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S u m m ary

B a c k g ro u n d : T ota l fo o d inta k e is a fun ction of m e a l siz e a n d
m e a l fre q u e n c y, a n d a d justm e nts to th e s e p ara m eters a llo w
a nim a ls to m a inta in a sta b le e n erg y b a la n c e in c h a ng ing
e nviron m e nta l c on d itions. Th e p hysio lo g ic a l m e c h a nis m s th at
re gulate m e a l siz e h a v e b e e n stu d ie d in b lo w flie s b ut h a v e not
b e e n pre viously e x a m in e d in Droso p hila .
R e s u lts : H ere w e sho w th at m utations in th e le u c o kinin n e uro-
p e p tid e (le u c) a n d le u c o kinin re c e p tor (lkr) g e n e s c a us e
p h e noty p e s in w hic h Droso p hila a d ults h a v e a n in cre a s e in
m e a l siz e a n d a c o m p e ns atory re d u ction in m e a l fre q u e n c y.
B e c a us e m uta nt flie s ta k e larg er b ut fe w er m e a ls, th e ir c a loric
inta k e is th e s a m e a s th at of w ild -ty p e flie s. Th e e x pre ssion
p atterns of th e le u c a n d lkr g e n e s id e ntify s m a ll grou p s of bra in
n e urons th at re gulate this b e h a vior. L e u c-c onta ining pre syn-
a p tic term in a ls are foun d c lo s e to L kr n e urons in th e bra in
a n d v e ntra l g a ng lia , sug g e sting th at th e y d e liv er L e u c p e p tid e
to th e s e n e urons. L kr n e urons inn erv ate th e fore gut. F lie s in
w hic h L e u c or L kr n e urons are a b late d h a v e d efe cts id e ntic a l
to tho s e of le u c o k inin p ath w a y m uta nts.
C o n c l u s i o n s : O ur d ata sug g e st th at th e in cre a s e in m e a l siz e
in le u c a n d lkr m uta nts is d u e to a m e a l term in ation d efe ct,
p erh a p s arising fro m im p a ire d c o m m unic ation of gut d iste n-
sion sign a ls to th e bra in. L e u c o k inin a n d th e le u c o k inin
re c e p tor are ho m o lo g ous to v erte brate ta c hy k inin a n d its
re c e p tor, a n d inje ction of ta c hy k inins re d u c e s fo o d c onsu m p -
tion. O ur re sults sug g e st th at th e ro le s of th e ta c hy k inin syste m
in re gulating fo o d inta k e m ight b e e v o lution arily c ons erv e d
b et w e e n ins e cts a n d v erte brate s.

In tro d u cti o n

In m a m m a ls, nutrie nt inta k e is re gulate d to k e e p b o d y w e ight
c onsta nt o v er long p erio d s of tim e . M o st a nim a ls c onsu m e
fo o d in d is crete b outs c a lle d m e a ls, a n d tota l fo o d inta k e is
a fun ction of b oth m e a l siz e a n d m e a l fre q u e n c y. Id e ntific ation
of th e p ath w a ys th at re gulate th e s e m e a l-re late d p ara m eters is
e ss e ntia l for th e un d ersta n d ing of th e re lationship s b et w e e n
b o d y w e ight re gulation a n d c a loric inta k e [1, 2].

S ign a ls th at c ontro l m e a l siz e a n d fre q u e n c y fa ll into thre e
c ate g orie s: tho s e th at initiate a m e a l, tho s e th at m a inta in
fe e d ing on c e a m e a l h a s b e gun, a n d tho s e th at term in ate
a m e a l. In hungry m a m m a ls, th e s m e ll a n d ta ste of fo o d initiate
fe e d ing . A s fe e d ing c ontinu e s, th e le v e l of g a stric d iste nsion is

c onv e y e d to th e bra in via sto m a c h w a ll stretc h re c e p tors.
W h e n th e e xte nt of sto m a c h d iste nsion p a ss e s a thre sho ld ,
th e m e a l is lik e ly to term in ate [3–5]. A ls o , d uring th e c ours e
of a m e a l, s o m e nutrie nts are a b s orb e d in th e s m a ll inte stin e ,
a llo w ing a p o stg a stric e v a lu ation of th e c a loric c onte nt of
ing e ste d fo o d th at c a n a ls o c ontrib ute to m e a l term in ation [6].

Th e ste p s inv o lv e d in p hysio lo g ic a l re gulation of fe e d ing
b e h a vior in flie s h a v e b e e n e lu c id ate d prim arily through
stu d ie s on th e b lo w fly P horm ia re g in a [7, 8]. A s th e hungry
fly w a lk s, ta ste h a irs on its le g s s a m p le th e surfa c e . W h e n
a fo o d s ourc e is d ete cte d , th e fly e xte n d s its pro b o s c is a n d
b e g ins to fe e d . D uring ing e stion, liq uid fo o d p a ss e s through
th e fore gut into a c o lla p sib le fo o d -stora g e s a c c a lle d th e
cro p . E v e ntu a lly, th e fly b e c o m e s s atiate d a n d sto p s fe e d ing .
A nu m b er of fa ctors c ontrib ute to term in ation of a fe e d ing
b out a n d thus d eterm in e m e a l siz e . F irst, stretc h re c e p tors
m onitoring gut d iste nsion pro vid e a n e g ativ e fe e d b a c k sign a l
to th e bra in. S e c on d , n e urons in th e ta ste h a irs h a b itu ate a n d
b e c o m e le ss re s p onsiv e to fo o d [7, 8].

L e u c o k inin (L e u c) is a m y otro p ic n e uro p e p tid e foun d in m o st
inv erte brate s p e c ie s [9]. It w a s initia lly id e ntifie d a s a n e urohor-
m on e th at in cre a s e s M a lp ighia n tu b ule fluid s e cretion a n d
hin d gut m otility in s o m e ins e ct s p e c ie s [10–14]. Th e b io lo g ic a l
a ctivity of le u c o k inin re q uire s a n a m id ate d C -term in a l p e nta-
p e p tid e m otif c a lle d F X X W G -a m id e , a fe ature th at it sh are s
w ith th e re late d v erte brate ta c hy k inin n e uro p e p tid e s. Th e
ta c hy k inin fa m ily in c lu d e s su b sta n c e P , su b sta n c e K /n e uro k i-
nin A , a n d n e uro p e p tid e K /n e uro k inin B [14, 15]. A lthough
th e Droso p hila g e no m e e n c o d e s a noth er p e p tid e w ho s e
s e q u e n c e is s o m e w h at c lo s er to v erte brate ta c hy k inins th a n
is le u c o k inin’s [16], th e o b s erv ation th at th e Droso p hila le u c o-
k inin re c e p tor, L kr, is ho m o lo g ous to v erte brate ta c hy k inin
re c e p tors c onfirm s th e ho m o lo g y b et w e e n th e le u c o k inin
a n d ta c hy k inin p ath w a ys [17].

H ere , w e re p ort th at th e le u c o k inin p ath w a y is inv o lv e d in
m e a l siz e re gulation in Droso p hila . F lie s w ith re d u c e d le u c o k i-
nin p ath w a y sign a ling a s a re sult of m utations in th e g e n e s
e n c o d ing e ith er th e le u c o kinin n e uro p e p tid e (le u c) or th e
le u c o kinin re c e p tor (lkr) h a v e a n a b norm a l in cre a s e in m e a l
siz e . This in cre a s e is a ss o c iate d w ith a re d u ction in m e a l
fre q u e n c y th at c a us e s m uta nt flie s to c onsu m e th e s a m e tota l
a m ount of fo o d a s w ild-ty p e flie s. Th e fun ctions of th e le u c o k i-
nin p ath w a y in re gulation of m e a l siz e are e x e c ute d in n e urons,
b e c a us e p a n-n e uron a l e x pre ssion of le u c or lkr re s c u e s th e
p h e noty p e s. le u c a n d lkr are e x pre ss e d in d istin ct p atterns
of n e urons, a n d a b lation of th e s e n e urons p h e no c o p ie s th e
effe cts of th e le u c a n d lkr m utations.

