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P R E F A C E

The central n e r v o u s s y s t e m (CNS) r e p r e s e n t s the organ w i t h the h i g h e s t struc­
tural and f u n c t i o n a l complexity. A c c o r d i n g l y , u n c o v e r i n g the m e c h a n i s m s l e a d i n g
to cell diversity, p a t t e r n i n g and c o n n e c t i v i t y in the CNS is one o f the m a j o r chal­
lenges in d e v e l o p m e n t a l biology. The d e v e l o p i n g CNS o f the fruitfly D r o s o p h i l a
m e l a n o g a s t e r is an ideal model s y s t e m to study these p r o c e s s e s . Several p r i n c i p l e
questions r e g a r d i n g n e u r o g e n e s i s (like stem cell f o r m a t i o n , cell fate s p e c i f i c a t i o n ,
axonal p a t h f i n d i n g ) have been a d d r e s s e d in D r o s o p h i l a by f o c u s i n g on the r e l a t i v e l y
simply s t r u c t u r e d truncal parts o f the nervous system. However, i n f o r m a t i o n process­
ing (e.g., vision, o l f a c t i o n ) , b e h a v i o r , l e a r n i n g and m e m o r y r e q u i r e h i g h l y special­
ized s t r u c t u r e s , w h i c h are l o c a t e d in the brain. Owing to m u c h h i g h e r c o m p l e x i t y
and h i d d e n s e g m e n t a l o r g a n i s a t i o n , our u n d e r s t a n d i n g o f b r a i n d e v e l o p m e n t is still
quite r u d i m e n t a r y . C o n s i d e r a b l e a d v a n c e s have b e e n m a d e r e c e n t l y in b r i n g i n g
the r e s o l u t i o n o f b r a i n s t r u c t u r e s to the level o f i n d i v i d u a l cells and their l i n e a g e s ,
w h i c h s i g n i f i c a n t l y f a c i l i t a t e s i n v e s t i g a t i o n s into the m e c h a n i s m s c o n t r o l l i n g b r a i n
d e v e l o p m e n t .

This b o o k p r o v i d e s an o v e r v i e w o f some m a j o r facets o f r e c e n t r e s e a r c h on
D r o s o p h i l a brain d e v e l o p m e n t . The i n d i v i d u a l c h a p t e r s were w r i t t e n by experts
in each field. V. H a r t e n s t e i n et al survey the generic cell types that make up the
developing brain and describe the m o r p h o g e n e s i s o f neural lineages and their relation­
ship to neuropil c o m p a r t m e n t s in the larval brain. Recent findings on a n t e r o p o s t e r i o r
r e g i o n a l i z a t i o n and on dorsoventral patterning in the embryonic brain are r e v i e w e d
in the chapters by R. L i c h t n e c k e r t and H. Reichert and by R. U r b a c h and G. Technau,
respectively. Both processes show striking parallels b e t w e e n D r o s o p h i l a and mouse.
P h o t o a c t i v a t e d gene e x p r e s s i o n as a means for t r a c i n g cell fate t h r o u g h embry­
onic brain d e v e l o p m e n t is d e m o n s t r a t e d in J. Minden's chapter. At present, the best
characterized neural n e t w o r k on the d e v e l o p m e n t a l , s t r u c t u r a l , and f u n c t i o n a l level is
the c h e m o s e n s o r y s y s t e m , to w h i c h three c h a p t e r s are devoted: R. S t o c k e r ' s c h a p t e r
covers the d e s i g n o f the larval c h e m o s e n s o r y s y s t e m and shows that it prefigures
the adult system. V. R o d r i g u e s and T. H u m m e l s u m m a r i z e r e c e n t findings on the
s p e c i f i c a t i o n and c o n n e c t i v i t y d e v e l o p m e n t o f the adult o l f a c t o r y r e c e p t o r neurons.
P. L a i s s u e and B. Vosshall r e v i e w the m o l e c u l a r biology, n e u r o a n a t o m y and function
o f the adult o l f a c t o r y system. A further focus o f r e s e a r c h is the visual s y s t e m , with
the optic lobes c o m p r i s i n g a b o u t h a l f o f the adult fly brain. The g e n e t i c and c e l l u l a r
p r i n c i p l e s w h i c h direct the a s s e m b l y o f the optic lobes are h i g h l i g h t e d in the c h a p t e r
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by K. F i s c h b a c h and P. Hiesinger. The c e n t r a l brain harbors d i s t i n c t n e u r o p i l s like
the central c o m p l e x and the m u s h r o o m bodies, as well as " d i f f u s e d n e u r o p i l s " w h i c h
lack c l e a r l y d e m a r c a t e d s t r u c t u r e s . K. Ito and T. Awasaki review the o r g a n i z a t i o n o f
the a d u l t c e n t r a l b r a i n and show how its c o m p l e x a r c h i t e c t u r e evolves from c l o n a l l y
r e l a t e d n e u r a l circuits.

This b o o k will be h e l p f u l to those who want to study brain d e v e l o p m e n t in the
fly. As k n o w l e d g e e x t r a c t e d from the D r o s o p h i l a m o d e l has often p r o v e n to be o f
more g e n e r a l r e l e v a n c e , c o m p a r a t i v e aspects are i n c l u d e d in most chapters. There­
fore, this b o o k s h o u l d also be useful for r e s e a r c h e r s w o r k i n g on brain d e v e l o p m e n t
in o t h e r o r g a n i s m s and on b r a i n e v o l u t i o n , as well as for i n s t r u c t o r s and a d v a n c e d
s t u d e n t s in the field o f d e v e l o p m e n t a l n e u r o b i o l o g y .

I w o u l d like to thank the authors for p r o d u c i n g an e x c e l l e n t series o f t h o u g h t ­
ful r e v i e w s , R o n a l d Landes for e n c o u r a g i n g me to edit this v o l u m e , and C y n t h i a
C o n o m o s for c o n t i n u o u s support.

G e r h a r d M Technau, PhD
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C H A P T E R 1

The Development of the Drosophila
Larval Brain
V o l k e r H a r t e n s t e i n , * S h a n a S p i n d l e r , W a y n e P e r e a n u a n d S i a u m i n F u n g

A b s t r a c t

I n this c h a p t e r we will s t a r t o u t by d e s c r i b i n g in more detail the p r o g e n i t o r s o f the nervous
system, the n e u r o b l a s t s and ganglion m o t h e r cells. S u b s e q u e n t l y we will survey the generic cell
types t h a t make up the d e v e l o p i n g D r o s o p h i l a brain, namely n e u r o n s , glial cells a n d tracheal

cells. Finally, we will a t t e m p t a synopsis o f the n e u r o n a l c o n n e c t i v i t y o f the larval b r a i n t h a t can be
d e d u c e d from the analysis o f neural lineages and t h e i r r e l a t i o n s h i p to n e u r o p i l e c o m p a r t m e n t s .

S y n o p s i s o f t h e P h a s e s a n d E l e m e n t s o f D r o s o p h i l a B r a i n D e v e l o p m e n t
The Drosophila b r a i n is shaped d u r i n g three d e v e l o p m e n t a l phases t h a t i n c l u d e the e m b r y o n i c ,

larval and p u p a l phase. In the early embryo, a p o p u l a t i o n o f n e u r o b l a s t s ( p r i m a r y n e u r o b l a s t s ; Fig.
lA, top) d e l a m i n a t e s from the n e u r e c t o d e r m and generates, in a stem cell-like manner, the glia
and n e u r o n s t h a t d i f f e r e n t i a t e i n t o the fully f u n c t i o n a l larval b r a i n ( p r i m a r y n e u r o n s and glia).
Each n e u r o b l a s t p r o d u c e s a highly i n v a r i a n t lineage o f cells that, at least temporarily, stay t o g e t h e r
and e x t e n d processes t h a t fasciculate i n t o a c o m m o n b u n d l e ( p r i m a r y axon tract; Fig. IB). After
a phase o f m i t o t i c d o r m a n c y t h a t lasts from late embryogenesis to the end o f the I st larval instar,
the same n e u r o b l a s t s t h a t had p r o l i f e r a t e d to form p r i m a r y n e u r o n s d u r i n g the e m b r y o n i c p e r i o d
become active again and p r o d u c e a s t e r e o t y p e d set o f secondary lineages (Fig. lA, center). N e u r o n s
o f the s e c o n d a r y lineages are delayed in regard to m o r p h o l o g i c a l and f u n c t i o n a l d i f f e r e n t i a t i o n .
They form short, u n b r a n c h e d axons t h a t fasciculate in s e c o n d a r y axon tracts (Fig. I C). D u r i n g the
p u p a l phase ( m e t a m o r p h o s i s ) s e c o n d a r y n e u r o n s m a t u r e and, t o g e t h e r w i t h r e s t r u c t u r e d p r i m a r y
neurons, form the a d u l t b r a i n (Fig. lA, b o t t o m ) .

The m a t u r e Drosophila b r a i n o f the larva and a d u l t is o f the g a n g l i o n i c type (Fig. IB, C). Cell
bodies o f n e u r o n s and glial cells form an o u t e r layer, or cortex, a r o u n d an i n n e r n e u r o p i l e t h a t
consists o f highly b r a n c h e d axons and d e n d r i t e s , as well as synapses f o r m e d in b e t w e e n these
processes. Because the n e u r o p i l e is v i r t u a l l y free o f cell bodies, it is e x t r a o r d i n a r i l y c o m p a c t . The
typical insect n e u r o n has a n e u r i t e t h a t p r o j e c t s t h r o u g h o u t a large p a r t o f the n e u r o p i l e (Fig. IB;
see also s e c t i o n 'The Generic Cell Types o f the Drosophila Brain' below) . Tufts o f t e r m i n a l arbors
( d e n d r i t i c and axonal) b r a n c h off the n e u r i t e close to the cell b o d y ( p r o x i m a l b r a n c h e s ) and at
its tip ( t e r m i n a l b r a n c h e s ; Fig. IB). D e n d r i t i c and axonal b r a n c h e s are assembled i n t o n e u r o p i l e
c o m p a r t m e n t s . Long axons are b u n d l e d i n t o tracts t h a t i n t e r c o n n e c t these c o m p a r t m e n t s (Fig. IB,
C). Glial sheaths envelop the cortex surface (surface glia), groups o f n e u r o n a l cell bodies ( c o r t e x
glia) and the n e u r o p i l e ( n e u r o p i l e glia). N e u r o p i l e glial cells also form septa t h a t subdivide the
n e u r o p i l e i n t o several d i s t i n c t c o m p a r t m e n t s .

* C o r r e s p o n d i n g Author: Volker H a r t e n s t e i n - D e p a r t m e n t of M o l e c u l a r Cell and D e v e l o p m e n t a l
Biology, U n i v e r s i t y of C a l i f o r n i a Los Angeles, Los Angeles, C a l i f o r n i a 90095, USA.
Email: v o l k e r h w r n c d b . u c l a . e d u

Brain Developmentin D r o s o p h i l a m e l a n o g a s t e r , e d i t e d by G e r h a r d M. Technau.
©2008 Landes Bioscience and Springer Science+ Business Media.



