b et we e n q ui es -
c e n c e a n d b ursts of a cti vit y t h at dri ve c o ntr a cti o n ( Fi g. 1 B a n d 
SI A p pe n di x , Fi g. S 1C ). Ty p e II M N a cti vit y r a n g e d b et we e n l o w 
fre q u e n c y (~ 0. 0 2 t o 0. 5 Hz) t o ni c fri n g a n d b urst fri n g ( wit h 
i ntr a b urst fre q u e n c y of u p t o 2 0 Hz) ( Fi g. 1C a n d M o vi e S 1 ). 
A d diti o n all y, t y p e II M N fri n g w as i n cre as e d i n st ar ve d a ni m als 
( Fi g.  1C ) a n d w as el e v at e d j ust b ef ore a n d/ or d uri n g t y p e I b M N 
tr a ns missi o n b o uts ( Fi g. 1 B a n d D ). Tis ti mi n g is c o m p ati bl e 
wit h O A m o d ul ati o n of gl ut a m at er gi c tr a ns missi o n. 

E xte n de d o pt o ge netic sti m ulati o n of t y pe II M Ns or pr ol o n ge d 
star vati o n i ncreases l oc o m oti o n ( 1 6 ,  2 5 ,  2 6 ). F urt her m ore, t his e fect 
of star vati o n is eli mi nate d b y t y pe II M N cell deat h a n d is li n ke d wit h 
t he gr o wt h of t y pe I M N a x o ns. Tis s u g gests t hat ele vate d t y pe II 
M N acti vit y sl o wl y i ncreases t he n u m ber of t y pe I M N s y na pses a n d 
t here b y b o osts l oc o m oti o n ( 1 6 ). We t he n as ke d w het her t he acti vit y 
of t y pe II M Ns, of t he ki n d we o bser ve d a b ove, b o osts l oc o m oti o n 
over a s h ort ti me scale b y m o d ulati n g tra ns missi o n at e xisti n g s y na pses. 
To test t his, we t ur ne d t o o pt o ge netic i n hi biti o n of t y pe II M Ns d uri n g 
a l oc o m oti o n assa y ( Fi g. 1 E – G a n d SI A p pe n di x , Fi g. S 1 E a n d F  ).  We 
e x presse d t he a ni o n-selecti ve c ha n nelr h o d o psi n, Gt A C R 1 ( 2 7), e xcl u-
si vel y  i n  t y pe  II  M Ns,  usi n g  a  s plit-Gal 4  dri ver  (  2 8  )  ( w 1 1 1 8 ; 
R 3 1 C 0 3 -p 6 5. A D/ T dc 2 -Gal 4. D B D; 2 0 x -U A S -Gt A C R 1. d. E Y F P/ +) 
(SI A p pe n di x , Fi g. S 1D ). C o ntr ol lar vae res p o n de d t o ill u mi nati o n wit h 
bl ue li g ht ( 5 0 5 n m) b y i ncreasi n g l oc o m oti o n s pee d ( Fi g. 1 F   ,  blac k 
trace a n d Fi g. 1 G , Left  pa nel), c o nsiste nt wit h pri or o bser vati o ns t hat 
li g ht pr o m otes l oc o m oti o n ( 2 9 ). Lar vae e x pressi n g Gt A C R 1 s h o we d 
a si g ni fca ntl y s maller i ncrease i n l oc o m oti o n ( Fi g. 1 F , bl ue trace a n d 
Fi g.  1 G , Rig ht  pa nel). Tis l oc o m ot or y s u p pressi o n was e vi de nt wit hi n 
1 mi n of t he start of ill u mi nati o n, as earl y as o ne ca n detect a c ha n ge 
i n l oc o m ot or traject or y ( Fi g. 1F ). To get her, t hese o bser vati o ns s u g gest 
t hat h u n ger ( or bl ue li g ht) i ncreases t y pe II M N fri n g, w hic h, i n t ur n, 
ra pi dl y i ncreases t y pe I M N gl uta mater gic dri ve f or l oc o m oti o n. 

O A  Di ff e r e n ti all y  P o t e n ti a t e s  R el e a s e  a t  I b  S y n a p s e s  a n d 

N o t a t I s S y n a p s e s.  O ur o bs er v ati o ns t h at t y p e II M N a cti vit y 
c o m o d ul at es wit h t y p e I b M N a cti vit y a n d t h at i n hi biti o n of t y p e 
II M Ns re d u c e d l o c o m oti o n are c o nsist e nt wit h t h e k n o w n a c ut e 
p ot e nti ati o n b y O A of e xcit at or y j u n cti o n p ot e nti al a m plit u d e 
( 1 6).  Alt h o u g h  it  is  k n o w n  t h at  O A  re c e pt ors  are  f o u n d  o n  
b ot h si d es of t h e s y n a ps es, t h e sit e a n d m e c h a nis m of t h e a c ut e 
p ot e nti ati o n b y O A t h at we o bs er ve is n ot k n o w n ( 5, 1 6). 

To a d dress t his, we use d s pi n ni n g dis k c o nf o c al mi cr os c o p y t o 
perf or m f ast S y n a p G C a M P 6f i m a gi n g t o dete ct t he c o m p o ne nt 
of  t he  e xcit at or y  p osts y n a pti c  c urre nt  c arrie d  b y  C a 2 + i n f u x 
t hr o u g h p osts y n a pti c Gl u RII re ce pt ors. As i n o ur pre vi o us re p ort 

( 2 0 ), we a p plie d a n a d v a n ce d o pti c al q u a nt al a n al ysis te c h ni q ue, 
Q u a nt al S y n a pti c O pti c al Re c o nstr u cti o n ( Q u a S O R), t o e n h a n ce 
t h e s p ati al res ol uti o n of q u a nt al tr a ns missi o n i m a gi n g, e n a bli n g 
assi g n m e nt of rel e as e e ve nts t o i d e nti f e d s y n a ps es, e ve n i n are as 
of d e ns e p a c ki n g ( SI A p pe n di x , Fi g. S 4A ). To ass ess b as al rel e as e, 
we m e as ure d a cti o n p ot e nti al ( A P) -e v o k e d tr a ns missi o n at I b/Is 
M N p airs t h at i n n er v at e m us cl e 4 d uri n g l o w fre q u e n c y ( 0. 2 Hz) 
m ot or n er ve sti m ul ati o n. We o bt ai n e d a b as eli n e re c or di n g of 
ar o u n d 1 0 0 sti m uli, st o p p e d sti m ul ati o n, i n c u b at e d wit h 1 0  μ M 
O A f or 1 0 mi n, a n d t h e n res u m e d sti m ul ati o n f or 1 0 0 m ore sti m -
uli at 0. 2 Hz i n t he c o nti n ue d prese n ce of O A. We me as ure d t h e 
t ot al n u m b er of tr a ns missi o n e ve nts ( ∆ F/ F p e a ks ti m e-l o c k e d t o 
t h e sti m ul us) a cr oss t h e e ntire N MJ. We t h e n f oll o we d u p t h e 
f u n cti o n al  i m a gi n g  wit h  a nti b o d y  st ai ni n g  a n d  Air y  C o nf o c al  
i m a gi n g of t h e pres y n a pti c Br u c h pil ot ( Br p), t h e Dr os o p hil a pre -
s y n a pti c  s c a f ol di n g  pr ot ei n  h o m ol o g  of  E L K S/ C A S K,  w hi c h  
f or ms  t h e  c h ar a ct eristi c  A Z  T-b ar  str u ct ure  s e e n  i n  el e ctr o n  
mi cr os c o p y (s e e Met h o ds). Q u a nt al i m a gi n g c u m ul ati ve tr a ns mis -
si o n m a ps ali g n e d wit h t h e p ost h o c Br p m a ps re ve al e d t h e pr o b-
a bilit y of A P -e v o k e d rel e as e ( P ) at e a c h of t h e d oze ns of i d e nti f e dr 

A Zs f or e a c h M N ( Fi g. 2 A a n d B a n d SI A p pe n di x , Fi g. S 4 A – C ). 
I n I b M Ns, O A i ncrease d P  acr oss t he p o p ulati o n of A Zs ( Fi g. 2 r 

B a n d C ). W hile t he t otal n u m ber of tra ns missi o n e ve nts per N MJ 
f uct uate d fr o m sti m ul us t o sti m ul us, t he p ote ntiati o n of I b gl uta mate 
release was sta ble f or mi n utes ( Fi g. 2D a n d SI A p pe n di x , Fi g. S 2 A 
a n d C ), yiel di n g a n i ncrease i n Q D ( mea n # of e ve nts per sti m ul us 
per s q uare micr o meter) ( Fi g. 2 F ). I n I b M Ns, O A i ncrease d Q D b y 
~ 4 0 % ( mea n pre -O A Q D = 0. 0 1 8 ± 1. 4 × 1 0 − 3 e ve nts/ μ m 2 ,  mea n 
p ost -O A Q D = 0. 0 2 5 ± 2. 2 × 1 0 − 3 e ve nts/ μ m 2  , P =  0. 0 3). Tere was 
n o e fect of t he D M S O carrier ( SI A p pe n di x , Fi g. S 3 A a n d B ). 

S y na pses wit h si milar basal P  varie d wi del y i n O A p ote ntiati o n. r 

F or e xa m ple, t hree nei g h b ori n g A Zs wit h si milar basal P ( A Z  # 1 4 8: r 

0. 0 2, A Z # 1 5 0: 0. 0 1, A Z # 1 5 3: 0. 0 2) ( Fi g. 2 B ) res p o n de d t o O A 
wit h var yi n g de grees of p ote ntiati o n of P  ( A Z # 1 4 8: 0. 0 2 →  0. 0 4,r 

A Z # 1 5 0: 0. 0 1 →  0. 0 6, A Z # 1 5 3: 0. 0 2 →  0. 1 7) ( Fi g. 2 B a n d C ). 
Te di fere ntial p ote ntiati o n at nei g h b ori n g s y na pses s u g gests t hat 
t he deter mi na nts of res p o nse t o O A f u ncti o n l ocall y at i n di vi d ual 
A Zs. Acr oss 5 1 9 A Zs fr o m 4 I b N MJs ( Fi g. 2 C ), P  i ncrease d i n 7 6 % r 

of t he A Zs a n d decrease d i n 2 3 %, wit h 1 % re mai ni n g u nc ha n ge d. 
We f n d t h at t he m ore Br p t here is at a s y n a pse, t he hi g her its O A 

p ote ntiati o n  ( Fi g.  2 H , flle d circles). W hile Br p e x plai ns s o me of t he 
di versit y i n O A p ote nti ati o n, A Zs wit h si mil ar Br p c o nte nt s h o we d 
di fere nt de grees of p ote nti ati o n ( Fi g. 2 A a n d B a n d SI A p pe n di x , 
Fi gs. S 4 a n d S 5 ), i n dic ati n g t h at ot her deter mi n a nts are i n v ol ve d. 
I n stri ki n g c o ntr ast t o t he O A p ote nti ati o n t h at we o bser ve d at 
s y n a pses of t y pe I b M Ns, t y pe Is M Ns, w hic h h a d a ~ t hreef ol d 
hi g her b as al Q D t h a n di d t y pe I b M Ns, as s h o w n pre vi o usl y ( 1 2 , 
2 0  ),  s h o we d  n o  O A  p ote nti ati o n  ( me a n  pre -O A  Q D  =  0. 0 5 3  
e ve nts/ μ m 2 , me a n p ost-O A Q D = 0. 0 5 4 e ve nts/ μ m 2 )  ( Fi g.  2 E a n d 
G a n d SI A p pe n di x , Fi g. S 2 B a n d D ). To get her, t hese res ults s h o w 
t h at O A p ote nti ates gl ut a m ater gic tr a ns missi o n pres y n a ptic all y a n d 
d oes s o at I b M Ns b ut n ot Is M Ns. 

O A  P o t e n ti a ti o n  of  R el e a s e  I s  M e di a t e d  b y  G q -C o u pl e d  O A M B  

R e c e p t o r  a n d  P L C.  O A  has  t hree  mai n  classes  of  oct o pa mi ne  
rece pt ors ( O Rs) i n Droso p hil a , w hic h rese m ble a dre ner gic rece pt ors: 
t he ̃ 2 -li ke G -c o u ple d Oct˜ 1 R,  Oct ˜ 2 R, a n d Oct ˜ 3 R ( 5, 8, 3 0), t hes 

˜ 2  -li ke Gi -c o u ple d Oct˜ 2 R a n d t he ˜ 1-li ke Gq -c o u ple d O A M B ( 8). 
To deter mi ne w hic h, if a n y, of t hese is e x presse d i n t y pe I M Ns, we 
e xa mi ne d o ur rece nt R N Ase q dataset fr o m t y pe I M Ns, w hic h were 
F A C S is olate d b y e x pressi o n of a n uclear m C herr y re p orter u n der 
t he t y pe I M N-s peci fc O K 6-Gal 4 li ne ( 3 1). We f n d t hat all f ve of 
t he O Rs are e x presse d i n t y pe I M Ns ( Fi g.  3A ), i n a gree me nt wit h a 
rece nt re p ort fr o m Littlet o n a n d c o w or kers ( 3 2). 
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6.