R e s u lts

l e u c a n d l kr M u ta n t F li e s E at E x c e s s i v e l y after Starv ati o n
T o o b ta in insights into th e m o le c ular m e c h a nis m s inv o lv e d in
c ontro l of m e a l siz e , w e p erform e d a s cre e n for m utations
th at c a us e a d ults of th e g e n etic a lly tra cta b le ins e ct Droso p hila
m e la no g aster to c onsu m e a b norm a lly larg e a m ounts of fo o d .
A nu m b er of d iffere nt a ss a ys h a v e b e e n us e d to m onitor
fo o d c onsu m p tion in Droso p hila [18, 19]. F or our s cre e n, w e
d e v e lo p e d a t w o- d y e fe e d ing a ss a y in w hic h 5- d a y-o ld m a le*C orre s p on d e n c e: a la n z i@c a lte c h. e d u (B . A .-A .), z inn k@c a lte c h . e d u (K . Z .)
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F igure 1. M utation of le u c or lkr C a us e s In cre a s e s in P o ststarv ation F o o d Inta k e

(A–F) W ild -ty p e flie s h a v e a norm a lly siz e d a b d o m e n (A , a steris k) a n d cro p (D , arro w) w h e n su b je cte d to th e t w o-d y e fe e d ing a ss a y after starv ation. Th e cro p
of nonstarv e d flie s w ould b e of a sim ilar siz e . le u c c275 m uta nts h a v e b lo ate d a b d o m e ns (B , a steris k) w ith e nlarg e d cro p s (E , arro w) w h e n su b je cte d to th e
s a m e a ss a y. Th e s a m e re sult is o b s erv e d in lkrc003 m uta nt flie s ( C , a steris k , a n d F , arro w).
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flie s in grou p s of 20 w ere starv e d for 1 d a y on 1 % a g aro s e a n d
th e n tra nsferre d into a via l c onta ining 1 % su cro s e in 1 %
a g aro s e w ith a c id re d fo o d d y e . A fter 20 m in, th e flie s w ere ta p -
p e d into a n e w via l c onta ining th e s a m e fo o d , b ut w ith a c id
b lu e d y e inste a d of re d d y e , a n d left for a noth er 15 m in.
W ild -ty p e starv e d flie s b e c a m e s atiate d d uring th e ir e x p o sure
to re d fo o d , d id not c onsu m e a ny of th e b lu e fo o d , a n d thus
h a d a n e x c lusiv e ly re d a b d o m e n. F lie s w ith a d efe ct in m e a l
siz e re gulation ate e x c e ssiv e a m ounts of re d fo o d , m a k ing
th e m visib ly b lo ate d , a n d / or c ontinu e d fe e d ing d uring e x p o-
sure to th e b lu e fo o d , w hic h c a us e d th e m to h a v e a p urp le
(re d a n d b lu e) a b d o m e n.

B e c a us e our prim ary intere st is in th e n e ura l c ontro l of
fe e d ing b e h a vior, w e s cre e n e d a s et of a b out 150 tra ns p o s a b le
e le m e nt ins ertion m utations in g e n e s e n c o d ing prote ins
inv o lv e d in n e uron a l fun ction, in c lu d ing n e uro p e p tid e s a n d
th e ir re c e p tors. W e id e ntifie d t w o p ig g y B a c e le m e nts th at
c a us e d strong m e a l term in ation d efe cts w h e n ho m o z y g ous.
O n e of th e s e w a s le u c c275, a n ins ertion 929 b a s e p a irs 50

to th e tra ns crip tion start site of th e le u c o kinin g e n e , w hic h
e n c o d e s th e n e uro p e p tid e le u c o k inin. Th e oth er w a s lkrc003,
a n ins ertion in th e third intron of th e lkr g e n e , w hic h e n c o d e s
th e le u c o k inin re c e p tor. B oth m utations pro d u c e d a b d o m i-
n a l b lo ating , usu a lly a ss o c iate d w ith a re d a b d o m e n, w h e n
te ste d in th e t w o- d y e fe e d ing a ss a y, a n d d iss e ction of th e
d ig e stiv e tra cts of b lo ate d flie s re v e a le d o v erfille d cro p s
(F igure s 1A–1 F).

W e m e a sure d th e starv e d flie s’ fo o d inta k e d uring th e ir initia l
20 m in e x p o sure to fo o d b y m ix ing th e su cro s e / a c id re d fo o d
w ith 14 C -la b e le d -le u c in e [20]. R a d iation m e a sure m e nts w ere
ta k e n im m e d iate ly after te sting th e flie s in th e t w o- d y e
a ss a y. B e c a us e th e e ntire a ss a y ta k e s only a b out 35 m in, it
is unlik e ly th at a lo ss of [14 C ]le u c in e re sulting fro m e x cretion
of d ig e ste d fo o d pro d u cts w ould o c c ur d uring this tim e p erio d .
Th erefore , 14 C m e a sure m e nts should refle ct th e a m ount of
fo o d c onsu m e d b y th e flie s. In d e e d , w e foun d th at b oth
le u c c275 a n d lkrc003 flie s in c orp orate d a b out t w ic e a s m u c h
ra d io a ctivity a s c ontro ls, in d ic ating th at th e b lo ating a n d
e x p a n d e d cro p p h e noty p e s are d u e to a n in cre a s e in p o ststar-
v ation fo o d inta k e (F igure 1 G).

Th e o v ere ating p h e noty p e s in le u c c275 a n d lkrc003 flie s w ere
fully re s c u e d b y using a n E la v- G a l4 driv er to c onfer p a n-
n e uron a l e x pre ssion of U A S-lin k e d tra ns g e n e s e n c o d ing a
w ild-ty p e c o p y of e ith er g e n e in its c orre s p on d ing m uta nt
b a c k groun d (F igure s 1H–1U). Th e s e re sults in d ic ate th at lo ss
of le u c o k inin a n d its re c e p tor are re s p onsib le for th e p h e no-
ty p e s, a n d th at b oth g e n e s are re q uire d only in n e urons for
re s c u e of this p h e noty p e .

T h e In cre a s e i n Me a l S i z e i n l e u c a n d l kr M u ta n ts Is N o t
A s s o c i ate d w it h a n O v era ll In cre a s e i n F o o d In ta k e
T o e x a m in e w h eth er le u c c275 a n d lkrc003 m uta nts a ls o o v ere at
un d er nonstarv ation c on d itions, w e m e a sure d th e ir fo o d
c onsu m p tion b y pro vid ing th e m w ith re gular fly fo o d m ix e d
w ith [14 C ]le u c in e for 48 hr. Surprising ly, n e ith er m uta nt sho w e d

a ny signific a nt d iffere n c e in tota l fo o d inta k e re lativ e to
c ontro ls (F igure 2 A). Th ere are t w o p o ssib le e x p la n ations for
th e s e re sults. F irst, th e m uta nts h a v e a d efe ct in m e a l siz e
re gulation th at is a ss o c iate d w ith a c o m p e ns atory re d u ction
in m e a l fre q u e n c y, s o th at th e y c onsu m e norm a l a m ounts
of fo o d in nonstarv ation c on d itions. S e c on d , th e le u c o k inin
p ath w a y is only inv o lv e d in a p o ststarv ation a d a p tiv e m e c h a-
nis m th at pre v e nts e ng org e m e nt of starving flie s w h e n th e y
fin a lly fin d fo o d .