2 B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r
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Figure 1. D r o s o p h i l a brain development. A) Schematic drawings of head of early embr yo (to p),
larval brain (c e nt e r left), neuroblast lineage (c e nt e r right) and adult brain (b o t to m). Primary
bra in neuroblasts (d a rk lilac ) delaminate from the head n e u r e c t o d e r m and produce pr imary
lineages that fo rm the larval bra in (lig ht lilac ). In the late larva neuroblasts sta rt produ cing
s e c o n d a r y lineages (o ra nge) that a re int e g ra te d w ith the primary neurons into the adult brain .
(B, C) Schemat ic cross sect ions of one brain hemisphere of earl y larva ( B) and late larva ( e ) .
Primary neuroblasts and neuron s a re s ha d e d lilac; s e c o n d a r y neuroblasts and neurons are
in orange . Two clusters o f primar y neurons are highlighted to show projection of neur ites.
Glia cells are colored green.



TheDevelopment of the Drosophila Larval Brain 3

In this c h a p t e r we will s t a r t o u t by d e s c r i b i n g in more detail the p r o g e n i t o r s o f the nervous
system, the n e u r o b l a s t s and ganglion m o t h e r cells. S u b s e q u e n t l y we will survey the generic cell
types t h a t make up the developingDrosophila brain, namely neurons, glial cells and tracheal cells.
Finally, we will a t t e m p t a synopsis o f the n e u r o n a l c o n n e c t i v i t y o f the larval b r a i n t h a t can be
d e d u c e d from the analysis o f neural lineages and t h e i r r e l a t i o n s h i p to n e u r o p i l e c o m p a r t m e n t s .

P r o g e n i t o r s o f t h e D r o s o p h i l a B r a i n : N e u r o b l a s t s
a n d G a n g l i o n M o t h e r C e l l s

The P r i m a r y Phase o f N e u ro b l a s t A c t i v i t y i n t h e E m b r y o
The b r a i n o f insects a n d some o t h e r a r t h r o p o d taxa is f o r m e d by a u n i q u e type o f stem cell-like

p r o g e n i t o r cell called a n e u r o b l a s t . N e u r a l p r o g e n i t o r s o f this type are n o t f o u n d in v e r t e b r a t e s or
(as far as k n o w n to date) o t h e r i n v e r t e b r a t e phyla. N e u r o b l a s t s d e l a m i n a t e from the e m b r y o n i c
n e u r e c t o d e r m and form a cell layer s a n d w i c h e d in b e t w e e n the e c t o d e r m and m e s o d e r m (Fig. 2A).
The p a t t e r n o f n e u r o b l a s t s is invariant. Thus, each n e u r o b l a s t forms a u n i q u e l y identifiable cell t h a t
appears at the same time and p o s i t i o n in every i n d i v i d u a l o f a given species. N e u r o b l a s t p a t t e r n s
are very similar even when c o m p a r i n g different insect species such as Drosophila and grasshopper.
N e u r o b l a s t s appear in two b r o a d regions o f the embryo. The head ( p r o c e p h a l i c ) n e u r e c t o d e r m ,
l o c a t e d in the a n t e r i o r - d o r s a l p a r t o f the e c t o d e r m , gives rise to n e u r o b l a s t s t h a t form the brain
(Fig. 2B). The v e n t r a l n e u r e c t o d e r m , s t r e t c h i n g o u t along the t r u n k e c t o d e r m , p r o d u c e s the
n e u r o b l a s t s o f the v e n t r a l nerve cord. N e u r o b l a s t s are o r g a n i z e d segmentally, w i t h each segment
giving rise to an identical segmental set, called neuromere, o f approximately 25 neuroblasts per side.
The brain, a c o m p o s i t e s t r u c t u r e f o r m e d by the fusion o f several m o d i f i e d neuromeres, c o n t a i n s
a p p r o x i m a t e l y 100 n e u r o b l a s t s per side. 1

,2

After d e l a m i n a t i o n from the e c t o d e r m , n e u r o b l a s t s form a layer o f large, r o u n d e d cells inside
the embryo. Soon these cells p r o l i f e r a t e in what is k n o w n as a stem cell mode (Fig. 2 C ) . Thus,
whereas most cells in an e m b r y o divide symmetrical, with b o t h d a u g h t e r cells being o f a b o u t the
same size and fate, n e u r o b l a s t s divide asymmetrically i n t o one large and one small d a u g h t e r cell
w i t h very d i f f e r e n t fates. The large cell (still called a n e u r o b l a s t ) c o n t i n u e s d i v i d i n g in the stem
cell mode for a variable n u m b e r o f r o u n d s o f divisions. Most p r i m a r y n e u r o b l a s t s in the e m b r y o
divide 5-8 times, w i t h a cell cycle d u r a t i o n o f 4 5 - 6 0 m i n ; 3 s e c o n d a r y n e u r o b l a s t s may divide 50
times or more (V.H., u n p u b l i s h e d ) . The small cell r e s u l t i n g from a n e u r o b l a s t mitosis, called a
ganglion m o t h e r cell ( G M C), typically divides only one more time 6 0 - 9 0 m i n after its b i r t h . ' The
two d a u g h t e r cells o f the G M C become p o s t m i t o t i c and d i f f e r e n t i a t e i n t o n e u r o n s or glial cells.
Since the m i t o t i c spindle o f n e u r o b l a s t s is typically d i r e c t e d p e r p e n d i c u l a r to the plane o f the
n e u r o b l a s t layer, ganglion m o t h e r cells and i m m a t u r e n e u r o n s form a stack on top o f the n e u r o b l a s t
from w h i c h they o r i g i n a t e d (Fig. 2 A , C ) . In this manner, all cells o f a n e u r o b l a s t lineage remain
spatially close to each o t h e r and are a r r a n g e d along a s p a t i o - t e m p o r a l g r a d i e n t . N e u r o b l a s t s and
ganglion m o t h e r cells are s i t u a t e d externally at the b r a i n surface (Fig. 2 D , G ) , adjacent to the last
b o r n (youngest) n e u r o n s . Early b o r n (old) n e u r o n s are the most r e m o t e from the n e u r o b l a s t ,
b o r d e r i n g the n a s c e n t n e u r o p i l e . The layered o r g a n i z a t i o n o f the b r a i n cortex can be analyzed in
detail by using m o l e c u l a r markers t h a t are expressed at d i f f e r e n t stages o f n e u r o b l a s t p r o l i f e r a t i o n
and n e u r o n a l d i f f e r e n t i a t i o n (Fig. 2G,H).4

S e c o n d a r y N e u r o b l a s t s a n d GMCs o f t h e L a r v a l B r a i n
The last r o u n d s o f p r i m a r y n e u r o b l a s t division occur at e m b r y o n i c stages 14-15 ( F i g . 2 E ) ;

after t h a t stage, only G M C divisions are recognizable for a n o t h e r 2-3 h o u r s (Fig. 2F). N e u r o b l a s t s
become m i t o t i c a l l y inactive and s h r i n k in size, so t h a t they c a n n o t be r e c o g n i z e d in first i n s t a r
brains (Fig. 3A). A small set o f neuroblasts, i n c l u d i n g the four m u s h r o o m b o d y n e u r o b l a s t s and
one o f the basal a n t e r i o r n e u r o b l a s t s (for classification o f n e u r o b l a s t s and t h e i r lineages, see section
' N e u r o a n a t o m y o f the D e v e l o p i n g Drosophila Brain' o f this c h a p t e r ) , escape the general arrest o f
n e u r o b l a s t activity and c o n t i n u e to p r o l i f e r a t e t h r o u g h o u t the early larval p e r i o d (Fig. 3A,B).s
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Figure 2 . Primary n e u r o b l a s t s and g a n g l i o n m o t h e r cells . A) Schematic cross sect ion of early
e m b r y o s h o w i n g ventral n e u r e c t o d e r m (nee), mesoderm (rns) , n e u r o b l a s t layer (nb) and gan­
g l i o n m o t h e r cells (gmc) . B) Schematic of b l a s t o d e r m fate map ( b o t t o m ) and a d u l t fly CNS
(top) . Anlage of ventral n e u r e c t o d e r m (vnec) gives rise to ventral ne rve cord wh ich becomes
the t h o r a c o - a b d o m i n a l g a n g l i o n (tag) and subesophageal g a n g l i o n (seg) of the a d u l t brain.
P r o c e p h a l i c n e u r e c t o d e r m (pnec) gives rise to the supraesophageal ganglion (spg) of the a d u l t
bra in . C ) A s y m m e t r i c d i v ision of n e u r o b l a s t (nb) into second order neuroblasts (nb' , n b " .... )
and g a n g l i o n m o t h e r cells (g rnc. t gmc2 ... .). G a n g l i o n m o t h e r cells d i v i d e one t i m e e q u a l l y
i n t o t w o neurons ( n e L l , ne1.2). D-F) Lateral views of e m b r y o n i c brain (br) and v e nt r a l ner ve
cord (vnc) at stage 12 (D ), stage 15 (E) and stage 16 (F). M i t o t i c neuroblasts (nb) and g a n g l i o n
m o t h e r cells (grnc) are labeled w i t h ant i P h o s p h o h i s t o n e (a marke r for m itos is). The p r o l i f e r a t ­
ing cells form a dense layer at the outer surface of the brain (D) . The last p r i m a r y n e u r o b l a s t
d i v i s i o n s take place d u r i n g stage 15 (E) ; at stage 16, o n l y scattered d i v i s i o n s of GMCs and o p t i c
l o b e p r o g e n i t o r s (01 ) occur. G, H) Lateral views of e m b r y o n i c brain at stage 12 (G) and 16 (H) .
The transcr i p t i o n a l regulator Castor (Cas; red) is s w i t c h e d on at the stage when neuroblasts
undergo t h e i r t h i r d or f o u r t h d i v i s i o n ." From that stage o n w a r d , Cas is expressed c o n t i n u o u s l y
in p r i m a r y neuroblasts and , transientl y, in their progen y. D o u b l e - l a b e l e x p e r i m e n t s using Cas
and Elav (green) as markers visualize an i n n e r c o r t e x of Elav-positive , p o s t m i t o t i c neurons,
an o u t e r layer of C a s - p o s i t i v e neuroblasts and GMCs and an i n t e r m e d i at e l ay e r o f late born
neurons that are already p o s i t i v e for Elav and still express Cas. O t h e r a b b r e v i a t i o n s : ex, c o r t e x ;
np, n e u r o p i l e ; pn, p r i m a r y neurons . Bar: 20 urn .