A C  

B  

D E  F  G  H  

Fi g. 2.   O A p ot e nti at e s r el e a s e f r o m t y p e I b M N b ut n ot t y p e I s M N. (A ) L eft : E x a m pl e I b b o ut o n st ai n e d p o st h o c f o r t h e A Z s c a ff ol di n g p r ot ei n B r u c h pil ot 
( B r p,  m a g e nt a).  E a c h  m a g e nt a  p u n ct u m  i s  a n  A Z. Mi d dl e   a n d Ri g ht :  T r a n s mi s si o n  e v e nt  m a p s  e v o k e d  b y  0. 2  H z  sti m ul ati o n  b ef o r e  a d diti o n  of  O A  (Mi d dl e ) 
a n d i n p r e s e n c e of O A ( Ri g ht ). ( S c al e b a r, 0. 5 μ m.) ( B ) S y n a p G C a M P 6f ∆ F/ F r e c o r di n g of I b M N gl ut a m at e t r a n s mi s si o n e v e nt s f r o m t h e t h r e e i d e nti ffi e d A Z s i n  
(A ) b ef o r e O A a n d 1 0 mi n aft e r t h e a d diti o n of 1 0 μ M O A ( r e d b a r). Q u a nt al e v e nt s w e r e i d e nti ff e d b y fft s t o a si n gl e Δ F r e s p o n s e t e m pl at e, wit h hi g hl y c o r r el at e d 
pi x el s a n d f r a m e s fi a g g e d a s a cti v e if t h e y h a d Δ F/ F a m plit u d e s t h at w e r e a b o v e a mi ni m u m t h r e s h ol d (t y pi c all y b et w e e n 0. 0 4 a n d 0. 0 5 Δ F/ F) a n d at l e a st  
1. 5 t o 2 ti m e s l a r g e r t h a n t h e S D of t h e v al u e s at t h at pi x el. ( S e e M at eri al s a n d M et h o d s ). (C ) R el ati o n s hi p b et w e e n P r b ef o r e a n d aft e r O A f o r i n di vi d u al wil dt y p e I b M N A Z s  
( n = 5 1 9 A Z s f r o m 4 a ni m al s, 1 N MJ e a c h). T h e d a s h e d bl a c k li n e i s y = x. A Z # s 1 4 8, 1 5 0, a n d 1 5 3 f r o m (A ) a n d (B ) s h o w n a s r e d d ot s. (D  a n d E ) R a w ∆ F/ F gl ut a m at e 
t r a n s mi s si o n e v e nt s i n r e s p o n s e t o M N n e r v e sti m ul ati o n at 0. 2 H z d u ri n g 1 0 mi n b a s al ( p r e - O A) p e ri o d a n d i n O A ( O A: 1 0 μ M) ( p o st - O A; r e d b a r), f oll o wi n g a  
1 0 mi n i n c u b ati o n p e ri o d wit h o ut sti m ul ati o n ( b r e a k i n t h e x - a xi s). I b M N ( D ) a n d I s M N (E ), w hi c h i n n e r v at e t h e s a m e m u s cl e, a r e i m a g e d si m ult a n e o u sl y. T h e 
d a s h e d bl a c k li n e i n di c at e s m e a n n u m b e r of e v e nt s p e r t ri al b ef o r e O A. ( F  a n d G ) O A- i n d u c e d c h a n g e i n q u a nt al d e n sit y ( Q D) ( m e a n # of e v e nt s p e r sti m ul u s/μ m 2 ) 
f o r I b M N s ( n = 8 N MJ s) (F ) a n d I s M N s ( n = 7 N MJ s) (G ) f r o m t h e s a m e m u s cl e, e x c e pt i n o n e c a s e w h e r e o nl y I b M N w a s i m a g e d. E r r o r b a r s a r e m e a n ± S. E. M. 
( * P  < 0. 0 5; n. s., n ot si g ni fi c a nt b y t h e p ai r e d t- t e st). (H ) C h a n g e i n P r ( p o st- O A P r – p r e- O A P r) bi n n e d b y n o r m ali z e d B r p a m o u nt. V e rti c al e r r o r b a r s a r e m e a n 
c h a n g e i n P r ± S. E. M. H o ri z o nt al e r r o r b a r s a r e m e a n n o r m ali z e d B r p ± S. E. M. T h e r e d d a s h e d c u r v e i s si g m oi d al fit t o C h a n g e i n P r: y  =  0. 0 4 ∕ ( 1 +  e  − (x − 0. 4 3 )∗ 3. 4  ). 
S u m of s q u a r e d e sti m at e of e r r o r s ( S. S. E.) = 5. 4 × 1 0 − 4 . 

Oct ˜        1 R,  Oct ˜ 2 R,  a n d  Oct ˜ 3 R acti vate a de n ylate c yclase, a n d 
Oct ˜     2 R has bee n s h o w n t o pr o m ote a x o n o ut gr o wt h i n b ot h t y pe I 
a n d t y pe II M Ns, t here b y c hr o nicall y i ncreasi n g t otal t y pe I M N 
gl uta mate release d ue t o a n i ncrease i n t he n u m ber of s y na pses ( 3 2 ). 
H o we ver, a c ha n ge i n tra ns mitter release pr o ba bilit y has n ot bee n 
descri be d f or t hese rece pt ors. Oct ̃     2 R  is  Gi -c o u ple d a n d i n hi bits 
tra ns mitter release ( 3 3 ). I n c o ntrast, t he  ̃ 1     a dre ner gic  rece pt or,  t o 
w hic h t he Droso p hil a   O A M B is relate d, is t y picall y e x presse d pres y n-
a pticall y a n d b o osts release ( 3 4 ), ma ki n g it a n attracti ve ca n di date 
me diat or of pres y na ptic p ote ntiati o n b y O A. We teste d t his i dea b y 
selecti ve  R N Ai  k n oc k d o w n  of  O A M B  i n  t y pe  I  M Ns  (w 1 1 1 8   ; 
O K 6 -Gal 4/ U A S -Dcr 2; O A M B R N Ai  / +). We f o u n d t hat t he O A M B 
k n oc k d o w n eli mi nate d t he O A -i n d uce d p ote ntiati o n of gl uta mate 
release fr o m t y pe I b M Ns ( Fi g. 4 A   a n d C   ) a n d ha d n o e fect o n basal 
release. I n t he O A M B k n oc k d o w n, as i n wil dt y pe a ni mals ( Fi g. 2 E  
a n d G   ), release fr o m t y pe Is M N was n ot altere d a n d re mai ne d i nse n-
siti ve t o a p plicati o n of O A ( Fi g. 4 B   a n d D   ). We w o n dere d w h y O A 
m o d ulates release fr o m t y pe I b b ut n ot t y pe Is M Ns. Rece nt R N Ase q 
a nal ysis i n dicate d t hat t y pe I b M Ns e x press a hi g her le vel of O A M B 
tra nscri pt t ha n d o t y pe Is M Ns ( 3 2 ). To assess w het her t his res ults 
i n di fere nt le vels of O A M B pr otei n i n pres y na ptic ner ve ter mi nals, 
we  C RI S P R -ta g ge d  O A M B  wit h  te n  ta n de m  c o pies  of  t he  V 5  
e pit o pe. Stai ni n g wit h a nti -V 5 a nti b o d y re veale d str o n g stai ni n g i n 
t he m us hr o o m b o d y (SI A p pe n di x , Fi g. S 6A  ), as e x pecte d f or O A M B 
( 6 ). I n b o d y wall m uscle, e x pressi o n of O A M B was ~ t w of ol d hi g her 
i n t he ter mi nal a x o ns of t y pe I b M Ns t ha n t y pe Is M Ns ( mea n I b 

e x pressi o n = 1 5 9 2 ± 1 4 4 A. U. vs mea n Is e x pressi o n = 7 3 7 ± 1 6 1 
A. U., n = 1 0 N MJs; P  < 0. 0 0 0 1 b y paire d St u de nt’s t-test)  ( Fi g.  3 B  
a n d C   ). Tere was als o n o o bser ve d e x pressi o n of O A M B i n t y pe II 
M Ns ( SI A p pe n di x , Fi g. S 6B ). 

 Stri ki n gl y, c o m p are d t o att P 2  c o ntr ols( m e a n l o c o m oti o n i n t h e 
d ar k = 1 6 2 ± 3 4 m m, m e a n l o c o m oti o n i n t h e li g ht 3 8 4 ± 4 7 m m, 
n = 1 5 a ni m als, P  = 0. 0 0 0 7, p aire d St u d e nt’s t-t est), k n o c k d o w n 
of O A M B i n t y p e I M Ns re d u c e d t h e li g ht -i n d u c e d sti m ul ati o n 
of l o c o m oti o n a n d s h o we d n o b as eli n e (i n t h e d ar k) l o c o m ot or 
d ef e cts ( m e a n l o c o m oti o n i n t h e d ar k = 1 2 0 ± 2 8 m m, m e a n 
l o c o m oti o n i n t h e li g ht 1 7 7 ± 4 5 m m, n = 1 4 a ni m als, n ot si g nif-
i c a nt, p aire d St u d e nt’s t-t est)  ( Fi g.  3 D   a n d E   ). Tis s u g g ests t h at 
li g ht i n cre as es t y p e II M N a cti vit y a n d, c o ns e q u e ntl y, O A rel e as e, 
a n d t h at t h e O A a cti v at es O A M B i n t y p e I b M N a x o ns t h ere b y 
i n cre asi n g gl ut a m at e rel e as e a n d b o osti n g l o c o m oti o n.

Si n c e O A M B is G q -c o u pl e d, we t ur n e d o ur att e nti o n t o its 
t ar g et p h os p h oli p as e C ( P L C). As a b o ve, we i m a g e d res p o ns es t o 
5 0 b as eli n e sti m uli at 0. 2 Hz, a p pli e d t h e P L C - s el e cti ve i n hi bit or 
U 7 3 1 2 2 at 2 μ  M f or 1 0 mi n, sti m ul at e d a g ai n f or 1 0 0 sti m uli at 
0. 2  Hz a n d t h e n a d d e d 1 0 μ M O A f or 1 0 mi n aft er w hi c h we 
a g ai n sti m ul at e d f or 1 0 0 sti m uli at 0. 2 Hz. U 7 3 1 2 2 pre ve nt e d t h e 
O A -i n d u c e d  i n cre as e  i n  t h e  n u m b er  of  e ve nts  p er  sti m ul us  
( Fi g.  4E   ) a n d t his c o ul d b e s e e n a cr oss e x p eri m e nts as t h e a bs e n c e 
of a n O A -i n d u c e d i n cre as e i n Q D ( Fi g. 4F   ).  T es e  o bs er v ati o ns 
s u g g est t h at O A p ot e nti at es gl ut a m at e rel e as e fr o m t y p e I b M Ns 
t hr o u g h t h e a cti v ati o n of O A M B a n d its Gq    t ar g et  P L C.  
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A  
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Fi g. 3. T y p e I M N s O A r e c e pt o r s i n cl u d e O A M B, w hi c h i s e n ri c h e d i n t h e I b M N a n d n e e d e d t o b o o st l o c o m oti o n.  (A ) R N A s e q s h o w s e x p r e s si o n of ff v e O A r e c e pt o r s 
i n t y p e I M N s. T h e d a s h e d li n e s h o w s t h e m a xi m u m n o r m ali z e d c o u nt s of a n y g e n e o b s e r v e d i n att p 2 c o nt r ol s. E r r o r b a r s a r e ± S. E. M ( B ) E x a m pl e i m a g e of a n 
N MJ s h o wi n g a m a xi m u m p r oj e cti o n c o nf o c al i m a g e of O A M B r e c e pt o r st ai ni n g  ( g r e e n) i n a I b a n d I s M N p ai r. A ni m al s h a d t h e O A M B r e c e pt o r C RI S P R t a g g e d 
wit h 1 0 c o pi e s of t h e V 5 e pit o p e. St ai ni n g  w a s a g ai n st t h e V 5 e pit o p e. ( S c al e b a r, 5 μ m.) ( C ) B a r g r a p h s h o w s t h e m e a n ± 9 5 % CI of t h e m e a n O A M B st ai ni n g l e v el s 
( A. U. a r bit r a r y u nit s)  p e r I b a n d I s M N s. E a c h I b a n d I s w e r e p ai r e d o n t h e s a m e m u s cl e ( 1 0 N MJ s, 1 p e r a ni m al). ( * * * * P < 0. 0 0 0 1 b y t h e p ai r e d t-t e st). (D ) M e a n 
v el o cit y ( m m/ s) of c o nt r ol l a r v a e ( att p 2 ) ( bl a c k, n = 1 5) a n d a ni m al s wit h O A M B k n o c k e d d o w n i n t y p e I M N s ( o a m b R N Ai ; bl u e, n = 1 4) c r a wli n g i n t h e d a r k ( bl a c k 
b a r) f oll o w e d b y u n d e r 5 0 5 n m li g ht ( bl u e b a r). R e c o r di n g st a rt s at 5 mi n., f oll o wi n g a n a dj u st m e nt p e ri o d. ( E ) M e a n t ot al di s pl a c e m e nt f o r e a c h a ni m al i n (D ). 
Att p 2 ( bl a c k, n = 1 5 a ni m al s), o a m b R N Ai ( bl u e, n = 1 4 a ni m al s). R e d p oi nt s a r e m e a n ± S. E. M. ( * * * P < 0. 0 0 1; * * P < 0. 0 1; n. s., n ot si g ni ffi c a nt b y St u d e nt’ s p ai r e d t-t e st). 

P r e s y n a p ti c  O A  P o t e n ti a ti o n  i s  M e di a t e d  b y  D A G  M o d ul a ti o n 

of U n c 1 3 A.  P L C cl e a ves p h os p h ati d yli n osit ol 4, 5 -bis p h os p h at e 
( PI P2 )  i nt o  i n osit ol  tris p h os p h at e  (I P3 ) —t o  rel e as e  C a2 +  fr o m  
i ntr a c ell ul ar  st ores — a n d  D A G,  b ot h  of  w hi c h  c a n  pr o m ot e  
tr a ns mitt er rel e as e ( 2 7, 2 8). We t est e d t h e m e m br a n e-p er m e a bl e 
D A G a n al o g, p h or b ol -1 2, 1 3 -di b ut yr at e ( P d B U), w hi c h h as b e e n 
s h o w n t o i n cre as e t h e e xcit at or y p osts y n a pti c c urre nt a m plit u d e 
a n d t h e fre q u e n c y of s p o nt a n e o us rel e as e at t h e Dr os o p hil a  l ar v al 
N MJ ( 3 5). As s e e n wit h O A a b o ve, P d B U i n cre as e d t h e t y p e I b 
s y n a ps e P  ( Fi g.  5 A , B , a n d G ), i n cre asi n g t h e n u m b er of e ve nts r 

p er A P f or t h e e ntire t y p e I b N MJ ( Fi g.  5 C ) a n d i n cre asi n g Q D 
b y ~ 6 0 % ( m e a n pre -P d B U Q D = 0. 0 2 8 ± 3. 7 × 1 0 − 3  e v e nts/μ m 2 , 
m e a n p ost -P d B U Q D = 0. 0 4 4 ± 5. 1 × 1 0 − 3  e v e nts/μ m 2 , n = 1 5 
N MJs; P  = 0. 0 2, p aire d St u d e nt’s t-t est) ( Fi g.  5E ). U nli k e w h at we 
o bs er ve d wit h O A, P d B U als o p ot e nti at e d rel e as e fr o m Is s y n a ps es 
( Fi g.  5 D  a n d F ), s u g g esti n g t h at Is s y n a ps es c o nt ai n t h e t ar g et 
of  D A G  b ut  h a ve  l o wer  e x pressi o n  of  t h e  O A M B  re c e pt or  as  
c o n fr m e d h ere a n d i n re c e nt st u di es ( 3 2). 