In ord er m e a sure m e a l siz e via th e [14 C ]le u c in e a ss a y, th e fly
m ust b e s a crific e d after c onsu m ing its m e a l, s o this a ss a y
c a nnot b e us e d for long-term e v a lu ation of m e a l siz e .
Pro b o s c is e xte nsion a ss a ys c a n b e us e d o v er a n e xte n d e d
p erio d , b ut th e y d o not d ire ctly m e a sure fo o d c onsu m p tion
[19]. A c c ord ing ly, to m onitor th e siz e a n d fre q u e n c y of fly
m e a ls o v er a m ultid a y p erio d , w e us e d th e c a p illary fe e d er
( C A F E) fe e d ing a ss a y ([18]; s e e E x p erim e nta l Pro c e d ure s).
This pro vid e s a d ire ct m e a sure of fo o d inta k e w ith m inim u m
interru p tion of th e fly’s norm a l b e h a vior p atterns.

D uring a 12 hr d a ytim e p erio d , w ild -ty p e c ontro l flie s to o k on
a v era g e 7–8 m e a ls, w ith th e m a jority of m e a ls h a ving a v o lu m e
b et w e e n 0.1 a n d 0.2 ml. In c ontra st, b oth le u c c275 a n d lkrc003

flie s to o k only 4–5 m e a ls, w ith a signific a nt re d u ction in th e
nu m b er of norm a l-siz e m e a ls a n d a c orre s p on d ing in cre a s e
in a b norm a lly larg e m e a ls (m ore th a n 0.4 ml), w hic h rare ly o c c ur
in w ild -ty p e flie s (F igure s 2 B a n d 2 C ). B e c a us e th e nu m b ers
of m e a ls th at th e t w o m uta nts ta k e are re d u c e d , th e ir tota l
fo o d inta k e w a s sim ilar to th at of w ild-ty p e at th e e n d of th e
e x p erim e nt (F igure 2 D), e v e n though m o st of th e ir m e a ls
w ere larg er. This d efe ct, lik e th e p o ststarv ation o v ere ating /
b lo ating p h e noty p e , w a s re s c u e d b y p a n-n e uron a l e x pre ssion
of th e a p pro priate tra ns g e n e for b oth th e le u c c275 a n d lkrc003

m uta nts (F igure s 2 E–2J).
Th e s e re sults sug g e st th at th e short-term in cre a s e in fo o d

inta k e after starv ation in le u c c275 a n d lkrc003 (F igure 1) is d u e
to th e m e a l siz e d efe ct o b s erv e d in th e C A F E a ss a y (F igure 2).
If s o , o v era ll fo o d c onsu m p tion b y starv e d m uta nts should
return to w ild-ty p e le v e ls after a norm a l e n erg y b a la n c e is
a c hie v e d . T o e x a m in e this issu e , w e su b je cte d starv e d m uta nt
flie s to th e C A F E a ss a y. W e o b s erv e d th at th e y c onsu m e d
m ore fo o d th a n w ild -ty p e flie s d uring th e first 12 hr p erio d ,
a s a re sult of th e ir a b norm a lly larg e initia l m e a ls. H o w e v er,
th e ir tota l fo o d inta k e return e d to w ild-ty p e le v e ls b y 60 hr
(F igure 2 K).

l e u c a n d l kr G e n e E x p re s s i o n P atter n s Id e n tify N e uro n s
t h at R e g u l ate Me a l S i z e
T o e x a m in e e x pre ssion of le u c o k inin a n d its re c e p tor, w e
g e n erate d a n a nti-L e u c a ntib o d y a n d o b ta in e d a n a nti-L kr a nti-
b o d y. W e p erform e d w e stern b lots w ith th e s e a ntib o d ie s on
tissu e e xtra cts fro m w ild -ty p e , le u c c275, a n d lkrc003 flie s. Th e
a ntib o d ie s b oun d to b a n d s of m o le c ular w e ights sim ilar to
tho s e of th e prote ins pre d icte d to b e e n c o d e d b y e ith er g e n e
(w10 k D a for L e u c a n d w75 k D a for L kr). W e stern b lot sign a ls
sho w e d signific a nt re d u ctions, a s c o m p are d to w ild -ty p e ,

(G) W h e n le u c c275 or lkrc003 flie s are fe d [14 C ]le u c in e-la b e l e d fo o d in th e t w o- d y e fe e d ing a ss a y after starv ation , a n in cre a s e in fo o d inta k e a s c o m p are d to
w ild -ty p e is o b s erv e d .
(H–U) In le u c c275 m uta nts, p a n-n e uron a l e x pre ss ion of U A S-le u c w ith th e E la v- G a l4 driv er re s c u e s th e a b d o m in a l a n d cro p b lo atin g p h e noty p e s a s sho w n b y
th e t w o-d y e a ss a y (I, a steris k , a n d L, arro w , re s p e ctiv e ly) a n d th e a b norm a l in cre a s e in p o ststarv ation fo o d inta k e (T). N o re s c u e is o b s erv e d in c ontro l
le u c c275 flie s c arryin g th e E la v- G a l4 driv er (H , K , a n d T) or th e U A S-le u c tra ns g e n e (J , M , a n d T) a lon e . P a n-n e uron a l e x pre s sion of U A S-lkr a ls o re s c u e s
th e p h e noty p e s of lkrc003 (O , R , a n d U). N o re s c u e is o b s erv e d in c ontro l m uta nt lkrc003 flie s c arrying th e E la v- G a l4 driv er (N , Q , a n d U) or th e U A S-lkr tra n s-
g e n e (P , S , a n d U) a lon e .
W hite s c a le b ars re pre s e nt 200 mm . Error b ars are sta n d ard d e viations of fiv e s e p arate re p lic ate s for a g iv e n g e noty p e . **p < 0.01 b y t te st.
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F igure 2. le u c a n d lkr M uta nts H a v e a n In cre a s e in M e a l S iz e th at Is A ss o c i ate d w ith a R e d u ctio n in M e a l F re q u e n c y

(A–D) le u c c275 a n d lkrc003 m uta nts d o not e x hib it a n in cre a s e in ra d io a ctivity int a k e re lativ e to w ild-ty p e w h e n e x p o s e d to [14 C ]le u c in e -la b e le d fo o d for 48 hr
w ithout starv ation (A). W h e n th e c a p illary fe e d er ( C A F E) fe e d ing a ss a y is p erform e d on sing le nonstarving flie s, le u c c275 a n d lkrc003 flie s h a v e a d e cre a s e in
0.1–0.2 ml m e a ls th at is a ss o c iate d w ith a n in cre a s e in m e a ls larg er th a n 0.4 ml. This in cre a s e in m e a l siz e (B) is a ss o c iate d w ith a re d u ction in re c ord e d m e a l
e v e nts ( C ) a s c o m p are d to w ild-ty p e flie s. H o w e v er, b oth m uta nts still h a v e a n o v era ll fo o d inta k e sim ilar to w ild -ty p e (D).
(E a n d F) P a n-n e uron a l e x pre ssion of U A S-le u c re s c u e s th e m e a l siz e (E) a n d fre q u e n c y (F) d efe cts of le u c c275 flie s in th e sing le-fly C A F E a ss a y. N o re s c u e of
e ith er fe e d ing p ara m eter is o b s erv e d in c ontro l m uta nt le u c c275 flie s c arrying th e E la v- G a l4 driv er or th e U A S-le u c tra ns g e n e (E a n d F , re s p e ctiv e ly) a lon e .
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w h e n le u c c275 a n d lkrc003 e xtra cts w ere a n a ly z e d (F igure s 3A
a n d 3 B), in d ic ating th at th e le u c c275 a n d lkrc003 m utations
pro d u c e re d u ctions in th e a m ount of synth e siz e d prote in.