D u r i n g t h e r o u g h l y o n e day p e r i o d e n c o m p a ssing t h e s e c o n d larval i n s t a r , t h e r e m a i n d e r o f t h e
n e u r o b l a s t s are also r e a c t i v a t e d ( i n a p a t t e r n t h a t ha s n o t yet b e e n s t u d i e d in d e t a i l ) , so t h a t d u r i n g
t h e e n t i r e t h i r d i n s t a r t h e e n t i r e c o m p l e m e n t o f n e u r o b l a s t s is p r o l i f e r a t i n g .
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Figure 3 . Secondary neuroblasts and ganglion m o t h e r cells of the larval brain . A -E) Posterior
v i e w of larval brains (A,B) 24 h after egg laying (AEL) , first insta r ; C) 48 h AEL, second instar ;
(D, E) 72 h AEL, early third i n st ar) labeled w i t h ant iPhosphoh istone . In early larva (A , B) neu­
roblasts (nb) and GMCs of mushroom b o d y are labeled; p r o l i f e r a t i o n is also detected in the
p r i m o r d ium of the o p t i c lobe (01). M o r e neuroblasts beg in secondary phase of p r o l i f e r a t i o n
d u r i n g the second instar (C); d u r i n g early third instar (D, E) , all neuroblasts are active . (F-H :
Confocal sections of larval bra ins 48 h AEL (F), 72 h AEL (G) and 120h AEL (H ; inset in H
shows secondar y l ineages at higher m a g n i f i c a t i o n ) . Labeling of neurons w i t h anti-Elav (green)
and neuroblasts , GMCs and young seconda ry neurons (sn) w ith antiCas (red). Cas is expressed
t r a n s i e n t l y in secondary neuroblasts when they reactivate (F); at later stages, Cas is f o u n d in
GMCs and n e w l y born secondar y neurons (G, H ; i n set in H ). Note size d i f f e r e n c e b e t w e e n
p r i m a r y neurons (pn i n H) and secondary neurons . Legend c o n t i n u e d on f o l l o w ing page.
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Figure 3, c o n t i n u e d from previous page. I-M: BrdU pulse chase e x p e r i m e n t s v i s u a l i z i n g the
c o r r e l a t i o n b e t w e e n b i r t h date and neuron l o c a t i o n . J-M show c o n f o c a l cross sections of
dorsal brain hemisphere of 3rd instar larva. Glia cells (labeled green by N r v 2 - G a l 4 d r i v i n g
UAS-GFP) o u t l i n e the brain surface (sg surface glia), the c o r t e x (cg c o r t e x glia; co cortex) and
the n e u r o p i l e surface (ng n e u r o p i l e glia; np neuropile). Larvae were fed w i t h BrdU d u r i n g
time intervals i n d i c a t e d by gray bars in time line (panel I; numbers i n d i c a t e days after f e r t i l i z a ­
tion). The l o c a t i o n of BrdU labeled neurons (red in J-M) w i t h i n the c o r t e x correlates w i t h the
time of BrdU i n c o r p o r a t i o n : early born neurons o c c u p y a deep l o c a t i o n in the cortex, late
born neurons are s u p e r f i c i a l . N) Confocal section of late e m b r y o n i c brain showing expres­
sion of the t r a n s c r i p t i o n factors H u n c h b a c k (Hb; green) and Pdm (red) in p r i m a r y neurons
(pn) born d u r i n g the first and third round of d i v i s i o n of neuroblasts. 0 ) Confocal section
of early third instar larval brain. Hb and Pdm are not reactivated in secondary neuroblasts,
but stay expressed in p r i m a r y neurons (presumably the same that had turned on expression
in the early embryo) located in the deep cortex. P, Q) Confocal section of early third instar
larval brain. Secondary lineages (sn), glia and o p t i c lobe (IDA: inner o p t i c anlage; O O A
outer o p t i c anlage) are labeled w i t h antiShg (DEcadherin) a n t i b o d y (blue). Cas expression
(red in Q) overlaps w i t h secondary lineages; Pdm (red in P) is restricted to p r i m a r y neurons
near n e u r o p i l e . O t h e r a b b r e v i a t i o n s : br, brain; es, esophagus; np, n e u r o p i l e ; oln, o p t i c lobe
neurons; sgmc, secondary GMC; PI, pars intercerebralis; SAT, secondary axon tract; vnc,
ventral nerve cord Bar: 20 Jim

L a b e l i n g o f n e u r o b l a s t s a n d G M Cs o f the larva reveals t h a t these cells, j u s t like t h e i r e m b r y o n i c
c o u n t e r p a r t s , are l o c a t e d at the b r a i n surface (Fig. 3A-E).6-S The o r i e n t a t i o n o f the m i t o t i c s p i n d l e
in s e c o n d a r y n e u r o b l a s t s a p p e a r s to be m u c h m o r e variable t h a n in p r i m a r y n e u r o b l a s t s , r a n g i n g
f r o m p a r a l l e l to p e r p e n d i c u l a r relative to t h e b r a i n surface. 6. 9 This c o u l d in p a r t be d u e to t h e
fact t h a t t h e m e c h a n i s m c o n t r o l l i n g s p i n d l e o r i e n t a t i o n c o u l d be q u i t e d i f f e r e n t : in t h e e m b r y o ,
n e u r o b l a s t s are in c o n t a c t w i t h t h e e p i t h e l i a l n e u r e c t o d e r m a n d " i n h e r i t " f r o m t h e n e u r e c t o d e r m
a p r o t e i n c o m p l e x , t h e I n s c u t e a b l e c o m p l e x , t h a t r e m a i n s apical a n d plays a role in t e t h e r i n g t h e
m i t o t i c s p i n d l e to t h e m e m b r a n e in such a way t h a t r e s u l t s in a v e r t i c a l o r i e n t a t i o n . P ' " S e c o n d a r y
n e u r o b l a s t s in the larva have no c o n t a c t w i t h the e c t o d e r m (or e p i d e r m i s ) ; r a t h e r , t h e y are sur­
r o u n d e d on all sides by a glial layer (see b e l o w ) . Thus, t h e m e c h a n i s m t h a t c o n t r o l s the m i t o t i c
s p i n d l e o r i e n t a t i o n , as well as t h e o n s e t a n d f r e q u e n c y o f m i t o s i s , is likely to be c o n t r o l l e d by
g l i a - n e u r o b l a s t i n r e r a c r i o n s . I ' " W i t h i n the s e c o n d a r y n e u r o b l a s t , p r o t e i n c o m p l e x e s o r i e n t i n g
t h e s p i n d l e a p p e a r to be t h e same as in t h e e m b r y o . Thus, m e m b e r s o f t h e Par c o m p l e x , i n c l u d i n g
Baz, Par,6 a n d a P K C , localize to an apical c r e s c e n t a l o n g w i t h I n s c u t e a b l e , w h i l e M i r a n d a a n d
P r o s p e r o localize to the basal c r e s c e n t (Fig.4E).6.9

D e s p i t e t h e v a r i a b i l i t y o f n e u r o b l a s t m i t o t i c s p i n d l e o r i e n t a t i o n , t h e l a r v a l b r a i n c o r t e x is
o r g a n i z e d i n t o c o n c e n t r i c layers w h e r e t h e l o c a t i o n o f a n e u r o n reflects its b i r t h date. This cor­
r e l a t i o n b e t w e e n b i r t h d a t e a n d l o c a t i o n o f a n e u r o n can be v i s u a l i z e d by pulse chase e x p e r i m e n t s
in w h i c h B r d U is fed to larvae at d i f f e r e n t t i m e i n t e r v a l s (Fig. 3 I - M ) , or w i t h t h e e x p r e s s i o n o f
m o l e c u l a r m a r k e r s such as Cas, P d m or H b (Fig. 3 F - H , N_Q).l4 P r i m a r y n e u r o n s are t h e d e e p e s t
cells (Fig. 3 H , 0 , P), b o r d e r i n g t h e n e u r o p i l e ; late b o r n s e c o n d a r y n e u r o n s are s u p e r f i c i a l , sur­
r o u n d i n g the n e u r o b l a s t s (Fig. 3 H , M, Q ) .

C o n t r o l o f D r o s o p h i l a N e u r o b l a s t P r o l i f e r a t i o n
As d e s c r i b e d in t h e p r e v i o u s s e c t i o n , t h e Drosophila b r a i n u n d e r g o e s t w o p e r i o d s o f g r o w t h

t h r o u g h t h e a c t i v a t i o n a n d q u i e s c e n c e o f l a r v a l n e u r o b l a s t s . I n t e r e s t i n g l y , n o t all n e u r o b l a s t s are
active at a given t i m e a n d m a n y s u s t a i n e x t e n d e d p e r i o d s o f q u i e s c e n c e b e f o r e larval d i v i s i o n . The
m o l e c u l a r f a c t o r s t h a t c o n t r o l the l e n g t h o f n e u r o b l a s t q u i e s c e n c e ; r e - e n t r a n c e i n t o t h e S p h a s e
o f d i v i s i o n ; the a m o u n t o f d i v i s i o n to o c c u r ; a n d t h e l i f e - s p a n o f t h e n e u r o b l a s t are all i m p o r t a n t
issues t h a t m u s t be a d d r e s s e d in o r d e r to u n d e r s t a n d b r a i n g r o w t h . In r e c e n t s t u d i e s , l i g h t has b e e n
s h e d o n a few key m o l e c u l a r p a t h w a y s t h a t a p p e a r to i n f l u e n c e n e u r o b l a s t a c t i v i t i e s ( r e v i e w e d
inl3.ls.l6). B o t h n e g a t i v e a n d p o s i t i v e r e g u l a t o r s o f p r o l i f e r a t i o n c o o p e r a t e to e n s u r e the p r o p e r
e x p a n s i o n o f t h e c e n t r a l n e r v o u s system as the larva e n t e r s p u p a r i u m f o r m a t i o n a n d e v e n t u a l l y
a d u l t h o o d (Fig. 4E).
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A m o n g the negative r e g u l a t o r s o f n e u r o b l a s t p r o l i f e r a t i o n are the H o x genes a n d A n a c h r o n s i s m
( A n a ) , a g l y c o p r o t e i n t h a t is s e c r e t e d f r o m a s u b p o p u l a t i o n o f surface glial cells a n d is r e q u i r e d
for r e t a i n i n g n e u r o b l a s t s in the G 1 p h a s e o f t h e cell cycle. In ana m u t a n t larvae, b o t h the o p t i c
lobe a n d c e n t r a l b r a i n n e u r o b l a s t s b e g i n p r o l i f e r a t i o n p r e m a t u r e l y , ' ? Because A n a o r i g i n a t e s in
a d j a c e n t glial cells, t h e idea t h a t glial cells act s i m i l a r to a s t e m - c e l l " n i c h e " by m e d i a t i n g n e u r o b l a s t
r e - e n t r a n c e i n t o t h e cell cycle is t e m p t i n g . W h i l e A n a t e m p o r a r i l y delays the o n s e t o f d i v i s i o n , t h e
p o s t e r i o r H o x genes r e s t r i c t n e u r o b l a s t p r o l i f e r a t i o n by i n d u c i n g a p o p t o s i s in n e u r o b l a s t s . " Thus,
o n c e n e u r o b l a s t s o f the a b d o m i n a l n e u r o m e r e s ( a n d , by i n f e r e n c e , o t h e r n e u r o b l a s t s as well) have
r e a c h e d t h e c o r r e c t n u m b e r o f cell divisions, a pulse o f A b d A e x p r e s s i o n i n i t i a t e s p r o g r a m m e d
cell d e a t h , t h e r e b y d e l i m i t i n g t h e n u m b e r o f n e u r o b l a s t d i v i s i o n s .

A key player in the m e c h a n i s m t h a t i n i t i a t e s n e u r o b l a s t d i v i s i o n is Trol, the Drosophila h o ­
m o l o g u e o f m a m m a l i a n Perle can, a large m u l t i d o m a i n h e p a r a n s u l f a t e p r o t e o g l y c a n r e s i d i n g
in t h e E C M . 1

9 Like m a m m a l i a n P e r l e c a n , Drosophila T r o l has b e e n s h o w n to m e d i a t e signals
t h r o u g h t h e FG F a n d H e d g e h o g p a t h w a y s . 20 In t h e larval c e n t r a l n e r v o u s system, T r o l is r e q u i r e d
for n e u r o b l a s t r e - e n t r a n c e i n t o S-phase. C e l l d i v i s i o n m a i n t e n a n c e , however, does n o t a p p e a r to
be i n f l u e n c e d by Trol e x p r e s s i o n . Epistasis e x p e r i m e n t s i n i t i a l l y s u g g e s t e d t h a t Trol acts d o w n ­
s t r e a m o f A n a , by i n h i b i t i n g A n a or m e m b e r s o f an A n a p a t h w a y in t h e q u i e s c e n t n e u r o b l a s t . "
L a t e r s t u d i e s f o u n d , however, t h a t i n d u c t i o n o f C y c l i n E rescues the trol m u t a n t p h e n o t y p e , b u t
does n o t p h e n o c o p y ana m u t a n t s . 2 2. 23 T h e r e f o r e , it is likely a n o t h e r m e c h a n i s m exists, a l o n e or in
c o n j u n c t i o n w i t h the Trol pathway, to act as a n e g a t i v e r e g u l a t o r o f a n a - m e d i a t e d r e p r e s s i o n o f
n e u r o b l a s t d i v i s i o n (Fig. 4).