Si milar t o t he p ote ntiati o n b y O A, P d B U b o oste d e v o ke d release 
at s y na pses acr oss t he ra n ge of basal P ,  ( Fi g.  5 G ). O ut of t he 5 8 8 r 

A Zs i n f ve t y pe I b N MJs, P d B U i ncrease d P  i n 9 0. 3 % ( n = 5 3 1 A Zs)r 

a n d decrease d P  i n 9. 7 % ( n = 5 7 A Zs), wit h a n a vera ge P i ncrease r r 

of 5 7 % ( P  = 3. 7 × 1 0− 1 6 ,  t w o-sa m ple K ol m o g or o v-S mir n o v test). 
Tese o bser vati o ns s h o w t hat t he lar ge maj orit y of I b s y na pses, acr oss 
a wi de ra n ge of basal pres y na ptic stre n gt h, are p ote ntiate d b y a D A G 
a nal o g. Als o, as wit h O A, t he de gree of P d B U p ote ntiati o n varie d 
greatl y bet wee n I b s y na pses t hat ha d si milar basal P ( Fi g.  5G ).r 

O n e of t h e m e c h a nis ms t hr o u g h w hi c h D A G m o d ul at es tr a ns -
mitt er rel e as e is b y bi n di n g t o t h e pres y n a pti c pr ot ei n U n c 1 3 ( 3 6 ), 

w hi c h is i n v ol ve d i n t h e pri mi n g a n d l o c aliz ati o n of s y n a pti c ves -
i cl es  ( 3 7 ). Dr os o p hil a h as t w o s pli c e is of or ms of U n c 1 3: U n c 1 3 A 
a n d U n c 1 3 B, w hi c h di f er i n e f e ct o n tr a ns mitt er rel e as e, a n d 
l oc alize at di fere nt dist a nces fr o m t he c ore of t he A Z ( 3 8 ,  3 9 ). To 
i n vesti gate w het her U nc 1 3 is t he rele va nt D A G tar get, we k n oc ke d 
d o w n b ot h of t h e is of or ms of U n c 1 3 s el e cti vel y i n t y p e I M Ns 
(w 1 1 1 8 ;  O K 6-Gal 4/ +; S y na p G Ca M P 6f/ U A S -U nc 1 3 R N Ai ).  C o nsiste nt 
wit h e arli er w or k ( 3 8 ), t h e k n o c k d o w n of U n c 1 3 gre atl y re d u c e d 
( b y ~ 8 0 %) t h e b as al n u m b er of tr a ns missi o n e ve nts ( 4. 9 ± 0. 1 9 
e ve nts/tri al f or u nc 1 3 R N Ai (SI A p pe n di x , Fi g. S 7A ) vs. 2 6. 8 ± 0. 4 7 
e ve nts/tri al f or wt ( Fi g.  5C ). I n t h e U n c 1 3 k n o c k d o w n, P d B U 
h a d a r e d u c e d e f e ct o n t h e n u m b er of tr a ns missi o n e ve nts/sti m -
ul us ( SI A p pe n di x , Fi g. S 7A ), s u g g esti n g t h at U n c 1 3 is, i n d e e d, t h e 
t ar g et of m o d ul ati o n b y P d B U. 

To f urt her deter mi ne h o w t he t w o di fere nt U nc 1 3 is of or ms c o n -
tri b ute t o m o d ulati o n b y D A G, we k n oc ke d t he m d o w n i n di vi d uall y 
i n  t y pe  I  M Ns.  K n oc k d o w n  of  U nc 1 3 A  se verel y  i m paire d  basal  
e v o ke d release i n I b M Ns, re d uci n g mea n P b y ~ 8 0 %  ( Fi g.  6 A , C ,r 

D  ,  a n d G ), c o nsiste nt wit h t he c ore r ole f or U nc 1 3 A i n acti o n p ote n-
tial tri g gere d release. I n c o ntrast, k n oc k d o w n of U nc 1 3 B a ug me nte d 
basal e v o ke d release i n I b M Ns, i ncreasi n g mea n P b y ~ 8 0 %  ( Fi g.  6 r 

B , C , E  ,  a n d H ). Tis a u g me ntati o n le d us t o as k w het her t he k n oc k-
d o w n of U nc 1 3 B a fects t he e x pressi o n of U nc 1 3 A. I n dee d, we f o u n d 
t hat  U nc 1 3 A  at  I b  s y na pses  i ncrease d  b y  ~ 4 0 %  i n  t he  U nc 1 3 B  
k n oc k d o w n ( SI A p pe n di x , Fi g. S 7 B – F ), s u g gesti n g a c o m pe nsat or y 
mec ha nis m. Te a vera ge le vel of Br p acr oss I b s y na pses was u nc ha n ge d 
b y  t he  k n oc k d o w n  of  eit her  U nc 1 3 A  or  U nc 1 3 B.        

K n oc k d o w n of U nc 1 3 A re d uce d P d B U pres y na ptic p ote ntiati o n 
at  I b  s y na pses  t o  t he  p oi nt  t hat  it  was  barel y  detecte d  i n  
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6.

A C E  

B D F  

Fi g. 4.   O A p ot e nti ati o n of r el e a s e i s m e di at e d b y t h e G q- c o u pl e d O A M B r e c e pt o r a n d P L C. ( A – D ) K n o c k d o w n of O A M B i n t y p e I M N s (O K 6 > G al 4; U A S > o a m b R N Ai ) 
eli mi n at e s p ot e nti ati o n of r el e a s e b y 1 0 μ M O A f r o m t y p e I b M N s y n a p s e s wit h n o e ff e ct o n I s M N s y n a p s e s, w hi c h n o r m all y l a c k O A p ot e nti ati o n. ( A  a n d B ) 
S y n a p G C a M P 6f ∆ F/ F t y p e I M N gl ut a m at e t r a n s mi s si o n e v e nt s i n r e s p o n s e t o n e r v e sti m ul ati o n at 0. 2 H z d u ri n g 1 0 mi n b a s al p e ri o d, f oll o w e d b y a 1 0 mi n i nt e r v al 
i n p r e s e n c e of O A ( n o i m a gi n g, n o sti m ul ati o n, b r e a k i n t h e x - a xi s), f oll o w e d b y 1 0 mi n of m e a s u r e m e nt of gl ut a m at e t r a n s mi s si o n i n c o nti n u e d p r e s e n c e of 
O A. R a w gl ut a m at e t r a n s mi s si o n e v e nt c o u nt s p e r t ri al i n r e s p o n s e t o sti m ul ati o n at 0. 2 H z f o r a n e x a m pl e I b M N ( A ) a n d t h e I s M N (B ) i n n e r v ati n g t h e s a m e 
m u s cl e. D a s h e d bl a c k li n e s i n di c at e m e a n n u m b e r of e v e nt s p e r t ri al b ef o r e O A. ( C  a n d D ) Q D ( m e a n # of e v e nt s p e r t ri al/μ m 2 ) f o r I b M N (C ) a n d I s M N (D ) p ai r s 
( n = 6 N MJ s, 1 f r o m e a c h a ni m al). E r r o r b a r s a r e m e a n ± S. E. M. ( n. s., n ot si g ni ffi c a nt b y t h e p ai r e d t- t e st). (E  a n d F ) Bl o c k of P L C eli mi n at e s O A p ot e nti ati o n. (E ) 
E x a m pl e wt  I b M N gl ut a m at e t r a n s mi s si o n e v e nt s c o u nt s p e r t ri al, st a rti n g wit h 0. 2 H z sti m ul ati o n d u ri n g b a s eli n e p e ri o d, s wit c hi n g t o i n c u b ati o n wit h P L C 
bl o c k e r U 7 3 1 2 2 ( n o i m a gi n g, n o sti m ul ati o n, 1 0 mi n b r e a k i n t h e x - a xi s), f oll o w e d b y 0. 2 H z sti m ul ati o n i n c o nti n u e d p r e s e n c e of U 7 3 1 2 2, f oll o w e d b y a d diti o n 
of O A ( n o i m a gi n g, n o sti m ul ati o n, 1 0 mi n b r e a k i n t h e x - a xi s), f oll o w e d b y 0. 2 H z sti m ul ati o n i n t h e c o nti n u e d p r e s e n c e of U 7 3 1 2 2 + O A. ( F ) S u m m a r y of f o u r wt  
N MJ s, i n cl u di n g t h at s h o w n i n ( E ), s h o w s n o si g ni ff c a nt c h a n g e i n Q D i n r e s p o n s e t o O A w h e n p r ei n c u b at e d wit h U 7 3 1 2 2. P oi nt s i n bl a c k wit h e r r o r b a r s s h o w 
m e a n Q D ± S. E. M. ( n. s., n ot si g ni ff c a nt b y St u d e nt’ s p ai r e d t- t e st). 

P     meas ure me nt  (~ 2 0 % b o ost) a n d t here was n o e fect detecte d o n Q D r 

( Fi g.  6 D , F ,  a n d G ). I n c o ntrast, t he U nc 1 3 B k n oc k d o w n i ncrease d 
t he P d B U b o ost of Q D t o ~ 7 0 % a n d a vera ge P     t o ~ 9 0 %, m ore t ha n r 

o bser ve d i n wil dt y pe a ni mals ( Fi g. 6 E , F  ,  a n d H   ). Gi ve n t he hi g h de gree 
of varia bilit y i n p ote ntiati o n t hat we o bser ve bet wee n s y na pses, we 
w o n dere d w het her t he de gree of p ote ntiati o n is relate d t o t he q ua ntit y 
of U nc 1 3 A at t he A Z. We f n d t hat s y na pses wit h hi g her le vels of 
U nc 1 3 A s h o w greater p ote ntiati o n b y P d B U ( Fi g. 6 I  a n d J).

To dise nta n gle t he e fects o n basal P  fr o m t he e fects o n p ote ntia-r 

ti o n,  we  re place d  t he  nati ve  U nc 1 3 A  wit h  a  versi o n  of  U nc 1 3 A  
( H 1 7 2 3 K) t hat has its D A G site m utate d s uc h t hat it is i nse nsiti ve t o 
m o di fcati o n a n d m o d ulati o n b y p h or b ol esters ( 4 0 ,  4 1 ). We di d t his 
b y c o m bi ni n g t he R N Ai k n oc k d o w n of nati ve U nc 1 3 A wit h overe x -
pressi o n of a n R N Ai -pr o of U nc 1 3 A( H 1 7 2 3 K). I n t hese a ni mals ( w 1 1 1 8   ; 
O K 6 -Gal 4/ U A S - U nc 1 3 AH 1 7 2 3 K   ; S y na p G Ca M P 6f/ U A S-U nc 1 3 A R N Ai ), 
basal release fr o m I b M Ns was n or mal, b ut P d B U ha d n o p ote ntiati n g 
e fect  ( Fi g.  6 K   a n d L ), c o n fr mi n g t he i nter pretati o n t hat U nc 1 3 A is 
t he tar get of t he D A G mi mic P d B U.

 We t he n as ke d w het her O A als o a cts t hr o u g h D A G m o d ul ati o n 
of U n c 1 3 A. We f o u n d t h at k n o c k d o w n of U n c 1 3 A, eli mi n ates 
O A -i n d u ce d p ote nti ati o n of rele ase fr o m I b M Ns ( Fi g. 7 A   a n d 
  ), b ut k n o c k d o w n of U n c 1 3 B d oes n ot ( Fi g. 7B   ).  Si mil arl y  t o 
P d B U, we f n d t h at s y n a pses wit h hi g her le vels of U n c 1 3 A s h o w 
gre ater p ote nti ati o n b ot h i n res p o nse t o O A ( Fi g. 7 D   ).  F urt her m ore, 
j ust as wit h P d B U, we f o u n d t h at re pl a ci n g t he n ati ve U n c 1 3 A 
wit h  a  versi o n  t h at  is  u n a ble  t o  bi n d  D A G  als o  eli mi n ate d  
O A -i n d u ce d p ote nti ati o n i n I b M Ns ( Fi g. 7 E   a n d F ). 

B as e d o n t h e c o nst ell ati o n of res ults, w e c o n cl u d e t h at O A 
p ot e nti at es rel e as e fr o m I b s y n a ps es b y a cti v ati n g t h e G q -c o u pl e d 

O A M B re c e pt or, w hi c h a cti v at es P L C, w hi c h i n t ur n pr o d u c es 
D A G t h at t h e n bi n ds t o U n c 1 3 A i n t h e A Z, t h ere b y pr o m oti n g 
gl ut a m at e  rel e as e  i n  pr o p orti o n  t o  t h e  U n c 1 3 A  c o nt e nt  of  
t h at A Z.

 W hil e O A b o osts t h e pr o b a bilit y of gl ut a m at e rel e as e fr o m t y p e 
I b M Ns, it h as n o e f e ct o n t h e n e ar b y t y p e Is M N ( Fi g. 4B ). 
H o we ver, t h e A Zs of Is M Ns c o nt ai n U n c 1 3 A a n d P d B U b o osts 
rel e as e i n Is s y n a ps es ( Fi g. 5F ), i n di c ati n g t h at t h e y c o nt ai n t h e 
c a p a cit y f or D A G p ot e nti ati o n a n d s u g g esti n g t h at t h e di f ere n c e 
b et we e n I b a n d Is s y n a ps es m a y li e i n t h e e x pressi o n of O A M B. 
C o nsist e nt wit h t his, O A M B is e x press e d at a l o wer l e vel i n Is 
M Ns  ( Fi g.  3 B   a n d C ). To g et h er, o ur o bs er v ati o ns s u g g est t h at 
O A p ot e nti ati o n is m e di at e d b y t h e a cti v ati o n of a G q -c o u pl e d 
O A re c e pt or o n pres y n a pti c I b M N n er ve t er mi n als, w hi c h a cti -
v at es P L C t o pr o d u c e D A G, w hi c h bi n ds U n c 1 3 A a n d b o osts 
a cti o n  p ot e nti al  e v o k e d  gl ut a m at e  rel e as e  ( Fi g.  8 ). 