T o e v a lu ate th e e x pre ssion p atterns of th e g e n e s, w e g e n er-
ate d flie s w ith tra ns g e n e s c o m p o s e d of u p stre a m pro m oter
re g ions of le u c or lkr (3.6 k b for le u c , w2 k b for lkr) driving
th e e x pre ssion of th e G a l4 tra ns crip tion fa ctor (L e u c- G a l4
a n d L kr- G a l4, re s p e ctiv e ly). W e m ate d th e s e driv er flie s w ith
flie s c arrying a U A S-m C D8-gre e n fluore s c e nt prote in tra ns-
g e n e (U A S-m C D8- G F P) a n d e x a m in e d G F P , L e u c , a n d L kr
e x pre ssion in a d ult pro g e ny.

Th e e x pre ssion p attern of th e le u c g e n e h a s b e e n re p orte d
pre viously [21], a n d a L e u c- G a l4 lin e w ith a s o m e w h at shorter
pro m oter fra g m e nt w a s re c e ntly d e s crib e d in d eta il [22]. W e
o b s erv e d bra in a n d v e ntra l g a ng lion n e urons th at e x pre ss
b oth L e u c a n d L e u c- G a l4::m C D8- G F P a n d a p p e ar to c orre-
s p on d to tho s e d e s crib e d in [22]. T w o larg e n e urons w ith
s o m a lo c ate d in th e latera l horn, th e L H L K n e urons ( F igure s
3 C a n d 3D), inn erv ate th e proto c ere bru m a n d th e c a ly x a n d
p e d un c le of th e m ushro o m b o d y [22]. Th e su b e s o p h a g e a l
g a ng lion (S O G) c onta ins t w o or thre e p a irs of L e u c- a n d
L e u c- G a l4- p o sitiv e n e urons, d e note d a s S E L K s (F igure s 3 C
a n d 3 E). Thin n e urite s fro m th e s e n e urons ra m ify insid e th e
S O G , a n d th e ir long a x ons pro je ct into th e v e ntra l g a ng lion.
Th ere are a ls o s e v e n pro m in e nt p a irs of L e u c /L e u c- G a l4
n e urons in th e a b d o m in a l v e ntra l g a ng lion, th e A B L K s (F igure s
3 F a n d 3 G) [21, 22]. In a d d ition to th e s e c e lls, d e H aro et a l. [22]
a ls o foun d n e urons in th e bra in (A L K s or ‘‘gho st c e lls’’) a n d in
th e m id gut th at d id not e x pre ss L e u c b ut d id e x pre ss th e ir
L e u c- G a l4 driv er. W e d id not s e e a ny of th e s e n e uron a l grou p s
w ith our driv er. N o nonn e uron a l e x pre ssion of le u c o k inin or
L e u c- G a l4:: G F P w a s o b s erv e d b y d e H aro et a l. [22] or b y us
(F igure 4 A). W h e n L e u c- G a l4 w a s us e d to driv e e x pre ssion of
th e pre syn a p tic m ark er U A S-syn a p to bre vin- G F P , th e G F P
sign a l c o lo c a liz e d w ith th e le u c o k inin sign a l in th e bra in a n d
v e ntra l g a ng lion (F igure s 3H a n d 3I), sug g e sting th at le u c o k inin
is lo c a liz e d to pre syn a p tic term in a ls. This w a s a ls o o b s erv e d
b y d e H aro et a l. [22].

In L kr- G a l4::m C D8- G F P flie s, n e urons sta in e d b y b oth a nti-
L kr a n d a nti- G F P are foun d in th e d ors a l re g ion of th e bra in.
S o m e of th e s e s e n d a x on a l pro c e ss e s to th e fa n-sh a p e d
b o d y at th e bra in m id lin e , w hic h is brightly la b e le d b y b oth
a ntib o d ie s (F igure s 3J a n d 3 K). W e a ls o o b s erv e d L kr- p o sitiv e
n e urons in th e v e ntra l g a ng lion (F igure 3L).

W h e n w e d ou b le sta in e d L kr- G a l4::U A S-m C D8- G F P bra ins
a n d v e ntra l g a ng lia w ith a nti-L e u c a n d a nti- G F P , w e o b s erv e d
th at th ere w ere re d L e u c- p o sitiv e s p ots, pre su m a b ly pre syn-
a p tic term in a ls, in c lo s e pro x im ity to or in c onta ct w ith gre e n
L kr n e uron a x ons a n d c e ll b o d ie s in th e latera l horn are a of
th e bra in a n d v e ntra l g a ng lia (F igure s 3 M a n d 3N). A d ja c e nt
re d a n d gre e n s p ots c ould b e visu a liz e d in sing le c onfo c a l sli-
c e s (F igure 3 O). Th e s e d ata in d ic ate th at L e u c n e urons are
c lo s e e nough to L kr n e urons to d e liv er L e u c p e p tid e to th e m .

W h e n w e e x a m in e d cry o stat s e ctions of th e thora x , w e
o b s erv e d b oth L kr- G a l4::m C D8- G F P a n d a nti-L kr sign a ls in
th e fore gut, a n d a ls o on a x on a l tra cts th at c onn e ct th e bra in

to th e fore gut (F igure 4 B a n d ins et). In w ho le-m ount fore gut
pre p arations, th ere w a s e xte nsiv e sta ining w ith a nti-L kr, a n d
s o m e of this c o lo c a liz e d w ith G F P , e s p e c ia lly in th e re g ion
n e ar th e pro v e ntric ular v a lv e (F igure 4 C ). In pre p arations trip le
sta in e d for th e n e uron a l nu c le ar m ark er E la v, w e o b s erv e d th at
s o m e of th e E la v- p o sitiv e c e ll b o d ie s (pre su m a b ly tho s e of
e nteric n e urons) a ls o e x pre ss e d G F P a n d L kr (F igure 4 C ).
O ur d ata sug g e st th at L kr is e x pre ss e d in b oth n e uron a l a n d
nonn e uron a l c e lls in th e gut re g ion. H o w e v er, b e c a us e th e
lkrc003 m e a l siz e p h e noty p e c a n b e fully re s c u e d b y n e uron a l
e x pre ssion of L kr (F igure 1U; F igure 2H), our d ata sug g e st
th at le u c o k inin re gulate s m e a l siz e b y fun ctioning a s a n e uro-
p e p tid e a n d not a s a hu m ora l fa ctor. C onsiste nt w ith this
m o d e l, w e foun d th at inje ction of synth etic le u c o k inin into
th e a b d o m in a l c a vity d id not re s c u e th e le u c c275 b lo ating
d efe ct (d ata not sho w n).

T o sho w th at le u c o k inin a n d L kr e x pre ssion in th e s p e c ific
n e urons e x pre ssing th e L e u c- G a l4 a n d L kr- G a l4 driv ers is
re q uire d for m e a l siz e re gulation, w e us e d th e s e driv ers to
d ire ct e x pre ssion of U A S tra ns g e n e s w ith w ild-ty p e c o p ie s of
le u c or lkr in th e c orre s p on d ing m uta nt b a c k groun d . Th e
m uta nt p h e noty p e s w ere fully re s c u e d w h e n L e u c- G a l4 w a s
us e d to driv e le u c o k inin in th e le u c c275 b a c k groun d or w h e n
L kr- G a l4 w a s us e d to driv e L kr in th e lkrc003 b a c k groun d (s e e
F igure S2 a v a ila b le onlin e).