G i v e n t h e i m p o r t a n c e o f cell-cell i n t e r a c t i o n s in r e g u l a t i n g n e u r o b l a s t p r o l i f e r a t i o n it comes
as no s u r p r i s e t h a t a d h e s i o n m o l e c u l e s a n d the m o l e c u l a r n e t w o r k s t h e y f o r m p a r t o f p l a y a role
(Fig. 4). Drosophila E - c a d h e r i n ( D E c a d ) has a w i d e s p r e a d e x p r e s s i o n in n e u r o b l a s t s , s e c o n d a r y
n e u r o n s a n d glial cells a n d e x p r e s s i o n o f a d o m i n a n t n e g a t i v e D E - c a d h e r i n leads to r e d u c e d
n e u r o n a l p r o l i f e r a t i o n , r e s u l t i n g in t h e absence o f n e u r o n s a n d axon t r a c t s . " Because t h i s effect
can be p h e n o c o p i e d by e x p r e s s i n g the d o m i n a n t - n e g a t i v e c o n s t r u c t in glial cells alone, D E c a d
m o s t likely m e d i a t e s i n t e r a c t i o n s b e t w e e n n e u r o b l a s t s a n d t h e glial " n i c h e " d u r i n g n e u r o b l a s t
p r o l i f e r a t i o n ? G r a i n y h e a d , a t r a n s c r i p t i o n f a c t o r p r e s e n t in all p o s t - e m b r y o n i c n e u r o b l a s t s ,
has b e e n s h o w n to d i r e c t l y increase D E c a d e x p r e s s i o n in p r o l i f e r a t i n g n e u r o b l a s t s . " A P e l a n d
A P C 2 , a p a i r o f c y t o p l a s m i c p r o t e i n s t h a t b i n d to the c a d h e r i n - c a t e n i n c o m p l e x a n d p l a y a role
in the c o n t e x t o f W g / W n t s i g n a l i n g , have b e e n f o u n d to be i n v o l v e d in Drosophila n e u r o b l a s t
p r o l i f e r a t i o n as well."

The G e n e r i c C e l l Types o f the D r o s o p h i l a Brain

N e u r o n s
The use o f m o l e c u l a r m a r k e r s or D i l i n j e c t i o n s reveals t h a t t h e large m a j o r i t y o f Drosophila

l a r v a l b r a i n n e u r o n s c o n f o r m to t h e p r o t o t y p i c a l a r c h i t e c t u r e w h i c h is t y p i c a l for i n s e c t n e u r o n s
(Fig. SA).26 N e u r o n s are u n i p o l a r a n d p r o j e c t t h e i r single axon c e n t r i p e t a l l y t o w a r d s t h e n e u r o p i l e .
A t or n e a r t h e p o i n t w h e r e it crosses the b o u n d a r y b e t w e e n c o r t e x a n d n e u r o p i l e , the n e u r i t e gives
o f f a c o l l a t e r a l t h a t forms a t u f t o f h i g h e r o r d e r b r a n c h e s ( p r o x i m a l b r a n c h e s ) . A f t e r c o n t i n u i n g for
v a r i o u s d i s t a n c e s w i t h i n t h e n e u r o p i l e , t h e n e u r i t e ends in a t u f t o f t e r m i n a l b r a n c h e s . The n e u r i t e
can be b i f u r c a t e d or t r i f u r c a t e d , in w h i c h case it p r o d u c e s m u l t i p l e t u f t s o f t e r m i n a l b r a n c h e s . In
m a n y cases w h e r e e n t i r e lineages o f n e u r o n s were l a b e l e d , n e u r i t e s o f n e u r o n s o f a given l i n e a g e
behave alike, t r a v e l i n g t o g e t h e r in a cohesive a x o n b u n d l e ( t h e p r i m a r y or s e c o n d a r y axon t r a c t )
a n d b r a n c h i n g in t h e same or closely a d j a c e n t n e u r o p i l e c o m p a r t m e n t s .

The i n t r i n s i c n e u r o n s o f t h e m u s h r o o m b o d y ( K e n y o n cells) are a g o o d e x a m p l e to i l l u s t r a t e
these p r i n c i p l e s (Fig. SB).27-30 Initially, these cells, f o r m e d by four c o n t i g u o u s n e u r o b l a s t s , send t h e i r
axons in a t i g h t b u n d l e s t r a i g h t a n t e r i o r l y . S u b s e q u e n t l y , p r o x i m a l ( d e n d r i t i c ) b r a n c h e s f o r m n e a r
t h e cell body. The d i s t a l tip o f K e n y o n cell axons t r i f u r c a t e , f o r m i n g the d o r s a l lobe, m e d i a l lobe
a n d t h e spur. L a r v a l K e n y o n cells also e x e m p l i f y t h e m o r e g e n e r a l p o i n t ( h o w g e n e r a l it is r e m a i n s
to be seen t h r o u g h f u t u r e a n a t o m i c a l s t u d i e s ) t h a t n e u r o n s b e l o n g i n g to o n e l i n e a g e have a s i m i l a r
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Figure 5. A r c h i t e c t u r e of Dro s o p h i l a brain neurons. A ) Schematic section of early larval
brain (e x corte x; np n e u r o p i l e . One neuron is h i g h l i g h t e d in red (c b cell body ; pb p r o x i m a l
branches; tb and tb ' terminal branches. B-E: Photographs of early larval brain p r i m a r y neurons
i n j e c t e d w i t h Dil (w h it e; blue arrows i n d i c at e i n j e c t i o n sites; w h i t e arrows show m i d l i n e ). B)
Kenyon cell of mushroom bod y (M B). ex calyx ; ml medial lobe; ped p e d u n c l e ; sp spur. C)
DPL-type neuron located in po stero-lateral c o r t e x . The example shown forms short p r o x i m a l
branches in the BPL c o m p a r t m e n t and projects a single neurite w i t h terminal branches in
the CPL c o m p a r t m e n t . D ) b a s o - a n t e r i o r (BA) neuron w i t h p r o x i m a l d e n d r i t i c t u f t i n n e r v a t i n g
the n e u r o p i l e of the antennal lobe ( BA c o m p a r t m e n t ); the n e u r i t e then bifurcates and sends
one branch across the antennal commissure (aco) to the c o n t r a l a t e r a l a n t e n n a l l o b e and one
branch through the a n t e n n o - c e r e b r a l tract (act) towards the calyx (CX) and CPL c o m p a r t m e n t .
E) dorso - a n t e r i o r -medial ( D A M ) neuron, f o r m i n g short p r o x i m a l bran ches in the i p si l at er a l
d o r s o - a n t e r i o r (D A) c o m p a r t m e n t , close to the l o c a t i o n of the cell body; the n e u r i t e bifurcates
and one branch continues v e n t r a l l y towards the ipsilateral t r i t o c e r e b r a l ( Tr i ) and subesopha ­
geal n e u r o p i l e ; the second branch crosses the m i d l i n e in the v e n t r o - a n t e r i o r commissure
(v ac) and descends towards the c o n t r a l a t e r a l t r i t o c e r e b r u m / s u b e s o p h a g e a l n e u r o p i l e . F, G )
Z-pro j e c t i o n of c o n f o c a l sections ( F) and schematic d r a w i n g (G) of third instar larval brain
showing Sine ocul is (So) pr imar y neurons (BLV p n) and se c o n d a r y neurons (BLV sn; red ). The
BLVpn has p r o x i m a l brances (p b) in the CPLd c o m p a r t m e n t and a set of terminal branches
(t b) i n the more med i a l l y located DP c o m p a r t m e n t ; the axon c o n t i n u e s across the m i d l i n e
to form a second set of terminal branches i n the c o n t r a l t e r a l hemisphere (n o t shown ). H )
expression of GFP i n ent ire Sine oculis (So ) - p o si t i v e l ineage (re d) and of the d e n d r i t i c marker
Nod (g r e en) i n p r o x i m a l branches, s u p p o r t i n g the idea that these branches are dendrites .
O t h e r abbrev iat ions: DLPsn) S o - p o s i t i v e neurons of the DLP line age; cgl, c o r t e x glia ; met ,
medial cervical tract ; 01 , o p t i c lobe ; olp , opt ic lobe p ioneer ; SAT, secondary axon tract ; seg,
subesophageal ganglion Bars: 20 urn
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p r o j e c t i o n p a t t e r n . Thus, d e n d r i t i c b r a n c h e s o f K e n y o n cells remain in close c o n t a c t and, t o g e t h e r
w i t h axonal trees o f afferent fibers ( m a i n l y derived from the a n t e n n a l l o b e ) , form a c o m p a c t neu­
ropile c o m p a r t m e n t , called the calyx. T i g h t l y p a c k e d axonal b r a n c h e s o f Kenyon cells, along w i t h
the d e n d r i t i c trees o f p o s t s y n a p t i c cells," give rise to the p e d u n c l e , lobe c o m p a r t m e n t s and spur
o f the m u s h r o o m body. Figure SC - E show three a d d i t i o n a l examples o f D i l filled n e u r o n s whose
b r a n c h i n g p a t t e r n c o n f o r m s to the same p r o t o t y p e . P r e l i m i n a r y data show t h a t many s e c o n d a r y
lineages t h a t d i f f e r e n t i a t e d u r i n g the p u p a l p e r i o d c o n f o r m to the m u s h r o o m b o d y lineages w i t h
r e g a r d to t h e i r p r o x i m a l b r a n c h i n g (V.H. and W P . , u n p u b l i s h e d ) . Thus, p r o x i m a l a r b o r i z a t i o n s
o f m o s t ( i f n o t all) n e u r o n s b e l o n g i n g to a given lineage appear to share in the same c o m p a r t ­
m e n t . T e r m i n a l axonal a r b o r i z a t i o n , on the o t h e r h a n d , are typically more diverse. Previous w o r k
on p r i m a r y lineages o f the v e n t r a l nerve cord had also shown t h a t ( t e r m i n a l ) a r b o r i z a t i o n s in this
p a r t o f the C N S are also q u i t e diverse w i t h i n a given lineage. 3 2. 33