Di s c u s si o n

 I n Dros o p hil a,  O A re g ul ates l oc o m oti o n peri p her all y at t he N MJs 
of b o d y w all m uscles, me di ate d b y oct o p a mi ner gic t y pe II M Ns 
( 1 6 ,  2 2 ). E arlier w or k de m o nstr ate d t h at pr ol o n ge d o pt o ge netic 
sti m ul ati o n of t y pe II M Ns sti m ul ates t he gr o wt h of t y pe I a n d t y pe 
II M Ns a x o ns, le a di n g t o i ncre ase d l oc o m oti o n ( 1 6 ). A d diti o n all y, 
h o urs of st ar vati o n were als o f o u n d t o i ncre ase l oc o m oti o n, b ut o nl y 
w he n t y pe II M Ns are i nt act ( 1 6 ). O ur f u ncti o n al i m a gi n g directl y 
de m o nstr ates t h at h u n ger ele vates t y pe II M N fri n g fre q ue nc y, 
s hifti n g t he p atter n fr o m t o nic t o b ursti n g. E x p os ure t o li g ht tri g gers 
a r a pi d i ncre ase i n l oc o m oti o n ( wit hi n 1 mi n), a n d t his b o ost is 

6 of 1 2    htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 0 4 9 6 1 2 1 p n a s. o r g  
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6.

A B  

C D  

E F G  

Fi g. 5.   M e m b r a n e- p e r m e a bl e D A G mi mi c P d B U p ot e nti at e s r el e a s e f r o m b ot h t y p e I b a n d I s s y n a p s e s. ( A – D ) 1 0 mi n b a s eli n e p e ri o d f oll o w e d 6 mi n i nt e r v al ( n o 
i m a gi n g, n o sti m ul ati o n, a d diti o n of P d B U, x - a xi s b r e a k), f oll o w e d b y sti m ul ati o n at 0. 2 H z sti m ul ati o n i n c o nti n u e d p r e s e n c e of P d B U. ( A ) I m a g e s of si n gl e I b M N 
b o ut o n s h o wi n g A Z l o c ati o n ( L eft , B r p i n m a g e nt a) i n r el ati o n t o gl ut a m at e t r a n s mi s si o n e v e nt s e v o k e d b y 0. 2 H z sti m ul ati o n i n b a s eli n e p e ri o d (Mi d dl e , c y a n) 
a n d aft e r a d diti o n of 1 μ M P d B U ( Ri g ht , y ell o w). ( S c al e b a r, 5 0 0 n m.) (B ) S y n a p G C a M P 6f ∆ F/ F gl ut a m at e t r a n s mi s si o n e v e nt s i n r e s p o n s e t o M N n e r v e sti m ul ati o n 
at 0. 2 H z f o r A Z s s h o w n i n ( A ). V e rti c al ( S c al e b a r, 0. 5) ∆ F/ F. H o ri z o nt al ( S c al e b a r, 1 s.) (C  a n d D ) N u m b e r of gl ut a m at e t r a n s mi s si o n e v e nt s p e r sti m ul u s o v e r 
e nti r e N MJ d u ri n g sti m ul ati o n at 0. 2 H z f o r a n e x a m pl e m u s cl e s h o wi n g t h e I b M N ( C ) a n d t h e I s M N (D ). T h e d a s h e d bl a c k li n e i s t h e m e a n n u m b e r of e v e nt s 
p e r t ri al b ef o r e P d B U. ( E  a n d F ) Q u a nt al d e n siti e s ( m e a n # of t r a n s mi s si o n e v e nt s i n e nti r e N MJ p e r sti m ul u s/μ m 2 ) f o r I b M N s ( n = 1 5 N MJ s) (E ) a n d I s M N s ( n = 7 
N MJ s) ( F ), w h e r e e a c h of t h e I s M N s w a s r e c o r d e d si m ult a n e o u sl y f r o m m u s cl e wit h s h o w n I b. E r r o r b a r s a r e m e a n ± S. E. M. ( * P  < 0. 0 5 b y t h e p ai r e d t- t e st.) (G ) 
R el ati o n s hi p b et w e e n P r d u ri n g b a s eli n e p e ri o d ( p r e- P d B U) a n d f oll o wi n g a d diti o n of P d B U ( p o st - P d B U) f o r i n di vi d u al wt  I b M N A Z s ( n = 5 8 8, f r o m 5 N MJ s, 1 p e r 
a ni m al, wit h A Z - m at c h e d Q u a S O R a n al y si s). T h e d a s h e d bl a c k li n e i s y = x.  

bl o c ke d b y o pt o ge netic i n hi biti o n of t y pe II M Ns. Tis s u g gests 
t h at t y pe II M Ns als o m o d ul ate l oc o m ot or y dri ve o n a f ast ti me 
sc ale. B ursti n g acti vit y of t y pe II M Ns c oi nci des wit h or prece des 
t he o nset of gl ut a m ater gic tr a ns missi o n b o uts b y t y pe I b M Ns, 
i n dic ati n g t h at O A is rele ase d at t he o pti m al ti me t o m o d ul ate t y pe 
I M N s y n a ptic tr a ns missi o n a n d dri ve m uscle c o ntr acti o n ( 1 2 ).

W hil e O A h as b e e n s h o w n t o e n h a n c e t h e a m plit u d e of f ast 
gl ut a m at er gi c E P S Ps, t h e pre cis e sit e of m o d ul at e — pr e - or p ost-
s y n a pti c — w as  u n cl e ar  (  1 6  ).  O ur  e x p eri m e nts  re ve al  t h at  t his  
tr a ns missi o n b o ost o c c urs wit hi n mi n ut es a n d is d u e t o pres y n-
a pti c p ot e nti ati o n of gl ut a m at e rel e as e fr o m t y p e I b M Ns a n d is 
m e di at e d b y O A M B, t h e G q -c o u pl e d O A re c e pt or t h at we h ere, 
a n d ot h ers re c e ntl y ( 3 2 ), f o u n d t o b e e x press e d i n t y p e I M Ns. 
C o nsist e nt wit h G q  si g n ali n g, P L C, its pr o d u ct D A G, t h e k n o w n 
D A G t ar g et U n c 1 3, a n d t h e U n c 1 3 D A G bi n di n g sit e are all 
n e c ess ar y f or t h e m o d ul ati o n. U n c 1 3 is i n v ol ve d i n t h e pri mi n g 
a n d l o c aliz ati o n of s y n a pti c vesi cl es ( 3 7 ) a n d D A G is t h o u g ht t o 
m o d ul at e U n c 1 3 b y dis pl a ci n g a w at er m ol e c ul e at its C 1 -bi n di n g 
sit e, e n a bli n g s y n a pti c vesi cl es t o a p pr o a c h t h e pl as m a m e m br a n e 

i n a pr o c ess t h at “s u p er pri m es” t h e m b y l o weri n g t h e e n er g y b ar-
ri er f or s y n a pti c f usi o n ( 4 2 ,  4 3 ).

I n Dr os o p hil a  t h ere are t w o alt er n ati ve s pli c e pr o d u cts of U n c 1 3, 
U n c 1 3 A, a n d U n c 1 3 B. U n c 1 3 A is l o c at e d at t h e A Z, w h ere it 
i m p a cts A P-e v o k e d rel e as e, w h ere as U n c 1 3 B is l o c at e d p eri p h er -
all y, w h ere it h as littl e e f e ct o n e v o k e d rel e as e ( 3 8 ). We f n d t h at 
k n o c k d o w n of U n c 1 3 A, or its re pl a c e m e nt wit h a m ut a nt versi o n 
l a c ki n g t h e D A G bi n di n g sit e, eli mi n at es t h e p ot e nti ati o n. I n 
c o ntr ast, k n o c k d o w n of U n c 1 3 B l e a ves t h e p ot e nti ati o n i nt a ct. 
I n f a ct, U n c 1 3 B k n o c k d o w n i n cre as es U n c 1 3 A e x pressi o n a n d 
b o osts p ot e nti ati o n b y t h e D A G -a n al o g P d B U.

 T us, b e y o n d t h e pre vi o usl y d es cri b e d t y p e I M N gr o wt h e f e ct 
of pr ol o n g e d t y p e II M N a cti vit y t h at w as attri b ut e d t o pr ot ei n 
ki n as e A ( 1 6 ), O A rel e as e d fr o m t y p e II M N a cti v at es pres y n a pti c 
O A M B i n t y p e I b M Ns t o eli cit a r a pi d, D A G -d e p e n d e nt p ot e n -
ti ati o n of t h e e xisti n g rel e as e m a c hi n er y. T e O A M B h o m ol o g of 
t h e m a m m ali a n br ai n, t h e ˜  1 a dre n er gi c re c e pt or, h as als o b e e n 
s h o w n t o e n h a n c e gl ut a m at e rel e as e, al b eit t hr o u g h ot h er si g n ali n g 
p at h w a ys  ( 3 4 ). 

P N A S    2 0 2 5   V ol. 1 2 2   N o. 1   e 2 4 2 0 4 9 6 1 2 1 htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 0 4 9 6 1 2 1   7 of 1 2 

l b 
B c p 

1 4 4 
pr e- P d B U 1 4 4 p o st- P d B U 1 4 4 

1 3 1 
1 3 1 • 1 3 1 "j, ;' 

1 2 8 
1 4 7 

1 2 8 
1 2 8 1 4 7 1 4 7 

5 0 0 n m 
1 4 0 1 4 0 1 4 0 

l b 
+ P d B U 1 ~ M 

6 0 
o C b 
o X go o cf o 

.l!l o  o ll b,, ~ o oll o '. ?' ~ 
5 5 4 0 0 0  0 o °!, ' 80 0 ll 

> 
0 ~ ~ ~ 9j- -- ---- ---: _ Q) -0 o clf,'r:/ ? o o ::i:t: 2 0 

0 
5 0  1 0 0  1 5 0  2 0 0 

tri al # 

r Jl 

l b + P d B U 1 µ M A Z 1 1 

~ ~ 2 8 

Jli ~ ~ W. 4l h, v L.. ~ ~ ~.J,:. 3 1 

. u L 1.. J a J,i"" ~ J 1 ~ 
tl: ~ ~ 4 7 

1, 

5 0 I s 
+ P d B U 1 µ M 

4 0 

1 = 3 0 
Q) 

> 
2 2 0 
0 

::i:t: 1 0 

0 
5 0  1 0 0  1 5 0  2 0 0 

tri al # 

N o. 1 2 ~ ~ 1b ~ ~ 
E 

I s 
N 0. 1 2--- ~--- 1 l b 

::, _ 

~ 0. 1 0 

1:: ~ 
0 0. 0 4 

+ 
~ 0. 0 2 
a 

0 pr e- P d B U p o st- P d B U 

E 
::, _ 

~ 0. 1 0 

c 0. 0 8 

" " ., 
E 
~ 0. 0 6 f 
C ., 
0 0. 0 
]i 
C 

~ 0. 0 2 
a 

0 pr e- P d B U p o st- P d B U 

~ 0. 8 

= > c o 0. 6 
"' C 
a.. 

I 0. 4 -Cl) 
0 

c. 0. 2 

n = 5 8 8 A Z s 
0' " "'-''------ ~-- ~- ~-- ~- ~ 

0 0. 2 0. 4  0. 6 0. 8 

pr e- P d B U Pr 

https://doi.org/10.1073/pnas.2420496121


Do
wn

lo
ad

ed
 f

ro
m 

ht
tp

s:
//

w
w

w.
pn

as
.o

rg
 b

y 
M

O
N

T
A

N
A 

S
T

A
T

E 
U

NI
V 

B
O

Z
E

M
A

N;
 

LI
B

R
A

RI
E
S 

on
 

Ma
rc

h 
27

, 
20

25
 f

ro
m 
I
P 

ad
dr

es
s 

15
3.

90
.1

70
.5

6.

A B  C  

D E F  

G H I  

J K  L  

Fi g. 6.   U n c 1 3 A i s t h e P d B U t a r g et t h at b o o st s gl ut a m at e r el e a s e i n I b s y n a p s e s. (A  a n d B ) R a w e v e nt c o u nt s p e r t ri al t o e x a mi n e P d B U e ff e ct o n e x a m pl e u n c 1 3 A R N Ai  
I b M N (A ) a n d u n c 1 3 B R N Ai  I b M N (B ). B r e a k i n t h e x - a xi s m a r k s a d diti o n of P d B U ( 1 μ M) f oll o w e d b y a 1 0 mi n p e ri o d of t r a n s mi s si o n i m a gi n g i n c o nti n u e d p r e s e n c e 
of P d B U. T h e d a s h e d bl a c k li n e i s m e a n n u m b e r of e v e nt s p e r t ri al b ef o r e P d B U. ( C ) C u m ul ati v e p r o b a bilit y of b a s al P r di st ri b uti o n s f o r i n di vi d u al I b A Z s. B a s al 
P r di st ri b uti o n s a r e si g ni ffi c a ntl y di ff e r e nt b y a t w o- s a m pl e K ol m o g o r o v – S mi r n o v t e st: p  = 3. 7 8 × 1 0− 1 6  f o r wt  ( g r a y, s a m e A Z s a s i n Fi g.  5 G ) v s u n c 1 3 B R N Ai  ( g r e e n), 
P  = 9. 3 1 × 1 0− 5 3  f o r wt  ( g r a y) v s u n c 1 3 A R N Ai  ( y ell o w) a n d P  = 4. 1 9 × 1 0− 8 3  f o r u n c 1 3 B R N Ai  ( g r e e n) v s u n c 1 3 A R N Ai  ( y ell o w). (D  a n d E ) R el ati o n of b a s al P r ( p r e- P d B U) t o 
P d B U - p ot e nti at e d P r ( p o st- P d B U) f o r i n di vi d u al I b M N A Z s i n u n c 1 3 A R N Ai  ( n = 3 4 4, f r o m 3 N MJ s) (D ) a n d u n c 1 3 B R N Ai  I b M N A Z s ( n = 3 9 3, f r o m 3 N MJ s) (E ). T h e d a s h e d 
bl a c k li n e i s y = x. ( F ) C h a n g e i n P rp o st - P d B U di st ri b uti o n s f o r i n di vi d u al I b A Z s. C h a n g e i n P r di st ri b uti o n s a r e si g ni ff c a ntl y di fi e r e nt b y a t w o- s a m pl e K ol m o g o r o v –  
S mi r n o v t e st: P  = 2. 5 × 1 0− 4  f o r wt  v s u n c 1 3 B R N Ai , P  = 4. 9 7 × 1 0− 5 4  f o r wt  ( g r a y) v s u n c 1 3 A R N A i ( y ell o w) a n d P  = 5. 5 4 × 1 0− 4 9  f o r u n c 1 3 B R N Ai  ( g r e e n) v s u n c 1 3 A R N Ai  ( y ell o w). 
(G  a n d H ) Q D f o r I b M N s i n u n c 1 3 A R N Ai  a ni m al s (G ; n = 8 N MJ s) a n d u n c 1 3 B R N Ai  a ni m al s (H ; n = 6 N MJ s) b ef o r e a n d aft e r a d diti o n of P d B U ( 1 μ M). Bl a c k s y m b ol s wit h 
e r r o r b a r s a r e m e a n Q D ± S. E. M. ( n. s. i s n ot si g ni fi c a nt; * P  < 0. 0 5 b y St u d e nt’ s p ai r e d t- t e st). (I) S c att e r s h o wi n g t h e r el ati o n s hi p b et w e e n c h a n g e i n P r ( p o st- P d B U 
P r – p r e- P d B U P r) a n d U n c 1 3 A a m o u nt i n a r bit r a r y u nit s ( A. U.) f o r i n di vi d u al A Z s p o ol e d f r o m I b M N s i n t h r e e g e n ot y p e s: u n c 1 3 A R N Ai  ( y ell o w) u n c 1 3 B R N Ai  ( g r e e n) 
a n d wt  ( bl a c k). T h e d a s h e d li n e i s y = 0, r e p r e s e nti n g n o c h a n g e. (J) U n c 1 3 A- d e p e n d e nt c h a n g e i n P r i n d u c e d b y P d B U i n p ot e nti at e d s y n a p s e s p o ol e d f r o m t h e 
t h r e e di fi e r e nt g e n ot y p e s ( n = 1 1 3 7 A Z s f r o m 1 1 N MJ s: 5 wt,  3 u n c 1 3 B R N Ai , 3 u n c 1 3 A R N Ai ). L eft  a xi s: n u m b e r of A Z s p e r bi n. Ri g ht  a xi s: c h a n g e i n P r ( fill e d ci r cl e s). 