F in a lly, to c onfirm th e re le v a n c e of th e id e ntifie d L e u c a n d
L kr n e urons to c ontro l of m e a l siz e , w e us e d L e u c- G a l4 a n d
L kr- G a l4 to driv e th e c e ll d e ath g e n e re a p er, s o a s to a b late
th e e x pre ssing n e urons. T o m onitor a b lation, w e dro v e re a p er
to g eth er w ith G F P for e a c h G a l4 driv er, a n d w e o b s erv e d
th at re a p er e x pre ssion c o m p lete ly e lim in ate d a nti-L e u c- a n d
a nti-L kr-p o sitiv e c e lls (d ata not sho w n). A ll a s p e cts of th e
fe e d ing b e h a vior d efe cts o b s erv e d in b oth m uta nts w ere re p li-
c ate d in flie s w ith a b late d L e u c- G a l4 or L kr- G a l4 n e urons
(F igure 5).

d e H aro et a l. [22] o b s erv e d L e u c- G a l4::m C D8- G F P sign a ls
(b ut not a nti-L e u c sta ining) in s e ns ory c e lls in th e le g a n d in
ta ste org a ns of th e m outh. Th e ta ste org a n sign a ls d o not
h a v e th e a p p e ara n c e of s e ns ory c e ll b o d ie s, a n d w e d id not
o b s erv e e ith er le g or ta ste org a n G F P e x pre ssion w ith our
driv er. N e v erth e le ss, th e re sults of d e H aro et a l. sug g e st
th at L e u c /L kr sign a ling m ight affe ct m e a l siz e b y a ltering th e
ta ste q u a lity of fo o d . T o a d dre ss this q u e stion, w e us e d
a pro b o s c is e xte nsion refle x a ss a y [8, 23–26] to e v a lu ate th e
re s p ons e s of le u c c275 a n d lkrc o o3 m uta nts to su cro s e , w hic h
is th e only ta sta nt pre s e nt in th e t w o- d y e fe e d ing a ss a y w ith
w hic h w e d ete cte d th e b lo ating / m e a l siz e p h e noty p e . W e
o b s erv e d no d iffere n c e s b et w e e n w ild -ty p e a n d m uta nts,
sug g e sting th at gustatory d efe cts d u e to la c k of p erip h era l
L e u c e x pre ssion d o not a c c ount for th e m e a l siz e p h e noty p e
(F igure S1).

W e a ls o e x a m in e d t w o oth er s ets of n e urons inv o lv e d in
fe e d ing for th e ir re le v a n c e to m e a l siz e re gulation. Inhib iting
hug in-e x pre ssing n e urons in a d ults c a us e s ra p id m e a l initia-
tion [27], w h ere a s a b lating N P F p ath w a y n e urons a lters larv a l
fe e d ing b e h a vior [28–30]. W e e x a m in e d flie s w ith a b late d

(H a n d I) P a n-n e uron a l e x pre ssion of U A S-lkr re s c u e s th e m e a l siz e (H) a n d fre q u e n c y (I) d efe cts of lkrc003 flie s in th e sing le-fly C A F E a ss a y. N o re s c u e of
e ith er fe e d ing p ara m eter is o b s erv e d in c o ntro l m uta nt lkrc003 flie s c arrying th e E la v- G a l4 driv er or th e U A S-lkr tra ns g e n e (H a n d I, re s p e ctiv e ly) a lon e .
(G a n d J) N o d iffere n c e in tota l fo o d int a k e is o b s erv e d b et w e e n th e d iffere nt g e noty p e s.
(K) Th e p o ststarv ation in cre a s e in fo o d inta k e in le u c c275 a n d lkrc003 flie s is later c o m p e ns ate d for b y a re d u ction in fo o d inta k e th at ultim ate ly c a us e s th e m to
h a v e sim ilar o v era ll fo o d int a k e a s w ild-ty p e b y w60 hr.
Error b ars are sta n d ard d e via tions for 5–8 s e p arate re p lic ate s for a g iv e n g e noty p e in (A) a n d (K) a n d 20–25 sing le-fly a n a lys e s in (B)–(J). *p < 0.05, **p < 0.01,
***p < 0.005 b y t te st.
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hug in or N P F n e urons via b oth th e t w o- d y e a n d [14 C ]le u c in e
a ss a ys b ut foun d no d efe cts (F igure S3).

Di s c u s s i o n

Lik e oth er a nim a ls, Droso p hila a d ults c onsu m e fo o d in d is-
crete b outs k no w n a s m e a ls. W h e n m e a sure d via th e C A F E

a ss a y [18], w ild-ty p e flie s ta k e 7–8 m e a ls in a 12 hr d a ytim e
p erio d , m o st of w hic h are 0.1–0.2 ml in siz e . Th e m o le c ular
m e c h a nis m s b y w hic h m e a l siz e a n d fre q u e n c y are d eterm in e d
are un k no w n. T o stu d y m e a l siz e re gulation, w e s cre e n e d a s et
of ins ertion m uta nts to id e ntify lin e s th at o v ere at after a starv a-
tion p erio d . W e d is c o v ere d th at m uta nts w ith re d u c e d e x pre s-
sion of th e le u c o k inin n e uro p e p tid e or its re c e p tor b oth

F igure 3. E x pre ssion P attern s of L e u c o k inin a n d L kr in th e B ra in a n d V e ntra l G a ng lia

(A a n d B) W e stern b lotting w ith a ntib o d ie s a g a inst le u c o k inin (a nti-L e u c) or L kr (a nti-L kr) d e m onstrate s a re d u ctio n in th e e x pre ssion le v e l of le u c o k inin in
le u c c275 m uta nts (A) a n d L kr in lkrc003 m uta nts (B) a s c o m p are d to w ild-ty p e . A ntib o d y a g a inst tu b ulin (a nti-tu b) w a s us e d a s a tissu e e xtra c t lo a d ing c o ntro l;
th e s e la n e s sho w th at th e m uta nt e xtra cts c onta in th e s a m e a m ount of prote in.
( C–F) In L e u c- G a l4::U A S-m C D8- G F P flie s, a nti-L e u c ( C a n d F , re d; D a n d E , gre e n) a n d a nti- G F P ( C a n d F , gre e n) sign a ls c o lo c a liz e in n e uron a l s o m a in th e
latera l horn a n d th e su b e s o p h a g e a l g a ng lion (S O G) ( C , y e llo w arro w s). A steris k s in ( C ) in d ic ate n e uro p ilar re g ions th at la b e l brightly w ith a nti-L e u c .
(D) A high er-m a gnific ation vie w of on e of th e latera l horn L e u c n e urons, L H L K , sho w ing th e c e ll b o d y (re d arro w) a n d p un cta a long n e uron a l pro c e ss e s
(y e llo w arro w).
(E) A sim ilar vie w of t w o of th e S O G n e uron s, th e S E L K s.
(F) Th e v e ntra l g a ng lia , sho w ing t w o ro w s of L e u c n e urons (A B L K s). S o m e of th e s e (y e llo w , in d ic ate d b y y e llo w arro w) e x pre ss m ore G F P th a n oth ers (re d ,
in d ic ate d b y re d arro w).
(G) A hig h er-m a gnific ation vie w of th e A B L K s. A c e ll b o d y is in d ic ate d b y th e re d arro w , a n d th e lin e of a x ons a n d syn a p s e s a long th e m id lin e is in d ic ate d b y
th e y e llo w arro w .
(H a n d I) L e u c- G a l4::n-sy b - G F P bra in (H) a n d v e ntra l g a ng lia (I) sta in e d w ith a nti-L e u c (re d) a n d a nti- G F P (gre e n), sho w ing c o lo c a liz ation in c e ll b o d ie s (re d
arro w s) a n d pre syn a p tic term in a ls (y e llo w arro w s). Th e A B L K c e ll b o d ie s in (I) h a v e m u c h le ss n-s y b th a n th e term in a ls.
(J–L) In L kr- G a l4::U A S-m C D 8:: G F P flie s, a nti-L kr (J a n d L, re d) a n d a nti- G F P (J–L, gre e n) sign a ls c o lo c a liz e in d ors a lly lo c ate d n e uron a l c e ll b o d ie s , a n d a ls o
in th e a x ons of th e fa n-sh a p e d b o d y in th e c e ntra l c o m p le x (arro w s in F). E x pre ssion is a ls o o b s erv e d in t w o larg e n e urons in th e v e ntra l g a ng lia (L, arro w). (K)
sho w s a high er-m a gnific ation vie w of th e bra in L kr n e urons in on e h e m is p h ere . R e d arro w in (K) in d ic ate s c e ll b o d y; y e llo w arro w s in d ic ate fa n-sh a p e d b o d y.
(M–O) B ra in a n d v e ntra l g a ng lia in L kr- G a l4::U A S-m C D8:: G F P flie s, sta in e d w ith a nti-L e u c a n d a nti- G F P .
(M) A n L H L K n e uron (re d arro w) h a s n e uron a l pro c e ss e s w ith syn a p tic b outons (c h a ins of re d d ots) th at are c lo s e to gre e n-sta in e d L kr- G a l4::U A S-
m C D8:: G F P n e urons (y e llo w arro w s).
(N) L e u c-p o sitiv e b outons are n e ar a x ons (fa int gre e n lin e s) of L kr- G a l4::U A S-m C D 8:: G F P n e uron s in th e v e ntra l g a ng lion . Y e llo w arro w s in d ic ate lo c ations
w h ere re d a n d gre e n fila m e nts re a c h e a c h oth er.
(O) A sing le c onfo c a l slic e of a p pro x im ate ly 0.3 mm d e p th sho w s L e u c-p o sitiv e syn a p tic term in a ls (re d) in th e latera l horn a d ja c e nt to or c o nta cting pro c e ss e s
of L kr- G a l4::U A S-m C D 8:: G F P n e urons (gre e n). N ote th e p a ire d re d d ots a d ja c e nt to a gre e n profile (left arro w) a n d a re d d ot b et w e e n t w o gre e n d ots (m id d le
arro w).
W hite s c a le b ars re pre s e nt 200 mm .
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c onsu m e e x c e ss fo o d im m e d iate ly after starv ation (F igure 1)
b ut d o not e at m ore th a n norm a l flie s w h e n c ontinuously
su p p lie d w ith fo o d . This fin d ing is e x p la in e d b y th e fa ct th at
le u c a n d lkr m uta nts c onsu m e a b norm a lly larg e m e a ls, b ut at
a re d u c e d fre q u e n c y (F igure 2).