In very few instances, such as the K e n y o n cells or some o l f a c t o r y i n t e r n e u r o n s , has it actually
been s h o w n t h a t p r o x i m a l b r a n c h e s o f c e n t r a l n e u r o n s c o r r e s p o n d to d e n d r i t e s . t v " M o l e c u l a r
differences b e t w e e n d e n d r i t e s and axons have been r e p o r t e d t h a t in p r i n c i p l e can be used to
d i s t i n g u i s h b e t w e e n the two. For example, the m i n u s - e n d d i r e c t e d m i c r o t u b u l e b i n d i n g p r o t e i n
N o d 1 a c c u m u l a t e s in the d e n d r i t e s o f b i p o l a r sensory n e u r o n s a n d the m u s h r o o m body's Kenyon
cells a n d t h e r e f o r e p o t e n t i a l l y represents a marker o f d e n d r i t e s in the CNS.36As shown in Figure 5,
N o d 1- G FP driven in a small subset o f p r i m a r y n e u r o n s t h a t b e l o n g to the sine oculis (so) expressing
B L V l l i n e a g e also a c c u m u l a t e s in the subset o f n e u r i t e b r a n c h e s t h a t are close to the cell bodies,
i n d i c a t i n g t h a t these b r a n c h e s are d e n d r i r e s . F ' "

Figure 6 i l l u s t r a t e s h o w the b r a n c h i n g p a t t e r n o f n e u r o n s b e l o n g i n g to a lineage evolves over
time. To label lineages, the FLP / F R T t e c h n i q u e was u s e d . " Each p a n e l shows a m e m b e r o f the
D A L lineages, a g r o u p o f lineages l o c a t e d a n t e r o - I a t e r a l l y in the b r a i n (for more d e t a i l see s e c t i o n
' N e u r o a n a t o m y o f the D e v e l o p i n g Drosophila Brain' o f this c h a p t e r ) , at d i f f e r e n t stages o f its
d e v e l o p m e n t . A lineage at e m b r y o n i c stage 14 ( 1 2 - 1 4 h ; Fig. SA,A') appears as a cluster o f c o n t i g u ­
ous cell b o d i e s c a p p e d by a n e u r o b l a s t , s e n d i n g a s h o r t , u n b r a n c h e d PAT t o w a r d s the c e n t e r o f
the b r a i n p r i m o r d i u m . A late e m b r y o n i c clone ( 1 6 h ; Fig. 6B,B') still e x h i b i t s a c o m p a c t PAT, b u t
s h o r t b r a n c h e s have a p p e a r e d close to the cell b o d y and, in many cases, at the PAT tip. In the early
larva, b r a n c h i n g o f a x o n s has i n c r e a s e d d r a m a t i c a l l y (Fig. 6 C , C ' ) . F u r t h e r m o r e , the close p a c k i n g
o f cell b o d i e s a n d t h e i r axons has l o o s e n e d up, a l t h o u g h cells and n e u r i t e s o f one lineage are still
close to each other. A similar p i c t u r e p r e s e n t s i t s e l f if clones i n d u c e d in the e m b r y o are visualized
in late larvae. P r i m a r y n e u r o n s b r a n c h over m u c h o f the n e u r o p i l e ; in a d d i t i o n , s e c o n d a r y lineages
have n o w been added. S e c o n d a r y n e u r o n s are always e x t e r n a l l y a d j a c e n t to the p r i m a r y n e u r o n s .
The s e c o n d a r y axon t r a c t p e n e t r a t e s i n t o the t h i c k e t o f p r i m a r y b r a n c h e s , suggesting t h a t i n t e r a c ­
t i o n s b e t w e e n the p r i m a r y axons and SAT exist. C l o n e s i n d u c e d in the early larva and visualized
in the late larva (Fig. 6E) c o n t a i n exclusively s e c o n d a r y n e u r o n s , d e m o n s t r a t i n g the i m m a t u r e ,
u n b r a n c h e d n a t u r e o f s e c o n d a r y axons. Proximal and t e r m i n a l b r a n c h e s o f s e c o n d a r y n e u r o n s are
f o r m e d s t a r t i n g at 12h o f p u p a l d e v e l o p m e n t (Fig. 6G). M o s t lineages have p r o x i m a l ( " d e n d r i t i c " )
b r a n c h e s r e s t r i c t e d to one c o m p a r t m e n t , or p a r t t h e r e o f By c o n t r a s t , t e r m i n a l b r a n c h e s are typi­
cally more w i d e s p r e a d , b u t can also be fairly r e s t r i c t e d , as in the case o f the D A L lineage shown
whose t e r m i n a l arbors are r e s t r i c t e d to a layer o f the ellipsoid body.

G l i a l Cells
N e u r o n s o f the Drosophila b r a i n are s u p p o r t e d by a complex scaffold o f glial cells t h a t is es­

t a b l i s h e d d u r i n g late e m b r y o n i c stages. Insect glial cells fall i n t o three classes,39-42 each o f w h i c h
is r e p r e s e n t e d in the larval b r a i n (Fig. 7 A-F). Surface ( s u b p e r i n e u r i a l ) glia form a s h e a t h a r o u n d
the surface o f the b r a i n (Fig. 7 A). C o r t e x glia are l o c a t e d in the b r a i n c o r t e x and form a t i g h t l y - n i t
t h r e e - d i m e n s i o n a l scaffold that encapsulates n e u r o n a l cell bodies, ganglion m o t h e r cells and n e u r o ­
blasts (Fig. 7B). N e u r o p i l e glia s u r r o u n d the n e u r o p i l e and form septa a r o u n d i n d i v i d u a l n e u r o p i l e
c o m p a r t m e n t s , as well as major tracts o f n e u r i t e s (Fig. 7 C ) . Surface glial cells, i n t e r c o n n e c t e d by
s e p t a t e j u n c t i o n s and covered by a t h i c k b a s e m e n t m e m b r a n e , act as the b l o o d - b r a i n b a r r i e r (Fig.
7D).43 C o r t e x glia fulfill i m p o r t a n t t r o p h i c roles for n e u r o n a l cell b o d i e s . f In the larval b r a i n ,
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Figure 6 . M o r p h o g e n e s is and b r a n c h i n g of neural lineages. A-G are Z - p r o j e c t i o n s of c o n f o c a l
stacks of brains in wh ich i n d i v i d u a l lineages were labeled by the FLP/FRT induced a c t i v a t i o n
of t a u - l a c Z (green). For each panel (except G), a representative of the d o r s o - a n t e r i o r - I a t e r a l
(D A L) group of lineages was selected. G shows the base - l a t e r a l - d o r s a l (BLD) lineage #5 . The
n e u r o p i l e is labeled w ith a n t i - D N - c a d h e r i n (r e d) . In A-D, l ineage s were labeled by act ivat­
ing FLP in early e m b r y o (p ri m ar y lineages, A-C ; pr imary plus secondary lineage, D) . In E-G,
activat ion of FLP o c c u r r e d after hatching , result ing i n lab eling of secondary c o m p o n e n t of
lineage only . A'-F ' schemat icall y d e p i c t one lineage at the stage c o r r e s p o n d i n g to the adjacent
c o n f o c a l images. Primary neurons are in lilac , secondar y neurons in orange. A , A': Stage 14
embryo ; B, B' : Stage 16 embr yo ; C , C : early larva ; 0 , 0 ' an d E: late larva; F, F' and G : pup al
ad u l t. A b b r e v i a t i o n s : b n e u r i t e branches; BC b a s o - c e n t r a l c o m p a r t m e n t ; CA c e n t r o - a n t e r i o r
c o m p a r t m e n t ; cd cell death ; c x c o r t ex; eb e l l i p s o i d bod y; lob l o b u l a neurop ile; nb neuro ­
blast ; np n e u r o p i l e ; PAT pr imar y a xon tract ; pb p r o x i m al branches; PIBP prox imal i n t e r s t i t i a l
b r a n c h p o i n t ; pn pr i m a r y neuron ; SAT sec o n d ary axon tract; sn sec o n d ary neuron ; tb terminal
bran ches. Bar: 20!1m
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Figure 7. O r i g i n and p r o l i f e r a t i o n of glial cells of the Drosophila brain. A-C) Structure of larval
glia . GFP labeled clones ( i n d u c e d shortly after hatching) in late larval bra in. All three panels
show Z - p r o j e c t i o n s of frontal c o n f o c a l sections of late larval brain hemisphere in w h i c h glial
c l o n e appears in green . In A and B, glial nuclei are labeled by antiRepo (red); in C, n e u r o p i l e is
labeled by ant iSyntaxin (red). A) Surface glia (sg). B) cortex gl ia (cg). C) n e u r o p i l e glia (npg). D-F)
TEM sections of early larval bra ins . D) glial sheath at the brain surface. U n d e r n e a t h the r e l a t i v e l y
e l e c t r o n - t r a n s l u c e n t surface glia (sg) appears a second layer formed by the surface lamella of the
e l e c t r o n - d e n s e cortex glia (cg). Cortex glia, rather than surface glia, contacts neurons (ne) and
neuroblasts of the cortex at most l o c a t i o n s . E) Brain cortex ; cortex glial lamella (cg) appears as
e l e c t r o n dense layer in b e t w e e n neurons (ne). Legend c o n i n u e d on f o l l o w i n g page.
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Figure 7, c o n t i n u e d from previous page. F) C o r t e x - n e u r o p i l e b o u n d a r y , s h o w i n g p r o m i n e n t ,
e l e c t r o n - d e n s e n e u r o p i l e glial sheath (npg) separating neuronal somata (ne) from bundles of
neurites that c o n s t i t u t e the n e u r o p i l e (np). Tracheae and tracheoles (tr) p e n e t r a t i n g the n e u r o p i l e
are always associated w i t h glial sheaths. (G-L) E m b r y o n i c o r i g i n of brain glia. G) Schematic map
of stage 11 e m b r y o n i c head s h o w i n g a p p r o x i m a t e l o c a t i o n of the clusters of glia p r o g e n i t o r s
( o u t l i n e d in green and red, respectively) in relation to Fas-positive n e u r o p i l e p i o n e e r clusters
(orange) and the brain n e u r o b l a s t m a p . ' Glia p r o g e n i t o r s g i v i n g rise to surface and c o r t e x glia
c o m p r i s e a dorsal p r o t o c e r e b r a l cluster (DPSG), ventral p r o t o c e r e b r a l cluster (VPSG), a n t e r i o r
d e u t e r o c e r e b r a l cluster (ADSG) and p o s t e r i o r d e u t e r o c e r e b r a l cluster (PDSG). N e u r o p i l e glia
( l o n g i t u d i n a l glia) is d e r i v e d from a single cluster (BPLG) located in the d e u t e r o c e r e b r a l n e u r o ­
mere. H, I) lateral v i e w of heads of embryos labeled w i t h antiRepo expressed in glia cell nuclei
(brown) and antiFas II expressed in p i o n e e r neurons and t h e i r axons (P21, P31, P41, D/T, aCCI
pCC; purple). H) late stage 12. Precursors of n e u r o p i l e glia, f o r m i n g the BPLG cluster, migrate
d o r s a l l y along the c e r v i c a l c o n n e c t i v e s , p i o n e e r e d by the D/T and P2 clusters. Ventrally, cells
of the BPLG have linked up w i t h l o n g i t u d i n a l glia cells of the ventral nerve cord (LGmx, LGlb:
l o n g i t u d i n a l glia d e r i v e d from the m a x i l l a r y and labial neuromere, respectively). Two major
clusters located in the ventral (VPSC) and dorsal (DPSC) part of the p r o t o c e r e b r u m i n c l u d e
precursors of surface glia and c o r t e x glia. I) Late stage 14. N e u r o p i l e glia (LG and BPLG) form a
c o n t i n u o u s c o v e r i n g of c e r v i c a l c o n n e c t i v e (een) and c o n n e c t i v e of ventral nerve cord (en). Note
group of small sized cells at dorsal f r o n t of BPLG (arrowhead); these cells most l i k e l y represent
early p o s t m i t o t i c glia cells p r o d u c e d by the p r o l i f e r a t i n g BPLG cluster. Surface glia precursors
d e r i v e d from the VPSG cluster have spread over the lateral and dorsal brain hemisphere. At this
stage c o r t e x glia cells (CoG), also d e r i v e d from the VPSG and DPSG clusters, are seen separately
from the more s u p e r f i c i a l surface glia. J-L) D i g i t a l 3D models of brain hemispheres of stage 11
(J), late stage 12 (K) and late stage 14 (L) embryos, i l l u s t r a t i n g the pattern of d i f f e r e n t p o p u l a t i o n s
of glia cell precursors in lateral v i e w (see c o l o r key at top of panel 0 ) note that c o r t e x glial cells
(dark green) as entities d i f f e r e n t from s u b p e r i n e u r i a l glia (light green) are i n d i c a t e d o n l y in the
late stage 14 brain (L) because they c a n n o t be d i s t i n g u i s h e d earlier). Structures of the n e u r o p i l e ,
i n c l u d i n g c e r v i c a l c o n n e c t i v e (een), subesophageal commissure (sea), supraesophageal com­
missure (sec) and Fasll p o s i t i v e clusters [P1, P21, P3m, P31, P41, o p t i c lobe (01); all shaded grey]
are i n d i c a t e d as p o i n t s of reference. (M-R) Glial p r o l i f e r a t i o n d u r i n g larval stages. M and N
show c o n f o c a l sections of larval brain hemispheres ( M : 4 8 h AEL, first instar; N) 144h AEL, late
third instar) in w h i c h glial nuclei are labeled w i t h antiRepo (red) and glial processes are marked
w i t h Nrv2-GFP (green). A r r o w h e a d s p o i n t at representative surface glial nuclei; open arrows
at c o r t e x glia, solid arrows at n e u r o p i l e glia. Note d r a m a t i c increase in all three subclasses of
glia b e t w e e n first and t h i r d instar. 0 ) Plot of glial cell n u m b e r against time (in hours after egg
laying). P) C o n f o c a l section of brain of late larva that had been fed BrdU c o n t a i n i n g m e d i u m
for 12h p r i o r to d i s s e c t i o n . BrdU i n c o r p o r a t i o n appears in s e c o n d a r y neural lineages, as well
as in all three classes of glial cells (arrowheads: surface glia; open arrows: c o r t e x glia; solid
arrows: n e u r o p i l e glia). (Q, R) GFP labeled clones of secondary lineages (neuroblasts i n d i c a t e d
by open arrowheads) w i t h a d j a c e n t glial cells in t h i r d larval instar brains. Q shows surface glia
(sg) f o r m i n g part of s e c o n d a r y lineage (arrowhead). In R, c o r t e x glia (cg; open arrow) is located
di rectly adjacent to s e c o n d a r y I ineage (arrowhead). O t h e r a b b r e v i a t i o n s : ex cortex; np n e u r o p i l e ;
01 o p t i c lobe Bars: 20,...,m (A-C); O.S,...,m (D-F); 10,...,m (G-L)