˜ °  
− 7  −  x − 2. 2 ∗ 1 0

V e rti c al e r r o r b a r s a r e m e a n P r ± S E M. H o ri z o nt al e r r o r b a r s a r e m e a n n o r m ali z e d U n c 1 3 A ± S. E. M. T h e r e d li n e i s a n e x p o n e nti al fit: y  =  ( 0. 2 1 ∗  ( 1 +  e  ) +  
0. 0 1). S. S. E. = 0. 0 3 2. ( K ) R a w e v e nt c o u nt s p e r t ri al f o r e x a m pl e u n c 1 3 A R N Ai  + u n c 1 3 AH 1 7 2 3 K  I b M N, w h e r e n ati v e U n c 1 3 A i s k n o c k e d d o w n b y R N Ai a n d a n R N Ai- p r o of 
U n c 1 3 A wit h a m ut ati o n at t h e D A G bi n di n g sit e i s e x p r e s s e d i n t y p e I M N s. N ot e r e st o r ati o n of b a s eli n e e v e nt c o u nt s t o n o r m al l e v el s. T h e d a s h e d bl a c k li n e i s 
t h e m e a n n u m b e r of e v e nt s p e r t ri al b ef o r e P d B U. (L ) Q D f o r I b M N s i n u n c 1 3 A R N Ai  + u n c 1 3 AH 1 7 2 3 K  a ni m al s b ef o r e a n d aft e r P d B U ( 1 μ M) ( n = 7 N MJ s). Bl a c k s y m b ol s 
wit h e r r o r b a r s a r e m e a n Q D ± S. E. M. ( n. s. i s n ot si g ni fi c a nt b y  St u d e nt’ s p ai r e d t- t e st). 

 t h at t here is als o a lar ge di versit y i n pres y na ptic p ote ntiati o n b y O A Rece nt a nal ysis has s h o w n t hat e ve n s y na pses ma de b y o ne pre -
s y na ptic ne ur o n o nt o a si n gle p osts y na ptic tar get ca n var y b y a n a m o n g t y pe I b M N s y na pses, i n b ot h t he le vel of U nc 1 3 A a n d t he 
ast o nis hi n g t w o or ders of ma g nit u de i n basal P     ( 2 0 ).  We  f n d  here de gree of p ote ntiati o n var yi n g o ver a ra n ge of ~ 1 0 -f ol d. Si nce, as r 

8 of 1 2    htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 0 4 9 6 1 2 1 p n a s. o r g  
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6.

A B  C  

D E  F  

Fi g. 7.   P ot e nti ati o n b y O A d e p e n d s o n p r e s y n a pti c D A G m o d ul ati o n of U n c 1 3 A. (A  a n d B ) R a w e v e nt c o u nt s p e r t ri al f o r e x a m pl e u n c 1 3 A R N Ai  I b M N (A ) a n d 
u n c 1 3 B R N Ai  I b M N (B ). (C ) Q D f o r I b M N s i n u n c 1 3 A R N Ai  a ni m al s b ef o r e a n d aft e r a d diti o n of O A ( 1 0 μ M) ( n = 7 N MJ s). E r r o r b a r s o n t h e si d e s a r e m e a n Q D s ± S E M. 
( n. s. i s n ot si g ni ff c a nt b y St u d e nt’ s p ai r e d t-  t e st). (D ) U n c 1 3 A- d e p e n d e nt c h a n g e i n P r i n d u c e d b y O A. L eft  a xi s: n u m b e r of A Z s p e r bi n. Ri g ht  a xi s: c h a n g e i n P r 
( p o st- O A P r -  p r e- O A P r) ffill e d ci r cl e s. V e rti c al e r r o r b a r s a r e m e a n P r ± S E M. H o ri z o nt al e r r o r b a r s a r e m e a n n o r m ali z e d U n c 1 3 A ± S E M. ( n = 5 8 8 A Z s f r o m 5 N MJ s).  
T h e r e d li n e i s si g m oi d al fft: y  =  0. 0 5 ∕ ( 1 +  e  − (x − 0. 3 7 )∗ 7. 2  ). S. S. E. = 1. 7 × 1 0− 3 . (E ) R a w e v e nt c o u nt s p e r t ri al f o r a n e x a m pl e u n c 1 3 A R N Ai  + u n c 1 3 AH 1 7 2 3 K  I b M N. T h e 
d a s h e d bl a c k li n e i s t h e m e a n n u m b e r of e v e nt s p e r t ri al b ef o r e O A. ( F ) Q D f o r I b M N s i n u n c 1 3 A R N Ai  + u n c 1 3 AH 1 7 2 3 K  a ni m al s b ef o r e a n d aft e r O A ( 1 0 μ M) ( n = 6 
N MJ s). Bl a c k s y m b ol s wit h e r r o r b a r s o n t h e si d e s a r e Q D s ± S. E. M. ( n. s. i s n ot si g ni ff c a nt b y St u d e nt’ s p ai r e d t- t e st). 

s h o w n earlier ( 3 8 ) a n d c o n fr me d here, P    is als o p ositi vel y c orrelate d Stri ki n gl y, s y n a pses of t he t y pe Is M N t h at i n ner vate t he s a me r 

t o  t he  U nc 1 3 A  c o nte nt  of  t he  pres y na ptic  A Z,  pres y na pticall y  m us cle  are  n ot  p ote nti ate d  b y  O A,  e ve n  t h o u g h  t he y  c o nt ai n  
str o n ger t y pe I b s y na pses dis pr o p orti o natel y c o ntri b ute t o catec h o- U n c 1 3 A a n d are p ote nti ate d b y P d B U. Tis l a c k of O A p ote nti a -
la mi ner gic p ote ntiati o n. ti o n c o ul d be e x pl ai ne d b y t he l o wer e x pressi o n of O A M B i n t y pe 

A B C  

Fi g. 8.   M o d el of p e ri p h e r al c at e c h ol a mi n e r gi c l o c o m oti o n b o o st. (A ) H u n g e r o r bl u e li g ht ( a n d, li k el y, ot h e r si g n al s) a cti v at e t y p e II M N a n d b o o st l o c o m oti o n 
( e. g. f o r f o r a gi n g o r e s c a p e) b y s wit c hi n g t h e fi ri n g of o ct o p a mi n e r gi c t y p e II M N s f r o m l o w f r e q u e n c y t o ni c a cti vit y t o hi g h f r e q u e n c y b u r st s ti m e d t o p r e c e d e a n d 
o v e rl a p wit h t h e l o c o m ot o r y b o ut s of gl ut a m at e r gi c t r a n s mi s si o n f r o m t y p e I M N s. ( B ) At t h e N MJ l e v el, t h e b o o st i n t y p e II M N a cti vit y, d e s c ri b e d i n (A ), i n c r e a s e s 
t h e r el e a s e of O A f r o m t y p e II M N s. (C ) At t h e i n di vi d u al A Z ( s y n a pti c) l e v el, O A r el e a s e d f r o m t y p e II M N bi n d s t o t h e G q- c o u pl e d O A M B ( o ct o p a mi n e r e c e pt o r) 
i n t y p e I b M N p r e s y n a pti c n e r v e t e r mi n al s, a cti v ati n g p h o s p h oli p a s e ( P L C), w hi c h b r e a k s d o w n PI4, 5 P 2  ( PI P2 ) t o g e n e r at e I P3  a n d D A G. D A G bi n d s t o U n c 1 3 A a n d 
p r o m ot e s it s s y n a pti c v e si cl e s u p e r p ri mi n g a cti vit y l e a di n g t o i n c r e a s e d r el e a s e of gl ut a m at e a n d i n c r e a s e d l o c o m oti o n. O A M B e x p r e s si o n i s t o o l o w i n t y p e I s 
M N a x o n s t o s u p p o rt O A p ot e nti ati o n, r e s ulti n g i n p ot e nti ati o n of t y p e I b t r a n s mi s si o n a n d c o n st a n c y of t y p e I s t r a n s mi s si o n.  

P N A S    2 0 2 5   V ol. 1 2 2   N o. 1   e 2 4 2 0 4 9 6 1 2 1 htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 0 4 9 6 1 2 1   9 of 1 2 
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6.

Is M Ns. Ty pe Is M Ns di fer fr o m t y pe I b M Ns i n ot her res pe cts as 
well: Teir s y n a pses h a ve a n a p pr o xi m atel y 3 -f ol d hi g her P a n dr 

t he y l a c k pres y n a pti c h o me ost ati c pl asti cit y ( 1 9 ). To get her, t hese 
di fere nces s u g gest t h at t he t y pe Is i n p ut is s peci alize d f or c o nst a nc y 
a n d t he t y pe I b i n p ut is desi g ne d f or pl asti cit y a n d m o d ul ati o n, 
wit h a s u bset of t y pe I b s y n a pses c o ntri b uti n g m ost str o n gl y t o 
c ate c h ol a mi ner gi c p ote nti ati o n. 

We c o ncl u de t hat a t w o -c o m p o ne nt pres y na ptic m olec ular mec ha -
nis m —c o m prisi n g a n u pstrea m O A M B rece pt or a n d d o w nstrea m 
U nc 1 3 A pr o m oter of tra ns mitter release — deter mi nes w het her s y na pses 
of gl uta mater gic M Ns are s u bject t o catec h ola mi ner gic m o d ulati o n. 
Str o n g, O A M B -ric h a n d U nc 1 3 A-ric h s y na pses of t o nic t y pe I b a x o ns 
u n der g o p ote ntiati o n, w hereas wea k, U nc 1 3 A -p o or I b s y na pses re mai n 
u na fecte d. A d diti o nall y, s y na pses of p hasic t y pe Is a x o ns are n ot m o d -
ulate d, re gar dless of t heir basal P  a n d U nc 1 3 A c o nte nt d ue t o t heir r 

l o w O A M B e x pressi o n. Te c o m bi ne d i n p ut a n d s y na ptic di versit y 
pr ovi des t he s yste m wit h a bala nce bet wee n relia bilit y a n d a da pta bilit y, 
e na bli n g d y na mic res p o nses t o c ha n gi n g be ha vi oral c o n diti o ns. 

M a t e ri al s a n d M e t h o d s 

D r o s o p hil a  H u s b a n d r y  a n d  G e n e ti c s.  S ev er al fi es w er e o bt ai n e d fr o m t h e 
Bl o o mi n gt o n Dr os o p hil a St oc k C e nt er ( B D S C) i ncl u di n g; u nc 1 3 R N Ai  ( p V ALI U M 2 0 
v ect or; i ns ert e d i nt o att P 2; B D S C li n e 2 9 3 1 2), o a m b R N Ai  ( p V ALI U M 1 v ect or; i ns ert e d 
i nt o att P 2; B D S C li n e 3 1 2 3 3),att p 2  ( 3r d c hr o m os o m e att P d oc ki n g sit e, B D S C li n e 
3 6 3 0 3), U A S -Dcr 2 ( B D S C li n e 2 4 6 5 0), T dc 2 -G al 4 ( B D S C li n e 9 3 1 3), T dc 2 -G al 4. 
D B D(fr o m t h e l a b of St ev e St o w ers), 1 3 XL ex A o p 2 -I V S-G Ca M P 6f -p 1 0 (i ns ert e d i nt o 
t h e att P 5 sit e B D S C li n e 4 4 2 7 7), a n d O K 6 ( B D S C li n e 6 4 1 9 9. Gt A C R 1 ( 2 0x-U A S -
Gt A C R 1. d. E YF P i ns ert e d i nt o att P 2) a n d T dc 2 -l ex A (t w o v ari a nts, o n e o n t h e 3r d 
c hr o m os o m e a n d o n e o n t h e 2 n d) w er e fr o m t h e Li mi n g Wa n g l a b r e p ort e d o n 
pr evi o usly  ( 2 7).  Sy n a p G Ca M P 6f  ( 3r d  c hr o m os o m e  M H C -C D 8 -G Ca M P 6f -S h) 
li n es w er e r e p ort e d pr evi o usly ( 1 2, 2 0, 2 4), u nc 1 3 A R N Ai  a n d u nc 1 3 B R N Ai  w er e 
als o r e p ort e d o n pr evi o usly ( 3 8) a n d w er e o bt ai n e d fr o m t h e Si grist l a b. Fli es 
w er e r ais e d o n st a n d ar d c or n m e al a n d m ol ass es m e di a at 2 5 ° C. A mix of m al e 
a n d f e m al e w a n d eri n g t hir d i nst ar l arv a e w as us e d i n all ex p eri m e nts, a n d o nly 
activ ely cr a wli n g l arv a e w er e pic k e d f or ex p eri m e nts.  W h e n n ec ess ary, t hir d i nst ar 
l arv a e w er e scr e e n e d f or b al a nc ers. T h e b al a nc ers wit h l arv al m ar k ers i ncl u d e d 
Cy O GF P  ( 3x P 3-E G F P v ari a nt) a n d T m 6 B. All l arv a e c o nt ai n e d a si n gl e c o py of 
Sy n a p G Ca M P 6f o n t h e t hir d c hr o m os o m e. T h e f oll o wi n g g e n oty p es w er e us e d: 

wt (w 1 1 1 8 ;  +/ +;  Sy n a p G Ca M P 6f/ +) 
u nc 1 3 R N Ai (w 1 1 1 8 ;  O K 6-G al 4/ +; Sy n a p G Ca M P 6f/ U A S -U nc 1 3 R N Ai ) 

u nc 1 3 A R N Ai (w 1 1 1 8 ;  O K 6-G al 4/ +; Sy n a p G Ca M P 6f/ U A S -U nc 1 3 A R N Ai ) 

u nc 1 3 B R N Ai (w 1 1 1 8 ;  O K 6-G al 4/ +; Sy n a p G Ca M P 6f/ U A S -U nc 1 3 B R N Ai ) 

u nc 1 3 A R N Ai  + u nc 1 3 AH 1 7 2 3 K (w 1 1 1 8 ;  O K 6-G al 4/ U A S - U nc 1 3 A H 1 7 2 3 K ; 
Sy n a p G Ca M P 6f/ U A S -U nc 1 3 A R N Ai ) 

o a m b R N Ai (w 1 1 1 8 ;  O K 6-G al 4/ U A S -Dcr 2; Sy n a p G Ca M P 6f/ O A M B R N Ai )  or 
(w 1 1 1 8 ;  O K 6-G al 4/ U A S -Dcr 2; O A M B R N Ai  / +) f or l oc o m oti o n tr ac ki n g 