L e u c o k inin is k no w n to fun ction a s a horm on e to re gulate
d iure sis a n d hin d gut m otility, a n d lkr is e x pre ss e d in th e
M a lp ighia n tu b ule s, th e fly e x cretory org a n [10–14]. H o w e v er,
th e effe cts of le u c o k inin on m e a l siz e re gulation are lik e ly to
b e d u e to its a ction a s a n e uro p e p tid e n e urotra ns m itter rath er
th a n to hu m ora l effe cts on M a lp ighia n tu b ule L kr, b e c a us e th e
le u c a n d lkr m e a l siz e p h e noty p e s are fully re s c u e d b y p a n-
n e uron a l e x pre ssion of th e s e g e n e s (F igure 1). This in d ic ate s
th at c ontro l of m e a l siz e b y lkr is d u e to re c e p tion of a le u c o k i-
nin sign a l b y n e urons a n d d o e s not inv o lv e L kr sign a ling in
M a lp ighia n tu b ule s.

W e e x a m in e d th e e x pre ssion p atterns of le u c a n d lkr b y a nti-
b o d y sta ining a n d b y c onstru cting pro m oter- G a l4 fusions.
B oth g e n e s are e x pre ss e d in s m a ll su b s ets of n e urons in th e
bra in a n d v e ntra l g a ng lia (F igure 3), a n d L kr is a ls o e x pre ss e d
in th e fore gut, w hic h is k no w n to b e inv o lv e d in m e a l term in a-
tion (F igure 4). A b lation of le u c n e urons via c e ll d e ath g e n e s
pro d u c e s th e s a m e m e a l siz e p h e noty p e a s lo ss of le u c o k inin,
in d ic ating th at this n e uron a l c irc uit is e ss e ntia l for c ontro l of
fo o d inta k e (F igure 5).

W h at are th e m e c h a nis m s b y w hic h le u c o k inin a n d L kr
re gulate m e a l siz e? B e c a us e a b lation of L kr n e urons c a us e s
th e s a m e p h e noty p e a s re d u ction in L kr e x pre ssion, our
d ata sug g e st th at th e a ctivitie s of L kr n e urons are re d u c e d
in le u c a n d lkr m uta nts. A ls o , b e c a us e re d u ctions in e ith er
le u c o k inin or L kr c a us e th e s a m e p h e noty p e , it is lik e ly th at
th e L kr n e urons th at are re le v a nt to th e p h e noty p e in c lu d e
th e bra in a n d / or v e ntra l g a ng lion n e urons th at are n e ar le u c o-
k inin-p o sitiv e syn a p tic b outons (F igure 3). D ire ct or in d ire ct
in p ut of L kr n e urons to th e fore gut c ould m o d ulate th e sign a ls
e m a n ating fro m gut stretc h re c e p tors, s o th at w h e n L kr
n e urons are a b s e nt or fire le ss fre q u e ntly, th e fly’s bra in
b e c o m e s le ss s e nsitiv e to gut stretc h sign a ls th at in d ic ate
s atiety.

O th er n e uro p e p tid e s a n d n e uron a l c irc uits h a v e b e e n
d e m onstrate d to affe ct fe e d ing in Droso p hila . H o w e v er, our
a n a lysis sug g e sts th at th e ir fun ctions are d istin ct fro m tho s e
of th e le u c o k inin p ath w a y. In a d ult flie s, inhib iting hug in-
e x pre ssing n e urons c a us e s ra p id m e a l initiation a n d cro p
b lo ating [27], a n d a b lating N P F n e urons affe cts larv a l fe e d ing
[28–30]. W e e x a m in e d m e a l siz e in a d ults w ith a b late d hug in
or N P F n e urons b ut foun d no c h a ng e s fro m w ild -ty p e (F ig-
ure S3). T w o d istin ct n e uron a l p o p ulations, d efin e d b y th e
e x pre ssion p atterns of th e F ru- G a l4 a n d c673a- G a l4 driv ers,
c ontro l long-term e n erg y ho m e o sta sis. F lie s in w hic h th e s e
n e urons are sile n c e d store e x c e ss fat, w h ere a s tho s e in
w hic h th e y are hy p era ctiv ate d lo s e fat. c673a- G a l4-sile n c e d
flie s a ls o c onsu m e m ore fo o d th a n c ontro ls [31]. Sulfa k inins
a n d a llato statins inhib it c ontra ction of ins e ct vis c era l m us c le s,
a n d th e s e p e p tid e s c a n inhib it fe e d ing w h e n inje cte d into
a v ariety of ins e cts [32–35]. F in a lly, m a le s e x p e p tid e in cre a s e s
p o stfertiliz ation fe e d ing b y fe m a le s [36].

P o s s i b l e R e l e v a n c e t o Ma m m a li a n S y ste m s
A v ariety of m a m m a lia n p e p tid e s h a v e b e e n im p lic ate d in
fo o d inta k e re gulation. S o m e , lik e le p tin, m e a sure th e status
of th e b o d y’s e n erg y store s a n d are b e lie v e d to influ e n c e
long-term fo o d inta k e . O th er n e uron a l a n d g a stro inte stin a l
tra ct p e p tid e s re gulate m e a l-re late d p ara m eters su c h a s
initiation, siz e , a n d fre q u e n c y. N e uron a lly pro d u c e d n e uro-
p e p tid e Y , e n d o c a nn a b ino id s, a n d ore x ins, a long w ith g a stri-
c a lly s e crete d ghre lin, are thought to b e inv o lv e d in m e a l
initiation, a n d g a stro inte stin a l tra ct p e p tid e s su c h a s c ho le-
c ysto k inin ( C C K), p a n cre atic p e p tid e Y (3-36), a n d g lu c a g on-
lik e p e p tid e 1 are b e lie v e d to re gulate m e a l siz e a n d fre-
q u e n c y [1, 2].