t h e m e s h w o r k o f c o r t e x glial p r o c e s s e s ( " t r o p h o s p o n g i u m " ) is r e q u i r e d for s t a b i l i z i n g t h e p o s i t i o n
o f n e u r o n s in t h e c o r t e x a n d for e x t e n s i o n o f s e c o n d a r y a x o n t r a c t s ? N e u r o p i l e a n d surface glia
play n u m e r o u s roles in a x o n p a t h f i n d i n g a n d t a r g e t i n g . 4 5

-
48 G l i a l s e p t a f o r m e d by n e u r o p i l e glia

are e s s e n t i a l to e s t a b l i s h a n d s t a b i l i z e n e u r o p i l e c o m p a r t m e n t s , s u c h as t h e g l o m e r u l i f o r m e d by
n e u r i t e s o f o l f a c t o r y r e c e p t o r s a n d i n t e r n e u r o n s in t h e a n t e n n a l I o b e . "

The glial cells o f the early larval b r a i n ( p r i m a r y glia) arise f r o m a small n u m b e r o f n e u r o - g l i o b l a s t s
t h a t are active d u r i n g t h e e m b r y o n i c p e r i o d . N e u r o - g l i o b l a s t s o f t h e v e n t r a l n e r v e c o r d have b e e n
i d e n t i f i e d on a single cell basis,32,33 a feat n o t yet a c h i e v e d for t h e b r a i n . H e r e , p r e c u r s o r s o f n e u r o p i l e
glia f o r m a p r o m i n e n t cluster, t h e b a s o - p o s t e r i o r c l u s t e r , ( B P L G )50 t h a t c o n s i s t s o f a p p r o x i m a t e l y
20 cells a n d is l o c a t e d at t h e base o f t h e b r a i n p r i m o r d i u m (Fig. 7 G , ] ) . D u r i n g late e m b r y o g e n e s i s ,
t h e s e cells s p r e a d o u t d o r s a l l y a l o n g t h e i n n e r surface o f t h e e x t e n d i n g n e u r o p i l e . P r e c u r s o r s o f
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Figure 8, legend viewed on f o l l o w i n g page.
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Figure 8, v i e w e d on p r e v i o u s page. F o r m a t i o n of the t r o p h o s p o n g i u m by c o r t e x glia. A - D )
S c h e m a t i c cross s e c t i o n of brain c o r t e x at d i f f e r e n t larval stages (A: 1st instar; B 2nd instar; C early
3rd instar; D late 3rd instar), i l l u s t r a t i n g f o r m a t i o n of the t r o p h o s p o n g i u m . C o r t e x glial cells (cg)
are in green, n e u r o b l a s t s (nb) and s e c o n d a r y neurons (sn) in shades of orange, p r i m a r y neurons
(pn) in lilac, n e u r o p i l e (np) in gray. N u m b e r s 1-4 i n d i c a t e b i r t h order of secondary neurons (1: early;
4: late). E) Z - p r o j e c t i o n of serial h o r i z o n t a l c o n f o c a l sections of e m b r y o n i c brain h e m i s p h e r e in
w h i c h glial cells are l a b e l e d green by GFP r e p o r t e r c o n s t r u c t a c t i v a t e d by the g e m - G a l 4 driver.
N e u r o p i l e (np) is l a b e l e d w i t h a n t i D N c a d h e r i n a n t i b o d y (red. C o r t e x glia (cg) is represented by
slender, radial cells e x t e n d i n g t h r o u g h o u t the c o r t e x (cx) from the n e u r o p i l e (np) to the brain
surface. H e m o c y t e s (he) s u r r o u n d i n g brain also express gem-gal. 4 (F-I) C o n f o c a l sections of
brain hemispheres of first instar (F,G) and late t h i r d instar (H,I). G l i a l cells are l a b e l e d (green)
by GFP r e p o r t e r a c t i v a t e d by the n r v 2 - G a l 4 driver. N e u r o n s are l a b e l e d by anti-Elav a n t i b o d y
(red). By the first instar, c o r t e x glia have f o r m e d a m e s h w o r k of l a m e l l i f o r m processes that form
more (arrow) or less ( a r r o w h e a d ) c o m p l e t e sheaths a r o u n d p r i m a r y neurons. At later stages (H,
I) all p r i m a r y neurons (pn) and the first born s e c o n d a r y neurons ( l o c a t e d deep in the cortex) are
i n d i v i d u a l l y s u r r o u n d e d by glial sheaths; s e c o n d a r y n e u r o b l a s t s (nb) and t h e i r latest p r o g e n y
(sn) l o c a t e d near the brain surface are e n c l o s e d w i t h i n large glial chambers. J) C o n f o c a l sec­
t i o n of c o r t e x of late t h i r d instar brain l a b e l e d w i t h a n t i B P 1 0 6 (red, marks s e c o n d a r y lineages)
and n r v 2 - G a l 4 d r i v i n g GFP (green; glia). S e c o n d a r y lineages (sn) and t h e i r axon tracts (SAT)
are e n c a p s u l a t e d by c o r t e x glia. (K,L) C o n f o c a l s e c t i o n of c o r t e x of late t h i r d instar larval brain
l a b e l e d w i t h antiShg ( D E - c a d h e r i n ; red) and n r v 2 - G a l 4 d r i v i n g GFP. D E - c a d h e r i n is expressed
in s e c o n d a r y n e u r o b l a s t s and the latest born neurons (snl in K), as w e l l as the SAT f o r m e d by
these cells. N o t e e n c l o s u r e of the S h g - p o s i t i v e cells in large, u n d i v i d e d glial chambers ("super­
f i c i a l c h a m b e r s " ; sc); e a r l i e r born neurons l o c a t e d in deep c o r t e x are i n d i v i d u a l l y s u r r o u n d e d
by glial septa ("deep c h a m b e r s " ; dc). C o r t e x glial septa (arrows in L) also f l a n k the SAT in deep
c o r t e x . O t h e r a b b r e v i a t i o n s : npg, n e u r o p i l e glia; 01, o p t i c lobe. Bars: 20 urn

surface glia ( a p p r o x i m a t e l y 2 5 - 3 0 in the h a t c h i n g larva) a n d c o r t e x glia ( a p p r o x i m a t e l y 10) also
o r i g i n a t e in a small n u m b e r o f discrete clusters w h i c h m i g r a t e o u t w a r d to p o p u l a t e the e n t i r e b r a i n
(Fig. 7 H , I , K , i ) . 5 0 This p a t t e r n suggests t h a t , similar to w h a t has been f o u n d in t h e v e n t r a l nerve
cord, glial cells are p r o d u c e d by o n l y few n e u r o - g l i o b l a s t s .

Glial cell n u m b e r s increase slowly d u r i n g the first h a l f o f larval d e v e l o p m e n t , b u t show a r a p i d
i n c l i n e in the t h i r d larval instar. O v e r a l l , glial cell n u m b e r s increases from a b o u t 30 to m o r e t h a n
100 for surface glia, from 10 to 160 for c o r t e x glia a n d from 20 to a b o u t 90 for n e u r o p i l e glia
(Fig. 7 M - 0 ) . 5 1 This increase in cell n u m b e r is at least in p a r t due to t h e m i t o t i c divisions o f glial
cells. Thus, f e e d i n g B r d U to larvae at d i f f e r e n t stages results in clusters o f l a b e l e d cells t h a t i n c l u d e
all three types o f glial cells (Fig. 7P). Moreover, a small f r a c t i o n o f late larval glial cells can always be
seen in mitosis using a m a r k e r t h a t labels p h o s p h o r y l a t e d h i s t o n e H 3 . However, t h e low f r e q u e n c y
o f p h o s p h o - h i s t o n e p o s i t i v e glial cells, as well as the f i n d i n g t h a t glial cells l a b e l e d by clonal i n d u c ­
t i o n were a l m o s t always in close c o n t a c t w i t h n e u r a l lineages (Fig. 7 Q , R ) , i n d i c a t e s t h a t the b u l k
o f a d d e d glial cells stems from t h e p r o l i f e r a t i o n o f s e c o n d a r y n e u r o - g l i o b l a s t s l o c a t e d at the b r a i n
surface. This is also s u p p o r t e d by the shape o f the glial g r o w t h curve, w h i c h is a l m o s t h o r i z o n t a l
d u r i n g early larval life ( w h e n n e u r o b l a s t s are m i t o t i c a l l y q u i e s c e n t ) a n d b e c o m e s steep d u r i n g the
t h i r d i n s t a r w h e n n e u r o b l a s t s divide (Fig. 7 0 ) .