C RI S P R t a g g e d O A M B 1 0x V 5 (w; +; O A M B -1 0x V 5) 

att P 2 (w 1 1 1 8   ;  R 3 1 C 0 3-p 6 5. A D/T dc 2 -Gal 4. D B D; att P 2/ +) f or o pt o g e n etic 
ex p eri m e nts or ( w 1 1 1 8   ;  O K 6-Gal 4/ U A S -Dcr 2; att P 2/ +) f or l oc o m oti o n 
tracki n g 

Gt A C R 1 (w 1 1 1 8 ;  R 3 1 C 0 3-p 6 5. A D/T dc 2 -Gal 4. D B D; 2 0x -U A S -Gt A C R 1. d.E YF P / +)

   I n  viv o i m a gi n g cyt os olic Ty p e II G C a M P 6f a n d Sy n a p G C a M P 6f: (w 1 1 1 8 ; 
1 3 XL ex A o p 2 -I V S-G C a M P 6f -p 1 0/T dc 2 -l ex A; M H C-C D 8 -G C a M P 6f -S h/ +) 
or ( w 1 1 1 8 ; 1 3 XL ex A o p 2 -I V S-G C a M P 6f -p 1 0/ +; M H C -C D 8 -G C a M P 6f -S h/ 
T dc 2-l ex A) 

Gt A C R 1  (s plit G al 4): (w 1 1 1 8 ;  T dc 2-G al 4/ +; 2 0x -U A S -Gt A C R 1. d. E Y F P  / +)  

C RI S P R T a g gi n g of O A M B.  C RI S P R t a g gi n g of O A M B w as p erf or m e d by ass e m-
bli n g a d o n or pl as mi d c o nt ai ni n g FL P r ec o m bi n as e t ar g et sit es F RT a n d F 3 f a n k -
i n g b ot h si d es of a n i nv ert e d l ast c o di n g ex o n c o m m o n t o O A M B is of or ms R C, 

R D, R F, a n d R G. T h e F RT a n d F 3 sit es w er e ori e nt e d s uc h t h at u p o n c o n diti o n al 
ex pr essi o n of FL P r ec o m bi n as e a st a bl e i nv ersi o n w o ul d occ ur ( 4 4) t h at r e ar -
r a n g es t h e f n al c o di n g ex o n t o t h e n or m al dir ecti o n of tr a nscri pti o n a n d all o ws 
ex pr essi o n of t h e V 5 -t a g g e d v ari a nt of O A M B. T h e V 5 t a g w as i ns ert e d b et w e e n 
Vali n e 4 6 1 a n d Al a ni n e 4 6 2 r el ativ e t o t h e O A M B -R D pr ot ei n is of or m. T h e d o n or 
pl as mi d c o nt ai n e d ~ 7 5 0 b p of s e q u e nc e f a n ki n g t h e l oc ati o n of t h e g ui d e R N As. 
T h e s e q u e nc e of t h e d o n or pl as mi d is av ail a bl e u p o n r e q u est. T w o p C F D 4 d o u bl e 
g ui d e R N A pl as mi ds w er e ass e m bl e d wit h p C F D 4 O A M B G ui d e 1, 2 c o nt ai ni n g 
g ui d e R N A s e q u e nc es A A G A G A A G G G G A C G G G A A a n d CT G C G A G C G C GT G C A C C A, 
a n d p C F D 4 O A M B G ui d e 3, 4 c o nt ai ni n g g ui d e R N As G CT G A G AT A G CT A C A CT G A G 
a n d T A C A CT G A G G A A G C A AT A G A. G e n o m e -e dit e d F RT -F 3 O A M B -1 0 X V 5 fi es w er e 
i d e nti f e d by t a ki n g si n gl e c a n di d at e m al es, cr ossi n g t o a fy str ai n c o nt ai ni n g 
N -sy b-G AL 4 a n d U A S -FL P, f oll o w e d by scr e e ni n g l arv al pr o g e ny by a nti -V 5 i m m u -
n ost ai ni n g. G er mli n e i nv ersi o n w as acc o m plis h e d by cr ossi n g F RT -F 3 O A M B -
1 0 X V 5 t o n os -G AL 4 a n d U A S -FL P t o g e n er at e c a n di d at e g er mli n e i nv ersi o n m al es, 
f oll o w e d by si n gl e m al e cr oss es t o a t hir d c hr o m os o m e b al a nc er st oc k a n d l arv al 
a nti -V 5 i m m u n ost ai ni n g. 

U A S -U n c 1 3 A H 1 7 2 3 K E x p r e s si o n Pl a s mi d.  T h e U A S-U nc 1 3 A H 1 7 2 3 K ex pr es -
si o n pl as mi d w as m a d e by m a ki n g t ar g et e d m ut ati o ns t o t h e Dr os o p hil a  m el a-
n o g ast er c D N A c o di n g f or U nc 1 3 A pr ot ei n. T h e 8, 6 1 6 b as e p airs w er e ass e m bl e d 
as v ari o us g Bl oc ks (I DT) usi n g Gi bs o n cl o ni n g i nt o t h e J F R C 2 pl as mi d. T h e 
H 1 7 2 3 K m ut ati o n w as s el ect e d, b as e d o n h o m ol o gy wit h r at a n d m o us e u nc 1 3 , 
t o disr u pt t h e P H N F m otif; t h e C 1-d o m ai n of U nc 1 3 c o nt ai ns a zi nc f n g er 
d o m ai n w h er ei n t h e H > > K m ut ati o n disr u pts p h or b ol est er bi n di n g ( 4 0, 4 1). 
T o r e m ov e a n d f ully s u p pl a nt t h e e n d o g e n o us fr acti o n of U nc 1 3 A pr ot ei n t h at 
w o ul d p ersist i n b ei n g m o di f e d a n d r e g ul at e d by p h or b ol est ers, w e “ w o b bl e d” 
s p eci fc r e gi o ns i n t h e c D N A t o disr u pt r e gi o ns r ec o g niz e d by R N Ai fr a g m e nts 
y et still yi el di n g a n u n alt er e d a mi n o aci d s e q u e nc e. T h e g o al i n t his e n d e av or 
w as t o all o w c o nc urr e nt ex pr essi o n of U nc 1 3 A H 1 7 2 3 K pr ot ei n al o n gsi d e 
ex pr essi o n of t h e r el ev a nt R N Ai a g ai nst u nc 1 3 A m R N A or a g e n er al R N Ai t o 
u nc 1 3 wit h o ut is of or m s p eci fcity. Tar g et e d r e gi o ns w er e s el ect e d a n d w o b bl e d 
vi a us e of a Pyt h o n scri pt, w h er e b as e p airs w er e r e pl ac e d wit h t h os e of vi a bl e 
alt er n ativ e c o d o ns ty pic ally by m o difyi n g t h e t hir d b as e p air f or e ac h c o d o n. T his 
m et h o d of c o d o n s w a p pi n g is si mil ar t o c o d o n o pti miz ati o n, a n d w e r e pl ac e d 
c o d o ns wit h pr ef er e nc e t o c o d o ns utiliz e d by Dr os o p hil a m el a n o g ast er at a 
hi g h er fr e q u e ncy ( htt ps:// w w w. k az us a. or.j p/c o d o n/c gi -bi n/s h o wc o d o n.c gi?s p e -
ci es = 7 2 2 7). T h e R N Ai f or U nc 1 3 A ex pr ess es a s h ort h air pi n R N Ai t ar g eti n g b as e 
p airs 5’ -T G G GTT A G G A C AT A AT A AT CT A-3’ ( 3 9). T h us, w e m o di f e d t his r e gi o n t o 
pr o d uc e t h e r es ulti n g s e q u e nc e: 5’ -C G G C CT G G G C C A C A A C A A C CT G -3’. F urt h er, 
w e w o b bl e d t h e r e gi o n c orr es p o n di n g t o t h e R N Ai li n e t h at is n o ns p eci fc t o w ar d 
eli mi n ati o n of u nc 1 3 A a n d u nc 1 3 B m R N A, Bl o o mi n gt o n # 2 9 5 4 8, fr o m t h e 
H arv ar d D R S C/Tri P F u ncti o n al G e n o mics R es o urc es) c o nsist e d of a 4 8 4 b as e p air 
r e gi o n w e t h e n m o di f e d c orr es p o n di n g t o t h e u nc 1 3 A c D N A r e gi o n b e gi n ni n g 
at 5’ -G A C C G C ATT A A G GTT C GT GT a n d e n di n g at GT C CT G G G GT A C C A G CT GT A -3’. T h e 
r es ulti n g pr ot ei n s e q u e nc e f or U nc 1 3 A H 1 7 2 3 K w as c h ec k e d vi a Cl ust al W ( 4 5) 
t o c o n fr m t h e occ urr e nc e of t h e si n g ul ar H 1 7 2 3 K m ut ati o n. Fi n ally, t h e J F R C 2 
U A S -U nc 1 3 A H 1 7 2 3 K w as i nj ect e d a n d i ntr o d uc e d i nt o att P 1 l a n di n g sit e a n d 
s ucc essf ul i nt e gr ati o n w as d et er mi n e d vi a ex pr essi o n of mi ni w hit e i n a w hit e -
n ull b ac k gr o u n d ( B est G e n e). 

R N A -S e q u e n ci n g.  F A C S s orti n g R N As e q a n d a n alysis d escri b e d i n r ef. 3 1. 

L o c o m o ti o n  A n al y si s  D u ri n g  O p t o g e n e ti c  I n hi bi ti o n  of  T y p e  II  M N s.  

O pt o g e n etic b e h avi oral ex p eri m e nts w er e p erf or m e d wit hi n a pl exi gl ass b ox st a g e d 
i nsi d e a n is ol at e d d ark c h a m b er at 2 1 ° C. L arv a e w er e r ear e d i n t h e d ark o n m ol ass es 
m e di a s u p pl e m e nt e d wit h 1 % 1 0 0 m M all -tra ns-r eti n al. I n divi d u al t hir d i nst ar l ar-
v a e w er e pl ac e d wit hi n a c ov er e d y et v e ntil at e d 3 5 m m dis h c o nt ai ni n g 3 % a g ar os e 
g el. Car e w as t ak e n t o p o ur t h e a g ar g el hi g h e n o u g h t o mi ni miz e t h e dis pl ac e m e nt 
of t h e l arv a al o n g t h e si d es of t h e dis h i n t h e z -di m e nsi o n. Si m ult a n e o us b e h avi oral 
activity of 6 l arv a e wit hi n 6 dis h es w as r ec or d e d wit h a C C D c a m era ( fr e -i 7 8 0 b, 
U ni brai n, 1 f ps), w hic h w as b acklit by a n array of i nfrar e d L E Ds. T h e b e h avi oral ass ay 
c o nsist e d of 5 mi n of d ark accli m ati o n t o t h e b e h avi oral ar e n a, f oll o w e d by 1 5 mi n of 
cra wli n g activity i n t h e d ark, t h e n 1 5 mi n of cra wli n g activity i n u n d er 5 0 5 m m L E D 
ill u mi n ati o n ( 1. 1 3 5 m W/c m2  [ wit h o ut i nfrar e d (I R)], 1. 1 7 3 9 m W/c m2  [ wit h I R)]. T his 
d ark -li g ht cycl e w as t h e n r e p eat e d f or t h e gr o u p of 6 l arv a e r es ulti n g i n t w o p eri o ds 
of d ark tr eat m e nt i nt ers p ers e d by t w o p eri o ds of li g ht tr eat m e nt. B e h avi oral a n alysis 
w as p erf or m e d usi n g c ust o m M ATL A B r o uti n es w h er e eac h l arv a’s dis pl ac e m e nt 

https://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=7227
https://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=7227


w as d et er mi n e d usi n g a 2 D c e ntr oi d tracki n g al g orit h m. T o  mi ni miz e n ois e i n t h e 
cra wli n g traj ect ory, c e ntr oi ds wit hi n 1 m m of eac h ot h er ov er a 2 s i nt erv al w er e 
m er g e d by c alc ul ati n g t h eir c e nt er of m ass. 
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I n  Vi v o  L a r v al  I m a gi n g. I n viv o r ec or di n gs of  i nt act l arv al G Ca M P 6f  a n d 
Sy n a p G Ca M P 6f w er e c o n d uct e d si mil arly t o o ur pr evi o us r e p ort ( 1 2) ( SI A p p e n dix ). 