In m ic e , a re d u ction in C C K p ath w a y sign a ling c a us e s
fe e d ing d efe cts (m e a l siz e in cre a s e s a ss o c iate d w ith c o m p e n-
s atory re d u ctions in m e a l fre q u e n c y) th at are sim ilar to tho s e
o b s erv e d in le u c a n d lkr m uta nts [37]. This pro b a b ly d o e s
not re pre s e nt a c ons erv e d p ath w a y, b e c a us e le u c o k inin a n d
its re c e p tor h a v e little s e q u e n c e ho m o lo g y w ith m a m m a lia n
C C K p ath w a y c o m p on e nts. H o w e v er, Droso p hila C C K -re late d

F igure 4. L kr E x pre s sion in th e F ore gut

(A) In a s a g itta l cry o stat s e ction of a L e u c-
G a l4::U A S -m C D8- G F P fly, no e x pre s sion of
e ith er G F P or L e u c is o b s erv e d in th e fore gut
re g ion (a steris k , gut lu m e n; arro w , pro v e ntric ular
re g ion).
(B) In a s a g itta l cry o stat s e ction of a L kr-
G a l4::U A S -m C D8- G F P fly, G F P a n d L kr are
o b s erv e d in th e fore gut (m a in p a n e l a n d ins et,
re d arro w s a n d gre e n a steris k s). N ote th e G F P-
p o sitiv e a x ons th at run a long th e d ors a l sid e of
th e fore g ut a n d m a y c o nn e ct it w ith th e bra in
(ins et, y e llo w arro w s).
( C ) A d iss e cte d fore gut s e ction (a nterior to th e
left) fro m a L kr- G a l4::U A S-m C D 8- G F P fly, trip le
sta in e d w ith a nti- G F P (gre e n), a nti-L kr (re d), a n d
a nti- E la v , w hic h la b e ls n e uron a l nu c le i (b lu e).
G re e n sta inin g o v erla p s w ith re d sta ining in th e
pro v e ntric ular are a (y e llo w arro w). N ote th at
s o m e of th e E la v-p o sitiv e n e urons a p p e ar to
a ls o e x pre ss L kr a n d G F P (re d arro w s). A trip le-
sta in e d fore gut s e ction (ins et) a ls o sho w s c o lo c-
a liz atio n of L kr a n d G F P on a x ons (y e llo w
arro w s).
W hite s c a le b ars re pre s e nt 200 mm .
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F igure 5. A b lation of L e u c- G a l4- a n d L kr- G a l4- E x pre ssing N e urons Pro d u c e s M e a l S iz e a n d F re q u e n c y D efe cts M atc hing Tho s e S e e n in le u c c275 a n d lkrc003

M uta nts

L e u c- G a l4::U A S-re a p er (B , E , a n d K) a n d L kr- G a l4::U A S-re a p er (G , I, a n d L) flie s h a v e b lo ate d a b d o m e ns (a steris k s) a n d o v erfille d cro p s (arro w s) w h e n su b -
je cte d to th e t w o-d y e fe e d ing a ss a y after starv ation a n d a ls o e x hib it a n in cre a s e in [14 C ]le u c in e -la b e le d fo o d inta k e (K a n d L). L e u c- G a l4::U A S-re a p er (M) a n d
L kr- G a l4::U A S-re a p er (N) flie s e x hib it d e cre a s e s in 0.1–0.2 ml m e a ls th at are a ss o c iate d w ith in cre a s e s in m e a ls larg er th a n 0.4 ml w h e n e x a m in e d b y th e
sing le-fly C A F E fe e d ing a ss a y. This in cre a s e in m e a l siz e is a ss o c iate d w ith a re d u ction in th e nu m b er of m e a ls ta k e n (O a n d P , re s p e ctiv e ly). C ontro l
U A S-re a p er/ + (A a n d D), L e u c- G a l4/ + ( C a n d F), a n d L kr- G a l4/ + (H a n d J) flie s d o not e x hib it a ny of th e a b o v e d efe cts in fe e d ing b e h a vior w h e n e x a m in e d
b y th e s a m e a ss a ys.
W hite s c a le b ars re pre s e nt 200 mm . Error b ars are sta n d ard d e via tions of fiv e s e p arate re p lic ate s for a g iv e n g e noty p e in (K) a n d (L) a n d 20–25 sing le-fly
a n a lys e s in (M)–(P). **p < 0.01, ***p < 0.005 b y t te st.
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p e p tid e s c a lle d sulfa k inins d o inhib it fe e d ing w h e n inje cte d
into flie s [32].

L e u c o k inin a n d its re c e p tor are ho m o lo g ous to v erte brate
ta c hy k inins a n d ta c hy k inin re c e p tors, a n d ta c hy k inins c a us e
re d u ctions in fo o d inta k e w h e n inje cte d into v erte brate s
[38–42]. T a c hy k inins a n d th e ir re c e p tors are e x pre ss e d w ithin
or n e ar bra in c e nters th at re gulate b o d y w e ight a n d fo o d
inta k e , su c h a s th e arc u ate nu c le us [43]. O ur fin d ing s in
Droso p hila sug g e st th at th e ro le s of ta c hy k inins in re gulating
fo o d inta k e m ight b e e v o lution arily c ons erv e d b et w e e n ins e cts
a n d v erte brate s.

E x p erim e n ta l Pro c e d u re s

F l y St o c k Ma i n te n a n c e
Th e le u c c275 a n d lkrc003 lin e s w ere o b ta in e d fro m th e B lo o m ington
Dro s o p hila Sto c k C e nter a n d w ere m a inta in e d on re gular fly fo o d (8 %
c orn m e a l, 5 % su cro s e , 2 % y e a st, 1 % pro p ionic a c id , 0.5 % a g ar) at 25  C .
A ll b e h a viora l a n a lys e s w ere p erform e d on 5- to 7-d a y-o ld m a le flie s.

Im m u n o c yt o c h e m i stry
A nti-L kr w a s o b ta in e d fro m J . D o w (U niv ersity of G la s g o w), a n d a nti-L e u c
w a s g e n erate d a g a inst th e full-le ngth a m id at e d le u c o k inin p e p tid e b y
Y e n Z y m A nti b o d ie s, LL C . F or sta inin g , 2- to 4-d a y-o ld m a le bra ins w ere
d iss e cte d a n d fix e d in 4 % p ara form a ld e hy d e in 13 p ho s p h ate-b uffere d
s a lin e (P B S) for 1 hr at ro o m te m p erature , fo llo w e d b y fiv e w a sh e s of
30 m in e a c h in 13 p hysio lo g i c a l b uffer w ith Triton (P B T) w ith 0.1 % Triton
X-100. Th e bra ins w ere in c u b ate d for 1 hr in a b lo c k ing s o lution c o m p o s e d
of 1 % pre im m un e g o at s eru m in 13 P B T a n d w ere th e n in c u b ate d o v ernight
at 4  C in 1:100 d ilutions of ra b b it a nti-L e u c or a nti-L kr, w ith a nti- G F P-A le x a
F luor 463. Th e bra ins w ere th e n w a sh e d in 13 P B T fiv e tim e s for 1 hr e a c h,
fo llo w e d b y a 1 hr in c u b ation in th e b lo c k ing s o lution, a n d in c u b a te d in
a 1:500 d ilution of g o at a nti-ra b b it A le x a F lu or 568 (Invitro g e n, #A21069)
for 2 hr, fo llo w e d b y fiv e w a sh e s in P B T for 1 hr e a c h. Th e bra ins w ere
m ounte d in Ve cta sh ie ld a n d visu a liz e d w ith a Z e iss LS M 510 N L O c onfo c a l
m icro s c o p e . Th e G F P la b e l w a s e x c ite d w ith a la s er b e a m at 488 n m , a n d th e
im a g e s w ere c a p ture d w ith a 500–530 n m b a n d-p a ss filter. Th e A le x a F luor
568 la b e l w a s e x c ite d w ith a la s er b e a m at 561 n m , a n d th e im a g e s w ere
c a p ture d w ith a 575–615 n m b a n d- p a ss filter. A utoflu ore s c e n c e im a g e s
c a p ture d w ith 488 n m e x c itation a n d c o lle cte d w ith a 575 n m long-p a ss filter
w ere us e d a s b a c k groun d .