The t r o p h o s p o n g i u m is f o r m e d by c o r t e x glial cells, h i g h l y b r a n c h e d a n d l a m e l l a t e d cells
whose processes u n d e r g o extensive r e a r r a n g e m e n t s d u r i n g d e v e l o p m e n t ( s c h e m a t i c a l l y s h o w n in
Fig. 8 A - D ) . C o r t e x glia a p p e a r in the stage 16 e m b r y o as e l o n g a t e d , radially o r i e n t e d cells m o s t
o f w h i c h e x t e n d from the b r a i n surface to the n e u r o p i l e (Fig. 8£).51,52 S u b s e q u e n t l y lateral p r o ­
cesses are f o r m e d , l e a d i n g up to the t h r e e - d i m e n s i o n a l , h o n e y - c o m b e d s t r u c t u r e revealed by the
larval clones s h o w n in Figure 7B. S h o r t l y after h a t c h i n g these processes are still m o d e s t , f o r m i n g
relatively large c h a m b e r s t h a t enclose m u l t i p l e p r i m a r y n e u r o n s (Fig. 8F,G). At s u b s e q u e n t stages,
process d e n s i t y increases, so t h a t by the s e c o n d i n s t a r each p r i m a r y n e u r o n is c o m p l e t e l y e n c l o s e d
by c o r t e x glia. C o r t e x glia also form a superficial lamella t h a t e x t e n d s u n d e r n e a t h the surface glial
layer. Thus, from the s e c o n d i n s t a r o n w a r d , the glial layer covering the b r a i n is c o m p o s e d o f an
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o u t e r , e l e c t r o n - l i g h t lamella o f surface glia a n d an inner, e x t r e m e l y thin a n d e l e c t r o n - d e n s e l a m e l l a
f o r m e d by c o r t e x glia (Fig. 7 D ) .

B e g i n n i n g w i t h the s e c o n d instar, d i v i d i n g n e u r o b l a s t s p r o d u c e s e c o n d a r y n e u r o n s t h a t form
an o u t e r c o r t e x o f i n c r e a s i n g t h i c k n e s s a r o u n d t h e i n n e r layer o f p r i m a r y n e u r o n s . D u r i n g this
phase, t h e g r o w t h o f t h e t r o p h o s p o n g i u m a n d n e u r o b l a s t p r o l i f e r a t i o n m u s t be c o o r d i n a t e d in a
c o m p l e x m a n n e r . Close to the b r a i n surface, i n d i v i d u a l c h a m b e r s o f the t r o p h o s p o n g i u m are large,
c o n t a i n i n g a n e u r o b l a s t , u n d i v i d e d g a n g l i o n m o t h e r cells a n d 20 to 40 n e u r o n s (Fig. 8 C , D , H - K ) .
E a c h s u p e r f i c i a l t r o p h o s p o n g i u m c h a m b e r c o r r e s p o n d s to p a r t o f o n e s e c o n d a r y lineage, such t h a t
t h e n e u r o n s newly f o r m e d by o n e n e u r o b l a s t over a c e r t a i n p e r i o d o f t i m e are "received" i n t o o n e
c h a m b e r , t h e r e b y i s o l a t i n g t h e m f r o m o t h e r lineages. At d e e p e r levels, c h a m b e r s b e c o m e smaller,
s u c h t h a t o l d e r s e c o n d a r y n e u r o n s (like p r i m a r y n e u r o n s b e f o r e ) b e c o m e i n d i v i d u a l l y e n c l o s e d
by glia. This implies t h a t t h e r e is a d y n a m i c r e a r r a n g e m e n t o f glia processes at t h e t r a n s i t i o n zone
f r o m large c h a m b e r s to small c h a m b e r s .

T r a c h e a l S y s t e m o f the B r a i n
Gas e x c h a n g e in the i n s e c t b o d y is m e d i a t e d by a b r a n c h e d n e t w o r k o f air-filled t u b e s called

t r a c h e a e . In the b r a i n a n d v e n t r a l nerve cord, t r a c h e a e form an a n a s t o m o s i n g plexus at t h e cor­
t e x - n e u r o p i l e surface ( p e r i n e u r o p i l a r plexus).53 F r o m this plexus, several b r a n c h e s s p r o u t i n t o t h e
n e u r o p i l e a n d the c o r t e x (see below). T r a c h e a e d e v e l o p from a b i l a t e r a l set o f m e t a m e r i c invagina­
t i o n s o f t h e e m b r y o n i c e c t o d e r m . 54 E a c h t r a c h e a l i n v a g i n a t i o n s u b s e q u e n t l y forms a s t e r e o t y p e d
set o f p r i m a r y b r a n c h e s (Fig. 9A). O n e b r a n c h , called g a n g l i o n i c b r a n c h (GB), grows t o w a r d s
each n e u r o m e r e o f t h e v e n t r a l nerve c o r d in the late e m b r y o (Fig. 9B, a r r o w h e a d " I ").55 A d v a n c i n g
medially, GBs pass u n d e r n e a t h t h e n e u r o p i l e o f the v e n t r a l nerve c o r d (Fig. 9B, a r r o w h e a d "2")
a n d t h e n f o r m a 1 8 0 - d e g r e e t u r n a r o u n d the m e d i a l a n d d o r s a l surface o f t h e n e u r o p i l e ( a r r o w h e a d
"3" a n d "4"). D u r i n g larval stages, the a d v a n c i n g tips o f the GBs close the circle a n d fuse w i t h a
m o r e p r o x i m a l p a r t o f t h e same or a d j a c e n t GBs. A s i m i l a r p a t t e r n o f ring- (or noose-) s h a p e d
t r a c h e a e is g e n e r a t e d in the b r a i n . H e r e , o n e m a i n t r a c h e a , the c e r e b r a l t r a c h e a ( C T ) , b r a n c h e s
o f f the first t r a c h e a l i n v a g i n a t i o n in s e g m e n t T 2 (Fig. 9A). After r e a c h i n g the m e d i a l surface o f
the b r a i n n e u r o p i l e in t h e e m b r y o (Fig. 9B, a r r o w h e a d "5") the C T gives o f f m u l t i p l e b r a n c h e s
(the p r i m a r y t r a c h e a e o f the b r a i n ) t h a t g r o w l a t e r a l l y a n d m e d i a l l y a r o u n d the n e u r o p i l e surface
to e v e n t u a l l y m e e t a n d fuse.

Figure 9 C - G s h o w Z - p r o j e c t i o n s o f c o n f o c a l s e c t i o n s t h a t i l l u s t r a t e t h e g r o w t h o f the t r a c h e a l
n e t w o r k in t h e larval b r a i n . Panels 8 H - K s h o w t h e t r a c h e a l system o f an early t h i r d i n s t a r b r a i n
( w h e n all p r i m a r y a n d s e c o n d a r y b r a n c h e s are in place) in t h e f o r m o f 3 D d i g i t a l models. In
t h e late e m b r y o the c e r e b r a l t r a c h e a is visible as a t h i c k , p o s t e r i o r l y d i r e c t e d b r a n c h o f the first
s e g m e n t a l t r a c h e a t h a t b e l o n g s to t h e s e c o n d t h o r a c i c s e g m e n t (Fig. 9 C , D ) . The C T follows the
m e d i a l surface o f the b r a i n w h e r e the n e u r o p i l e is c o v e r e d by a layer o f surface glia (Fig. 9 C ) . The
c e r e b r a l t r a c h e a a n d all o f its b r a n c h e s are e m b e d d e d in a glial layer. D u r i n g the first larval instar,
all o f t h e p r i m a r y b r a i n t r a c h e a e b e c o m e e s t a b l i s h e d . First, a r o u n d the t i m e o f h a t c h i n g , the C T
splits i n t o a l a t e r a l l y a n d a v e n t r a l l y d i r e c t e d t r u n k (Fig. 9 D , E ) . By t h e b e g i n n i n g o f t h e s e c o n d
i n s t a r ( 4 8 h after egg laying, A E L ; Fig. 9F), t h e l a t e r a l t r u n k gives rise to t h e c e n t r o - m e d i a l tra­
chea ( C M T ) , c e n t r o - p o s t e r i o r t r a c h e a ( C P T ) a n d b a s o - I a t e r a l t r a c h e a ( B L T ) . The v e n t r a l t r u n k
b i f u r c a t e s i n t o the b a s o - m e d i a l t r a c h e a ( B M T ) a n d the l a t e r a l a n d m e d i a l b a s o - c e n t r a l t r a c h e a
( B C T l , B C T m ) .

By the early t h i r d i n s t a r t w o to t h r e e s e c o n d a r y t r a c h e a e e n t e r the c e n t e r o f the n e u r o p i l e . They
i n c l u d e the t r a c h e a o f the m u s h r o o m b o d y ( T M B ) , the t r a c h e a o f the a n t e n n o c e r e b r a l t r a c t ( T A C )
a n d t h e i n t e r n a l d o r s a l t r a n s v e r s e t r a c h e a ( D T ; n o t always f o u n d ) . The m u s h r o o m b o d y t r a c h e a in
m o s t cases b r a n c h e s o f f the B C T t r a c h e a . The t r a c h e a o f the a n t e n n o c e r e b r a l t r a c t ( T A C ) typically
c o n s t i t u t e s a b r a n c h o f the C P T m t r a c h e a . In a d d i t i o n to the T A C a n d T M B t r a c h e a e w h i c h are
d i r e c t e d i n w a r d , i n t o t h e c e n t e r o f the n e u r o p i l e , a n u m b e r o f s e c o n d a r y t r a c h e a l b r a n c h e s p r o j e c t
o u t w a r d i n t o t h e c o r t e x a n d t h e o p t i c lobe (Fig. 9).
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A l t h o u g h the main, p r i m a r y t r a c h e a l b r a n c h e s described above can be r e c o g n i z e d f a i t h f u l l y
in all brains, the h i g h e r o r d e r b r a n c h i n g p a t t e r n is highly variable. For example, the s e c o n d a r y
t r a c h e a towards the m u s h r o o m b o d y ( T M B ) may b r a n c h off the B C T m in one h e m i s p h e r e and
the C P T in the o t h e r h e m i s p h e r e o f the same b r a i n . This is similar to the r e p o r t e d v a r i a b i l i t y in
h i g h e r o r d e r b r a n c h i n g p a t t e r n s o f e p i d e r m a l tracheae and strikingly c o n t r a s t s w i t h the i n v a r i a n t
p a t t e r n o f n e u r o b l a s t s , n e u r o n s and axon tracts in the brain.