P h a r m a c ol o g y.  Dr u gs w er e dil ut e d acc or di n g t o t h e m a n uf act ur er’s i nstr ucti o ns 
a n d st or e d at − 2 0 ° C i n s m all, 2 0 μ L ali q u ots. Dil uti o ns w er e m a d e t h e d ay of t h e 
ex p eri m e nt by t h a wi n g t h e ali q u ot a n d dil uti n g it i n hi g h -Ca 2 +  HL 3. F or ex p eri-
m e nts i nv olvi n g ac ut e a p plic ati o n of p h ar m ac ol o gic al a g e nts t h e f oll o wi n g dr u gs 
w er e us e d at st at e d f n al c o nc e ntr ati o ns: O A ( Alf a A es ar, L ot # Z 0 7 E 0 2 1) 2 m M 
st oc k dil ut e d i nt o 1 0 μ M f n al c o nc e ntr ati o n; P d B U ( P h or b ol 1 2, 1 3 -di b utyr at e, 
Si g m a Al dric h, Cat al o g # 7 6 1 0 2 8, b atc h M K CJ 2 3 9 5) 2 m M st oc k dil ut e d i nt o 1 
μ M f n al c o nc e ntr ati o n a n d PL C i n hi bit or ( U 7 3 1 1 2 A bc a m, L ot # G R 3 3 1 6 4 2 1 -2 3) 
2 m M st oc k dil ut e d i nt o 2 μ M f n al c o nc e ntr ati o n. E ac h ali q u ot o nly u n d er w e nt 
t h e fr e ez e-t h a w cycl e o nc e. 

S y n a p G C a M P 6f F u n c ti o n al I m a gi n g.  O ptic al q u a nt al i m a gi n g w as p erf or m e d 
si mil arly t o o ur pr evi o us r e p orts ( 1 2, 2 0) (SI A p p e n dix ). 

F u n c ti o n al R e gi s t r a ti o n a n d Bl e a c h C o r r e c ti o n. T h e i niti al q u a nt al i m a g e 
a n alysis w as p erf or m e d usi n g c ust o m -writt e n M ATL A B pr ot oc ols, s a m e as i n o ur 
pr evi o us w or k ( 2 0) ( SI A p p e n dix ). 

Q u a n t al E v e n t D e t e c ti o n. T o i d e ntify all q u a nt al r es p o ns es, w e ft a si n gl e Δ F 
r es p o ns e t e m pl at e t o t h e av er a g e t e m p or al pr o fl e f or all ev o k e d r es p o ns es at 
t h at N MJ, as d escri b e d e arli er ( 2 0) (SI A p p e n dix ). 

Q u a n t al S y n a p ti c O p ti c al R e c o n s t r u c ti o n ( Q u a S O R). Aft er ev e nt d et ecti o n, 
is ol ati o n, a n d v eri fc ati o n, w e t h e n pr oc e e d e d t o a n alyz e t h e 2 D r es p o ns e pr o fl e 
of e ac h ev e nt’s m axi m u m Δ F/ F s p ati al pr o fl e usi n g t h e c ust o m Q u a S O R al g o -
rit h m as i n o ur pr evi o us w or k ( 2 0) (SI A p p e n dix ). 

Q u a S O R Q u a n ti ff c a ti o n.  L oc al Q u a S O R sy n a ps e ali g n m e nts w er e p erf or m e d 
by i d e ntifyi n g m axi m u m ev o k e d c o or di n at e d e nsity p ositi o ns f or sy n a ptic R OIs 
wit hi n a 3 5 0 n m r a di us. M ai nt ai ni n g t h eir r el ativ e or g a niz ati o n t o n e ar by ev e nts, 
t h es e Q u a S O R ev e nt c o or di n at es w er e av er a g e d t o g et h er wit h ot h er sy n a ps es t o 
g e n er at e a m e a n d e nsity i m a g e f or sy n a ps e gr o u pi n gs. O n its o w n, i n a bs e nc e of 
m ol ec ul ar i m a gi n g of A Z l oc ati o ns, sy n a ps e assi g n m e nt i n Q u a S O R is n ot c ert ai n 
a n d c o ul d m er g e tr a ns missi o n ev e nts fr o m n ei g h b ori n g sy n a ps es i n r e gi o ns of 
hi g h sy n a ptic d e nsity.  W e , t h er ef or e, f oc us e d o ur st u dy o n N MJs w h er e Q u a S O R 
m a ps w er e r el at e d t o m ol ec ul ar str uct ur al i m a gi n g m a ps g e n er at e d i n Airysc a n 
c o nf oc al i m a gi n g. Li n e ar u nif or m gl o b al tr a nsf or m ati o ns i n t h e x a n d y ax es w er e 
a p pli e d t o a dj ust f or str etc h of t h e tiss u e t h at occ urr e d aft er t h e liv e o ptic al q u a nt al 
i m a gi n g d uri n g fx ati o n a n d m o u nti n g o n sli d es u n d er c ov er gl ass f or m ol ec ul ar 
i m a gi n g. T h e r es ult yi el d e d i m a g es i n w hic h Q u a S O R tr a ns missi o n sit es c o ul d 
b e m atc h e d t o Airy A Zs. Si n gl e sy n a ps e A P -ev o k e d tr a ns missi o n pr o b a bility ( P r) 
w as d et er mi n e d by divi di n g ev o k e d ev e nt c o u nts wit hi n t h e si n gl e A Z d o m ai n 
by t h e n u m b er of m ot or n erv e sti m uli eit h er pr e - or p ost dr u g (P r = ev e nts p er 
sy n a ps es/# of sti m uli; r a n gi n g fr o m 0 t o 1). 

A n ti b o di e s a n d I m m u n o hi s t o c h e mi s t r y.  L arv a e w er e fx e d i n r o o m t e m p er-
at ur e B o ui n’s fx ativ e ( Ricc a C h e mic al C o m p a ny, Arli n gt o n, T X) f or 5 t o 6 mi n, 
p er m e a biliz e d i n P B S wit h 0. 1 % Trit o n X 1 0 0 ( P BT) a n d bl oc k e d i n P B S wit h 0. 1 % 
Trit o n X 1 0 0, 2. 5 % n or m al g o at s er u m, a n d 0. 0 2 % s o di u m azi d e ( P B N). All a nti b o dy 
i nc u b ati o ns w er e p erf or m e d i n P B N a n d all w as h es w er e p erf or m e d i n P BT. M o us e 
a nti -Br p ( nc 8 2; D ev el o p m e nt al St u di es Hy bri d o m a B a n k, I o w a City, I A) w as us e d 
at 1: 1 0 0 f or Airysc a n i m a gi n g. C hic k e n a nti -GF P (T h er m o Fis h er A 1 0 2 6 2; T h er m o 
Fis h er Sci e nti fc Walt h a m, M A) w as us e d at 1: 1, 0 0 0 t o l a b el Sy n a p G Ca M P 6f i n 
fx e d s a m pl es. R a b bit a nti -U nc 1 3 A a nti b o dy ( Si grist l a b) w as us e d at 1: 1, 0 0 0. 
F or O A M B i m a gi n g, r at a nti -V 5 e pit o p e ( N ov us N B P 2 -8 1 0 3 7) w as us e d at 1: 5 0 0. 
Al ex a Fl u or 4 8 8 g o at a nti -c hic k e n (T h er m o Fis h er A 1 1 0 3 9), Al ex a Fl u or 4 8 8 d o n-
k ey a nti -r at (I nvitr o g e n A 4 8 2 7 2), Al ex a Fl u or 5 5 5 g o at a nti-r a b bit (T h er m o Fis h er 
A 3 2 7 2 7), a n d Al ex a Fl u or 6 4 7 g o at a nti -m o us e (T h er m o Fis h er A 2 1 2 3 5) s ec o n d ary 
a nti b o di es w er e all us e d at 1: 1, 0 0 0. A nti b o di es o bt ai n e d fr o m t h e D ev el o p m e nt al 
St u di es Hy bri d o m a B a n k w er e d ev el o p e d u n d er t h e a us pic es of t h e N ati o n al 
I nstit ut e of C hil d H e alt h a n d H u m a n D ev el o p m e nt of t h e NI H a n d m ai nt ai n e d by 
t h e D e p art m e nt of Bi ol o gic al Sci e nc es of t h e U niv ersity of I o w a, I o w a City, I A.  W e 

c o n fr m e d t h e s p eci fcity of t h e U nc 1 3 A a nti b o dy by c o m p ari n g st ai ni n g i n c o ntr ol 
a ni m als a n d i n u nc 1 3 A R N Ai  a ni m als. T o o bt ai n u nif or mity i n a nti b o dy st ai ni n g, w e 
fx e d a n d st ai n e d t h e diff er e nt g e n oty p es c o m p ar e d wit hi n a n ex p eri m e nt si m ul -
t a n e o usly wit h t h e s a m e r e a g e nts. 

C o nf o c al  a n d  Ai r y s c a n  I m a gi n g  a n d  A n al y si s.  F oll o wi n g a nti b o dy i nc u b a-
ti o ns a n d w as h es, l arv al fll ets w er e m o u nt e d i n V ect as hi el d ( H-1 0 0 0; V ect or 
L a b or at ori es, B urli n g a m e, C A) or V ect as hi el d H ar d S et ( H-1 4 0 0). Airysc a n i m a g -
i n g w as p erf or m e d o n a Z eiss L S M 9 8 0 micr osc o p e. All s a m pl es w er e i m a g e d 
wit h a 6 3 X oil i m m ersi o n o bj ectiv e ( N A 1. 4, DI C; Z eiss) usi n g Z e n s oft w ar e ( Z eiss 
Z e n bl ac k 2. 3 S P 1). All i m a gi n g d at a w er e c oll ect e d usi n g i d e ntic al i m a gi n g a n d 
pr oc essi n g p ar a m et ers f or a giv e n ex p eri m e nt s et. U nl ess ot h er wis e n ot e d all 
Airysc a n i m a g es ar e dis pl ay e d as G a ussi a n flt er e d m axi m u m i nt e nsity pr oj ecti o ns 
t h at w er e g e n er at e d usi n g c ust o m-writt e n M ATL A B r o uti n es. Airysc a n i m a gi n g d at a 
w er e ac q uir e d usi n g a tili n g str at e gy, w h er e by s m all er v ol u m es of e ac h N MJ w er e 
ac q uir e d s e q u e nti ally a n d stitc h e d t o g et h er. Br p r ec o nstr ucti o ns f or m atc hi n g t o 
Q u a S O R d at a w er e ac q uir e d o n t h e L S M 8 8 0 syst e m. Bri e fy, e ac h i m a gi n g v ol u m e 
w as ac q uir e d wit h a n a d diti o n al m a g ni fc ati o n of 4x wit h a 5 A U pi n h ol e, 2 μ s 
pix el d w ell ti m es, a n x -y di m e nsi o n of 1 0 2 4 by 1 0 2 4 px ( pr oc ess e d t o 1, 0 0 0 by 
1, 0 0 0 px) at 1 1 n m/ px, a n d axi al z s p aci n g of 1 5 9 n m. E ac h of t h e t hr e e -c h a n n el 
v ol u m es ( a nti-G F P/ Al ex a 4 8 8, a nti -Br p/ Al ex a 6 4 7, a n d a nti -U nc 1 3 A/ Al ex a 5 5 5) 
w er e sc a n n e d s e q u e nti ally. 

Airysc a n pr oc essi n g of all c h a n n els a n d z slic es w as p erf or m e d i n Z e n ( Z eiss 
Z e n Bl ac k v 2. 3 S P 1) usi n g s u p err es ol uti o n s etti n gs.  W e t h e n s e q u e nti ally stitc h e d 
e ac h 3 D v ol u m e t o g et h er i n Fiji ( NI H I m a g eJ V ersi o n 2. 0. 0 -rc-4 3/ 1. 5 2 n) usi n g 
p air wis e stitc hi n g wit h li n e ar bl e n di n g. Ali g n m e nts w er e p erf or m e d t o m axi m u m 
i nt e nsity pix els of Br p p u nct a i n ov erl a p pi n g v ol u m es. A Z l oc ati o ns i n stitc h e d 
Airysc a n d at as ets w er e c alc ul at e d by m as ki n g t h e v ol u m etric Br p d at a. Sit es w er e 
i niti ally i d e nti f e d usi n g a l oc al 3 D Br p i nt e nsity m axi m a wit h a mi ni m u m dist a nc e 
of 1 5 0 n m fr o m n ei g h b ori n g m axi m a. A Z  i d e nti fc ati o ns w er e m a n u ally v ali d at e d 
a n d c orr ect e d w h e n n ei g h b ori n g sit es w er e misi d e nti f e d. A Z -s p eci fc Br p v ox el 
i nt e nsiti es w er e c alc ul at e d by i d e ntifyi n g 3 D- c o n n ect e d v ox els t o e ac h AZ m axi m a 
f or is ol at e d AZs. T o av oi d artif acts of stitc hi n g a n d bl e ac hi n g of ov erl a p pi n g r e gi o ns, 
pix el q u a nti fc ati o ns w er e c oll ect e d usi n g t h e ori gi n al i m a g e pix el i nt e nsity i nf or -
m ati o n, pri or t o stitc hi n g, wit h i nt e nsity v al u es c alc ul at e d fr o m 3 D v ox el A Z m as ks. 

S t r u c t u r e – F u n c ti o n M a t c hi n g.  Q u a S O R d at a w er e m atc h e d t o t h e c orr es p o n d-
i n g Airysc a n d at a. First, t h e t w o d at as ets w er e r o u g hly ali g n e d by r ot ati n g eit h er 
t h e Q u a S O R or t h e Airysc a n d at a t o m atc h t h e ori e nt ati o n of t h e c orr es p o n di n g 
m a p. O nc e r o u g hly ali g n e d, sit es w er e m atc h e d t o o n e a n ot h er i n a p air wis e 
f as hi o n t a ki n g c ar e t o m atc h e ac h Airysc a n A Z t o a c orr es p o n di n g l oc ati o n o n t h e 
Q u a S O R m a p. W e us e d l o w -d e nsity ar e as t o m atc h all u n a m bi g u o us A Z p airs 
wit h cl e ar r el ativ e ori e nt ati o ns a n d p ositi o ns. F oll o wi n g t h es e ar e as, w e us e d 
t h e r el ativ e p ositi o ni n g of A Zs ar o u n d t h es e p airs t o m atc h t h e d e ns er r e gi o ns 
or m atc h A Zs wit h n o c orr es p o n di n g Q u a S O R activity t o a n e m pty r e gi o n of t h e 
Q u a S O R m a p. I n t h e Airysc a n m atc h e d d at a, w e s ort e d all Q u a S O R ev e nt c o or di -
n at es t o t h eir n e ar est Q u a S O R A Z c e ntr oi d l oc ati o n. All p airs h a d t o mi ni miz e t h e 
l oc al ali g n m e nt v ari a nc e wit hi n e ac h b o ut o n as d et er mi n e d by t h e ali g n m e nt 
v ect or b et w e e n sit es. T h e q u ality of t h e A Z m atc hi n g w as f urt h er c o n fr m e d 
by usi n g t h e p air e d c o or di n at e p ositi o ns t o g e n er at e v ect ors t o tr a nsf or m t h e 
Q u a S O R c o or di n at es i nt o t h e m atc hi n g Airysc a n pix el -s p ac e. T his w as d o n e by 
frst c o nv erti n g t h e r el ativ e Q u a S O R c o or di n at es i nt o a m atc h e d pix el -s p ac e 
i m a g e a n d t h e n usi n g a 2 D, l oc ally w ei g ht e d, m e a n tr a nsf or m ati o n m et h o d, wit h 
gr o u pi n gs of 8 t o 1 4 A Zs b ei n g us e d as c o ntr ol p oi nts i n t h e l oc al w ei g hti n g. 
S ucc essf ul sit e p airi n g g e n er at e d acc ur at e r e m a p pi n g of Q u a S O R ev e nts o nt o 
t h e a p pr o pri at e A Z f or eit h er str uct ur al i m a gi n g t ec h ni q u e. H o w ev er, all q u a n-
ti fc ati o ns w er e p erf or m e d o n u ntr a nsl at e d d at a i n or d er t o eli mi n at e artif acts 
of tr a nsf or m ati o n. 