F or cry o stat im m uno c yto c h e m istry, flie s w ere e m b e d d e d in s a g itta l p o si-
tion a n d c ut w ith a cry o stat at 16 mm thic k n e ss. Th e s e ctions w ere c o lle cte d
on Su p erfro st P lus m icro s c o p e slid e s (F ish er S c ie ntific) a n d d efro ste d in
a d e sic c ation b o x for 15 m in, fo llo w e d b y fix ing in 4 % p ara form a ld e hy d e
in 13 P B S b uffer for 10 m in. Th e s e ctions w ere w a sh e d thre e tim e s for
5 m in e a c h in 13 P B T w ith 0.1 % Triton X-100, fo llo w e d b y 4  C in c u b ation
o v ernight w ith 1:100 d ilution of e ith er a nti-L kr or a nti-L e u c . Th e sta in e d
s e ction s w ere w a sh e d fiv e tim e s for 30 m in e a c h in 13 P B T a n d th e n
m ounte d in g ly c ero l a n d e x a m in e d using th e G F P a n d C y3 fluore s c e n c e
c h a nn e l.

[14 C]L e u c i n e A s s a y
F ifty m illiliters of hot 1 % su cro s e in 1 % a g aro s e m ix e d w ith a c id re d d y e w a s
m ix e d w ith 250 ml of 50 m C i/ m l [14 C ]le u c in e a n d a liq uot e d a s 5 m l p ortio ns
into re gular fly fo o d via ls. T w e nty flie s of a g iv e n g e noty p e w ere e x p o s e d
to this fo o d for 20 m in. T e n flie s fro m e a c h g e noty p e w ere tra nsferre d into
s c intillation via ls c onta ining 250 ml of a 1:1 m ix ture of p erc hloric a c id a n d
hy dro g e n p ero x id e a n d in c u b ate d at 75  C for 30 m in, w hic h d iss o lv e d flie s
to a c le ar fluid . Th e re sulting m ixture w a s m ix e d w ith 5 m l of s c intillation
fluid , a n d ra d iation w a s c o unte d w ith a s c intillation c ounter.

C A F E A s s a y
F or this a ss a y, a sing le fly is p la c e d in a w e ll of a 24-w e ll tissu e c ulture p late .
Th e b otto m of th e w e ll is c o v ere d w ith 0.5 m l of 1 % a g aro s e to pro vid e m o is-
ture . Th e fly is th e n pro vid e d , on a d a ily b a sis, w ith a c a p illary tu b e fille d w ith
5 % su cro s e a n d 2 % y e a st e xtra ct ins erte d through a ho le in th e ro of. A fter
a 5 d a y a c c lim atio n p erio d , th e a m ount of fo o d ing e ste d is d ire ctly m e a sure d
e v ery hour b y o b s erving th e re d u ctio n in fluid le v e l in th e c a p illary tu b e s.

F or th e p o ststarv ation-re s p ons e C A F E a ss a y, m a le s starv e d for 24 hr on
1 % a g aro s e w ere a n e sth etiz e d b y c hilling a n d th e n tra n sferre d in grou p s of

fiv e to th e C A F E a p p aratu s, a n d th e ir fo o d inta k e w a s m e a sure d e v ery 12 hr
for 3 d a ys.

Tra n s g e n e G e n er ati o n
Tra ns g e n e s c o nta ining a 2 k b pro m oter s e q u e n c e or o p e n re a d in g fra m e
(O R F) of e ith er th e le u c or th e lkr g e n e w ere g e n era te d via high-fid e lity p o ly-
m era s e c h a in re a ction. Th e prim er p a ir A C G G T A C C A C A T G T T T G G G C G T T G
a n d G C A G C C C T G C T T A T A T A T A G C C A C T C w a s us e d to g e n erat e th e le u c
pro m oter a m p lic on on w ild-ty p e fly D N A te m p lat e , a n d th e prim er p a ir A T C
G A G A T C T G A A G C C C A T T T G G C G G A C T C A A C T A A C a n d A A T A G C G G C C G C
T G T G C T T T T T G T G T C T G T T G T T A T G G C w a s us e d to g e n erate th e lkr pro-
m oter a m p lic on on w ild -ty p e fly D N A te m p la te . Th e prim er p a ir A A C G C A G
T T G G C C G A G A G G A T T A a n d C G C T T C T C G G T T T G C A A T C A T C G w a s us e d
to g e n erate th e le u c O R F a m p lic on on w ild-ty p e c D N A te m p late , a n d th e
lkr O R F w a s g e n erate d b y using th e prim er p a ir A T T T G C G G C C G C A G T T G
A C T T C G G G A G C T T T A A T C G a n d T A A T G G T A C C T G G C C G G A T C C A T T A C T G
G A G A G on full-le ngth lkr c D N A c lon e o b ta in e d fro m th e Dro s o p hila G e no-
m ic s R e s ourc e C e nt er. Th e le u c pro m oter a m p lic on w a s d ig e ste d w ith
N otI a n d StuI, a n d th e lkr pro m oter a m p lic on w a s d ig e ste d w ith B g lII a n d
N otI. le u c O R F a n d lkr O R F a m p lic ons w ere d ig e ste d w ith N otI a n d K p nI
re striction e n z y m e s a n d th e n c lon e d into th e p U A S T v e ctor. Su c c e ssful
c lon e s w ere s e nt to R a in b o w Tra n s g e nic F lie s In c . (N e w b ury P ark , C A) for
tra nsform ation into w 1118 flie s.

In j e cti o n A s s a y
le u c 275 flie s starv e d for 22 hr in 1 % a g aro s e w ere a n e sth etiz e d b y c hillin g on
ic e a n d th e n inje cte d w ith 0.2 ml of 150 mg / m l a m id ate d le u c o k inin p e p tid e
(N SVVL G K K Q R F H S W G -a m id e) or a c ontro l p e p tid e c o nsisting of s cra m-
b le d le u c o k inin s e q u e n c e (N F SLV K G W H RV Q V K G -a m id e), b oth in 13 P B S .
A fter a 2 hr re c o v ery p erio d , flie s w ere su b je cte d to th e t w o- d y e fe e d ing
a ss a y.

Pro b o s c i s E x te n s i o n A s s a y
F our-d a y-o ld m a le flie s, pre viously starv e d for 24 hr on 1 % a g aro s e , w ere
a n e sth etiz e d b y c hilling on ic e a n d th e n g lu e d b y th e ir b a c k s to a g la ss slid e
a n d a llo w e d to re c o v er for 2 hr at ro o m te m p erature . F lie s th at sho w e d no
sign of m o v e m e nt after th e re c o v ery p erio d w ere d is c ard e d . Th e re m a in ing
flie s w ere g iv e n w ater on a c otton s w a b until s a tiation a n d th e n us e d for th e
pro b o s c is e xte nsion a ss a y. In this a s s a y, e a c h fly w a s briefly tou c h e d for 5 s
on th e le g s w ith a c otton s w a b s o a k e d in th e te st s o lution, a n d th e pre s e n c e
or a b s e n c e of e xte nsion w a s re c ord e d . This stim u lus w a s re p e a te d fiv e
tim e s p er fly , w ith a 2 m in re st p erio d b et w e e n re p e titions.

S u p p l e m e n ta l In f o rm ati o n

Su p p le m e nta l Inform ation in c lu d e s thre e fig ure s a n d c a n b e fou n d w ith this
artic le onlin e at d o i:10.1016/j. c u b .2010.04.039.
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