S t a ti s ti c s a n d R e p r o d u ci bili t y.  St u d e nt’s p air e d t-t est w as us e d t o c o m p ar e 
ty p e I b M N Q D v al u es m e as ur e d b ef or e dr u g t o aft er dr u g a d diti o n. T w o-s a m pl e 
t w o-si d e d K ol m o g or ov– S mir n ov t ests w as us e d t o c o m p ar e p o ol e d c u m ul ativ e 
distri b uti o ns. O n e -w ay A N O V As N MJ I b pr o p erti es f or distri b uti o ns of d at a 
b et w e e n m ulti pl e bi ns. U nl ess ot h er wis e n ot e d, r e p ort e d v al u es ar e m e a n ± 
S E M. Si g m oi d al a n d ex p o n e nti al fts w er e d o n e usi n g c ust o m M ATL A B c o d e 
usi n g n o nli n e ar o pti miz ati o n usi n g a m ultist art al g orit h m t o o bt ai n t h e b est ft. 
T h e g o o d n ess of ft w as ass ess e d usi n g t h e s u m s q u ar e d err or of t h e r esi d u als. 

P N A S   2 0 2 5  V ol. 1 2 2  N o. 1   e 2 4 2 0 4 9 6 1 2 1  htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 0 4 9 6 1 2 1   1 1 of 1 2 
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6.

T h e s p eci fc st atistic al t ests as w ell as t h e n u m b er of r e plic at es i ncl u di n g n u m -
b ers of a ni m als, N MJs, or A Zs ar e all pr ovi d e d i n t h e c orr es p o n di n g f g ur es a n d/ 
or f g ur e l e g e n ds. F or all f g ur es, si g ni fc a nc e m ar k ers ar e * P  < 0. 0 5, * *P  < 0. 0 1, 
* * * P  < 0. 0 0 1, or n.s. n ot si g ni fc a nt f or t h e c o m p aris o ns i n dic at e d i n t h e f g ur e or 
f g ur e l e g e n d. R e pr es e nt ativ e Q u a S O R a n d Airysc a n i m a g es pr es e nt e d i n f g ur es 
w er e all r e pr o d uc e d i n m ulti pl e a ni m als. T o ass ess r e pr o d uci bility, r ec or di n gs 
w er e d o n e o n o nly o n e N MJ p er l arv a (i. e., t h e n u m b er of N MJs = t h e n u m b er 
of l arv a e) i n r ec or di n gs t h at w er e p erf or m e d wit hi n 4 0 mi n of t h e b e gi n ni n g of 
t h e diss ecti o n, t h er e by e ns uri n g h e alt h a n d si mil ar c o n diti o ns. 

D a t a, M a t e ri al s, a n d S o f t w a r e A v ail a bili t y . S o urc e d at a ar e pr ovi d e d as a 
s o urc e d at a fl e a n d will b e d e p osit e d i n t h e Fi gs h ar e r e p osit ory ( 4 6). All ot h er 
d at a ar e i ncl u d e d i n t h e m a n uscri pt a n d/ or s u p p orti n g i nf or m ati o n. C o d e us e d 
f or tr ac e extr acti o n, liv e l arv a tr ac ki n g, a n d a n alysis pi p eli n e will b e av ail a-
bl e i n a Git h u b r e p osit ory at htt ps:// git h u b.c o m/is ac of f a b  u p o n p u blic ati o n 
( 4 7). Q u a S O R c ust o m c o d e is av ail a bl e i n t h e Git H u b r e p osit ory u n d er t h e 
fl e n a m e: htt ps:// git h u b.c o m/ n e w m a nz a/ N e w m a n _ Q u a S O R _ 2 0 2 1 htt ps:// d oi. 
or g/ 1 0. 5 2 8 1/z e n o d o. 5 7 1 1 3 0 2  ( 4 8). 

1. Y. R a nj b ar -Sl a ml o o, Z. Fazl ali, D o p a mi n e a n d n or a dr e n ali n e i n t h e br ai n; Ov erl a p pi n g or diss oci at e 
f u ncti o ns? Fr o nt. M ol. N e ur osci. 1 2 , 3 3 4 ( 2 0 2 0). 

2. J. O’ D o n n ell, D. Z e p p e nf el d, E. Mc C o n n ell, S. Pe n a, M. N e d er g a ar d, N or e pi n e p hri n e: A 
n e ur o m o d ul at or t h at b o osts t h e f u ncti o n of m ulti pl e c ell ty p es t o o pti miz e C N S p erf or m a nc e. 
N e ur oc h e m. R es. 3 7 , 2 4 9 6– 2 5 1 2 ( 2 0 1 2). 

3. V. H art e nst ei n, L. Cr uz, J. K. L ovic k, M. G u o, D ev el o p m e nt al a n alysis of t h e d o p a mi n e -c o nt ai ni n g 
n e ur o ns of t h e Dr os o p hil a  br ai n. J. C o m p. N e ur ol. 5 2 5 , 3 6 3– 3 7 9 ( 2 0 1 7). 

4. M. S elc h o, D. Pa uls, A. H us er, R. F. St ocker, A. S. T h u m, C haract erizati o n of t h e oct o pa mi n er gic a n d 
tyra mi n er gic n e ur o ns i n t h e c e ntral brai n of Dr os o p hila  larva e.J. C o m p. N e ur ol. 5 2 2 , 3 4 8 5– 3 5 0 0 ( 2 0 1 4). 

5. A. C. K o o n, V. B u d ni k, I n hi bit ory c o ntr ol of sy n a ptic a n d b e h avi or al pl asticity by oct o p a mi n er gic 
si g n ali n g. J. N e ur osci. 3 2 , 6 3 1 2– 6 3 2 2 ( 2 0 1 2). 

6. C. Z h o u et al. , M ol ec ul ar g e n etic a n alysis of s ex u al r ej ecti o n: R ol es of oct o p a mi n e a n d its r ec e pt or 
O A M B i n Dr os o p hil a  c o urts hi p c o n diti o ni n g. J. N e ur osci. 3 2 , 1 4 2 8 1– 1 4 2 8 7 ( 2 0 1 2). 

7. A. Cr oc k er, A. S e h g al, Oct o p a mi n e r e g ul at es sl e e p i n Dr os o p hil a  t hr o u g h pr ot ei n ki n as e A-
d e p e n d e nt m ec h a nis ms. J. N e ur osci. 2 8 , 9 3 7 7– 9 3 8 5 ( 2 0 0 8). 

8. S. Balfa nz, T. Str ü nk er, S. Fri n gs, A. Ba u ma n n, A fa mily of octa pa mi n e r ec e pt ors t hat s p eci fcally i n d uc e 
cyclic A M P pr o d ucti o n or Ca 2 + r el eas e i n Dr os o p hila  m ela n o gast er J. N e ur oc h e m. 9 3 , 4 4 0– 4 5 1 ( 2 0 0 5). 

9. C. Sc hr oll et al. , Li g ht-i n d uc e d activ ati o n of disti nct m o d ul at ory n e ur o ns tri g g ers a p p etitiv e or 
av ersiv e l e ar ni n g i n Dr os o p hil a  l arv a e. C urr. Bi ol. 1 6 , 1 7 4 1– 1 7 4 7 ( 2 0 0 6). 

1 0. K. Y. C h e n g, M. A. Fry e, N e ur o m o d ul ati o n of i ns ect m oti o n visi o n. J. C o m p. P hysi ol. A 2 0 6 , 1 2 5– 1 3 7 
( 2 0 2 0). 

1 1. C. R uiz -Ca ñ a d a, V. B u d nik, “I ntr o d ucti o n o n t h e us e of t h e Dr os o p hila  e m bry o nic/l arv al n e ur o m usc ul ar 
j u ncti o n as a m o d el syst e m t o st u dy sy n a ps e d ev el o p m e nt a n d f u ncti o n, a n d a bri ef s u m m ary of 
p at h f n di n g a n d t ar g et r ec o g niti o n” i n I nt er nati o nal R evi e w of N e ur o bi ol o gy 7 5 , 1– 3 1 ( 2 0 0 6). 

1 2. Z. L. N e w m a n et al. , I n p ut-s p eci fc pl asticity a n d h o m e ost asis at t h e Dr os o p hil a  l arv al n e ur o m usc ul ar 
j u ncti o n. N e ur o n 9 3 , 1 3 8 8– 1 4 0 4. e 1 0 ( 2 0 1 7). 

1 3. S. R a o, C. L a n g, E. S. L evit a n, D. L. D eitc h er, Vis u aliz ati o n of n e ur o p e pti d e ex pr essi o n, tr a ns p ort, a n d 
ex ocyt osis i n Dr os o p hil a  m el a n o g ast er. J. N e ur o bi ol. 4 9 , 1 5 9– 1 7 2 ( 2 0 0 1). 

1 4. K. Di n g et al. , I m a gi n g n e ur o p e pti d e r el e as e at sy n a ps es wit h a g e n etic ally e n gi n e er e d r e p ort er. 
eLif e 8 , e 4 6 4 2 1 ( 2 0 1 9). 

1 5. C. D. H a nl o n, D. J. A n dr e w, O utsi d e -i n si g n ali n g – a bri ef r evi e w of G P C R si g n ali n g wit h a f oc us o n 
t h e Dr os o p hil a  G P C R f a mily. J. C ell Sci. 1 2 8 , 3 5 3 3-3 5 4 2 ( 2 0 1 5), 1 0. 1 2 4 2/jcs. 1 7 5 1 5 8. 

1 6. A. C. K o o n et al. , A ut or e g ul at ory a n d p ar acri n e c o ntr ol of sy n a ptic a n d b e h avi or al pl asticity by 
oct o p a mi n er gic si g n ali n g. N at. N e ur osci. 1 4 , 1 9 0– 1 9 9 ( 2 0 1 1). 

1 7. K. G. Or m er o d, J. K. H a d d e n, L. D. D e a dy, A. J. M erci er, J. L. Kr a ns, Acti o n of oct o p a mi n e a n d 
tyr a mi n e o n m uscl es of Dr os o p hil a  m el a n o g ast er l arv a e. J. N e ur o p hysi ol. 1 1 0 , 1 9 8 4– 1 9 9 6 ( 2 0 1 3). 

1 8. J. R. St ei n ert et al. , Ex p eri e nc e-d e p e n d e nt f or m ati o n a n d r ecr uit m e nt of l ar g e v esicl es fr o m r es erv e 
p o ol. N e ur o n 5 0 , 7 2 3– 7 3 3 ( 2 0 0 6). 

1 9. E. S. Pel e d, E. Y. Is ac off, O ptic al q u a nt al a n alysis of sy n a ptic tr a ns missi o n i n wil d -ty p e a n d r a b 3-
m ut a nt Dr os o p hil a  m ot or ax o ns. N at. N e ur osci. 1 4 , 5 1 9– 5 2 6 ( 2 0 1 1). 

2 0. Z. L. N e w m a n et al. , D et er mi n a nts of sy n a ps e div ersity r ev e al e d by s u p er-r es ol uti o n q u a nt al 
tr a ns missi o n a n d activ e z o n e i m a gi n g. N at. C o m m u n. 1 3 , 2 2 9 ( 2 0 2 2). 

2 1. H. L. At w o o d, C. K. G ovi n d, C. -F.  W u, Diff er e nti al ultr astr uct ur e of sy n a ptic t er mi n als o n v e ntr al 
l o n git u di n al a b d o mi n al m uscl es i n Dr os o p hil a  l arv a e. J. N e ur o bi ol. 2 4 , 1 0 0 8– 1 0 2 4 ( 1 9 9 3). 

2 2. B. St oc k er et al. , Str uct ur al a n d m ol ec ul ar pr o p erti es of i ns ect ty p e II m ot or ax o n t er mi n als. 
Fr o nt. Syst. N e ur osci. 1 2 , 5 ( 2 0 1 8). 

2 3. G. G u err er o et al. , H et er o g e n eity i n sy n a ptic tr a ns missi o n al o n g a Dr os o p hil a  l arv al m ot or ax o n. 
N at. N e ur osci. 8 , 1 1 8 8– 1 1 9 6 ( 2 0 0 5). 

2 4. E. S. Pel e d, Z. L. N e w m a n, E. Y. Is ac off, Ev o k e d a n d s p o nt a n e o us tr a ns missi o n f av or e d by disti nct s ets 
of sy n a ps es. C urr. Bi ol. 2 4 , 4 8 4– 4 9 3 ( 2 0 1 4). 

A C K N O W L E D G M E N T S . W e  t h a nk  L uka  St e p h a n  Per e hi n ets  a n d  D o mi nika  
S hk or ut a f or h el p wit h t h e t e m p oral a n alysis of ty p e II M N activity a n d all of t h e 
m e m b ers of t h e Is ac off l a b, p artic ul arly P hilli p e M e n d o nç a a n d A my Wi n a ns f or 
h el pf ul disc ussi o ns.  W e  w o ul d lik e t o t h a nk t h e Si grist l a b f or t h e u nc 1 3 A R N Ai  a n d 
u nc 1 3 B R N Ai  fy li n es as w ell as t h e pri m ary a nti b o dy f or U nc 1 3 A. C o nf oc al a n d 
2 -p h ot o n i m a gi n g ex p eri m e nts w er e c o n d uct e d at t h e C RL M ol ec ul ar I m a gi n g 
C e nt er, R RI D: S C R _ 0 1 7 8 5 2, s u p p ort e d by NI H S 1 0 O D 0 2 5 0 6 3. W e w o ul d lik e t o 
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