N e u r o a n a t o m y o f t h e D e v e l o p i n g D r o s o p h i l a B r a i n :
The S y s t e m s o f L i n e a g e s , T r a c t s a n d C o m p a r t m e n t s

P a t t e r n o f P r i m a r y P i o n e e r Tracts
As described in section ' S e c o n d a r y N e u r o b l a s t s and G M C s o f the Larval Brain' o f this chap­

ter, the brain o f the late e m b r y o is f o r m e d by a p p r o x i m a t e l y 100 lineages per side whose n e u r o n s
adhere to each o t h e r and, at the o n s e t o f n e u r o p i l e f o r m a t i o n (stage 13), appear as cone shaped
clusters d i s t r i b u t e d r a t h e r evenly over the p e r i p h e r y o f the b r a i n (Fig. lOA). Axons formed by
n e u r o n s o f the same lineage typically form one b u n d l e , the p r i m a r y axon t r a c t (PAT; Fig. lOA,
B, C). The p a t t e r n o f PATs appears highly i n v a r i a n t and provides essential i n f o r m a t i o n a b o u t the
s t r u c t u r e o f the evolving n e u r o p i l e (see section 'Synopsis o f Lineages, C o m p a r t m e n t s and Fiber
Tracts o f the Larval Brain' below). To describe the p a t t e r n o f p r i m a r y lineages and their PATs, a
scaffold o f p i o n e e r axon tracts laid d o w n by early b o r n n e u r o n s o f a subset o f lineages has been
utilized. 5 2,56,57 We will first i n t r o d u c e the p a t t e r n o f p i o n e e r tracts, to t h e n relate the p r i m a r y and
s e c o n d a r y lineages to this p a t t e r n . Fig. 10D shows the FasII-positive p i o n e e r n e u r o n s in relation­
ship to n e u r o m e r e b o u n d a r i e s , visualized by an engrailed-IacZ r e p o r t e r c o n s t r u c t ; p a n e l l 0 E is a
schematic map o f p i o n e e r n e u r o n s in the late e m b r y o n i c brain.

L o n g i t u d i n a l p i o n e e r tracts: Three l o n g i t u d i n a l tracts ( c o n n e c t i v e s ) p i o n e e r the n e u r o p i l e
o f the ventral nerve cord. 56

,58 By the end o f embryogenesis, each o f these three connectives has
split i n t o a dorsal and v e n t r a l c o m p o n e n t . v " The connectives o f the ventral nerve cord c o n t i n u e
a n t e r i o r l y i n t o the two p r e o r a l n e u r o m e r e s t h a t form the basal brain, the t r i t o c e r e b r u m and
d e u t e r o c e r e b r u m (Fig. 10E).56.59.60 The m e d i a l c o n n e c t i v e c o n t i n u e s as the m e d i a l cervical tract
( M C T ) ; the i n t e r m e d i a t e c o n n e c t i v e as the lateral cervical tracts ( L C T ) and the lateral connec­
tive as the p o s t e r i o r cervical t r a c t ( P C T ) , respectively. The M C T is o r g a n i z e d by the large D / T
p i o n e e r cluster, l o c a t e d in the d e u t e r o - t r i t o c e r e b r a l b o u n d a r y region. A s c e n d i n g D / T axons reach
the P2 clusters, l o c a t e d in the a n t e r o - d o r s a l d e u t e r o c e r e b r u m , t h a t p i o n e e r the v e n t r a l fascicle
o f the s u p r a e s o p h a g e a l commissure (vSEC; Fig. IDE). The L C T is f o r m e d by axons o f D / T and
P I t h a t extend laterally adjacent o f the M C T . Three tracts to and from the "corner p o i n t s " o f the
basal b r a i n converge u p o n P l . The h o r i z o n t a l l y d i r e c t e d b a s o - m e d i a l p r o t o c e r e b r a l tract ( B M P T )
c o n n e c t s p o s t e r i o r and a n t e r i o r realms o f the basal b r a i n ( P I t o / f r o m P4m). The c e n t r o - a n t e r i o r
p r o t o cerebral tract ( C A P T ) and d o r s o - p o s t e r i o r p r o t o c e r e b r a l t r a c t ( D P P T ) o r i g i n a t e from the
P3c and P3m clusters, respectively, b o t h l o c a t e d in the b o u n d a r y region b e t w e e n d e u t e r o c e r e b r u m
and p r o t o c e r e b r u m (shaded light blue in Fig. IDE).

Transverse p i o n e e r tract: The dorsal and lateral p r o t o c e r e b r u m consists o f lineages whose PATs
form transverse (commissural) fiber systems c o n n e c t i n g the two brain hemispheres. These transverse
systems are quite separate from the l o n g i t u d i n a l l y o r i e n t e d M C T , L C T and P C T systems and are
p i o n e e r e d by the lateral p r o t o c e r e b r a l tract ( L P T ) . The L P T is f o r m e d by several m e d i o - I a t e r a l l y
a r r a n g e d clusters o f p i o n e e r n e u r o n s (PSI, P4I, P31) t h a t e x t e n d from the o p t i c lobe p r i m o r d i u m
(0 L) to the dorsal m i d l i n e , where they establish the dorsal fascicle o f the s u p r a e s o p h a g e a l com­
missure (dSEC in Fig. 10E).

M u s h r o o m body: The massive fiber t r a c t f o r m e d by the m u s h r o o m b o d y n e u r o n s (MB) in­
t e r c o n n e c t s the p o s t e r i o r p r o t o c e r e b r u m w i t h the p r o t o - d e u t e r o c e r e b r a l b o u n d a r y d o m a i n . This
tract ( p e d u n c l e ; i n d i c a t e d by gray h a t c h e d line in Fig. 10E) converges u p o n the P I cluster, b u t
t h e n makes a sharp t u r n medially, p i o n e e r i n g the medial lobe o f the m u s h r o o m body.
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Figure 9. Development of the larval brain tracheal system. (A, B) Embryonic origin of the ce­
rebral trachea and ganglionic tracheal branches . Both panels show Z-projections of confocal
sections of embryos (lateral view, anterior to the left) labeled with antiCrb (green) to visualize
tracheae . AntiDN-cadhe rin (red) labels neuropile and other embryonic structures. A) Stage
14. Cerebral trachea (CT) and dorsal pharyngeal trachea (dPT) form a V-shaped , anter iorly
d irected branch of the first segmental trachea (I) that grow around the posterior surface of
the brain (br) . Other branches of the first segmental trachea are the dorsal branches (DB) of
segments T2 and T1 (formed later than stage 14), the ventral ganglionic branches (GB) of seg­
ments T1 and T2 and the ventral pharyngeal trachea . The location of the anterior sp iracle is
ind icated by violet circle. B) Stage 15 late. Segmental tracheae have fused, primary branches
have increased in length and some secondary branches have been initiated. Note position
of the cerebral trachea (CT) and dorsal pharyngeal trachea (dPT) . The cerebral trachea has
reached the medial surface of the bra in neurop ile (arrowhead " 5"). Legend cont inued on
following page .
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Figure 9, c o n t i n u e d from p r e v i o u s page. Ventral g a n g l i o n i c branches c o n t a c t the ventral
surface of the n e u r o p i l e of the ventral nerve cord (vc; a r r o w h e a d "1 "). D u r i n g later stages
g a n g l i o n i c branches w i l l extend u n d e r n e a t h the n e u r o p i l e , turn d o r s a l l y (hatched blue line;
a r r o w h e a d s " 2 " and " 3 " ) and then l a t e r a l l y (solid blue line, a r r o w h e a d "4"). A n a s t o m o s e s
(ana; gray h a t c h e d line) w i l l i n t e r c o n n e c t g a n g l i o n i c branches of n e i g h b o r i n g segments. C)
Z - p r o j e c t i o n of a c o n f o c a l stack of brain of late e m b r y o in w h i c h tracheae are v i s u a l i z e d by the
expression of b t l - G a l 4 d r i v i n g UAS-GFP (green); the n e u r o p i l e is l a b e l e d w i t h a n t i D N - c a d h e r i n
(red) and glial cells are l a b e l e d by a n t i R e p o (blue). (D-G) Z - p r o j e c t i o n s of c o n f o c a l stacks of
brains of stage 16 e m b r y o (D), first instar larva (E), second instar larva (F) and early t h i r d instar
larva (G). Tracheae are v i s u a l i z e d by the expression of b t l - G a l 4 d r i v i n g UAS-GFP (green);
the n e u r o p i l e is l a b e l e d w i t h a n t i D N - c a d h e r i n (red). ( H - K ) D i g i t a l 3D m o d e l s of r i g h t brain
h e m i s p h e r e s h o w i n g n e u r o p i l e c o m p a r t m e n t s in grey and m a j o r tracheae in d i f f e r e n t c o l o r s .
M o d e l s of the top row (H, I) represent p o s t e r i o r v i e w (dorsal up, lateral to the right); second
row (I,K) shows dorsal v i e w (dorsal up, lateral to the right). In models of l e f t c o l u m n (H, J),
c o l o r i n g i n d i c a t e s d e p t h of tracheae: Tracheae f o r m i n g the p e r i n e u r o p i l a r plexus ( s u r r o u n d ­
ing the n e u r o p i l e surface) are d e p i c t e d in green; s e c o n d a r y branches t u r n i n g e x t e r n a l l y into
the c o r t e x of the c e n t r a l brain are shown in l i g h t blue; o p t i c l o b e tracheae in p u r p l e . Two
s e c o n d a r y branches t u r n i n g c e n t r a l l y i n t o the n e u r o p i l e are shown in red. In m o d e l s of right
c o l u m n ( H , K ) n e u r o p i l e is also s e m i - t r a n s p a r e n t and each p r i m a r y brain trachea t o g e t h e r
w i t h its b e l o n g i n g s e c o n d a r y branches is d e p i c t e d in its o w n c o l o r (see c o l o r key at b o t t o m
of panel), w h i c h a l l o w s one to f o l l o w the t r a j e c t o r i e s of tracheae. For d e s c r i p t i o n of p a t t e r n
of tracheae see text. A b b r e v i a t i o n s : BA b a s o - a n t e r i o r (antennal) n e u r o p i l e c o m p a r t m e n t ; BC
b a s o - c e n t r a l n e u r o p i l e c o m p a r t m e n t ; BAT b a s o - a n t e r i o r trachea; BCT b a s o - c e n t r a l trachea;
BCTI lateral b a s o - c e n t r a l trachea; BCTm medial b a s o - c e n t r a l trachea; BCvT b a s o - c e r v i c a l
trachea; B l T baso-Iateral trachea; BlTI lateral branch of b a s o - I a t e r a l trachea; B P l b a s o - p o s ­
t e r i o r lateral n e u r o p i l e c o m p a r t m e n t ; BMT b a s o - m e d i a l trachea; BPM b a s o - p o s t e r i o r m e d i a l
n e u r o p i l e c o m p a r t m e n t ; CA c e n t r o - a n t e r i o r n e u r o p i l e c o m p a r t m e n t ; CMT c e n t r o - m e d i a l
t r a c h e a ; CMTa a n t e r i o r b r a n c h of c e n t r o - m e d i a l t r a c h e a ; C M T i i n t e r m e d i a t e b r a n c h of
c e n t r o - m e d i a l trachea; CMTp p o s t e r i o r branch of c e n t r o - m e d i a l trachea; CPI c e n t r o - p o s t e r i o r
i n t e r m e d i a t e n e u r o p i l e c o m p a r t m e n t ; C P l c e n t r o - p o s t e r i o r lateral n e u r o p i l e c o m p a r t m e n t ;
CPM c e n t r o - p o s t e r i o r m e d i a l c o m p a r t m e n t ; CPT c e n t r o - p o s t e r i o r trachea; CPTm m e d i a l
branch of c e n t r o p o s t e r i o r trachea; CPTi i n t e r m e d i a t e branch of c e n t r o - p o s t e r i o r trachea;
CPTI lateral branch of c e n t r o - p o s t e r i o r trachea; CT cerebral trachea; CX c a l y x of m u s h r o o m
b o d y ; DA d o r s o - a n t e r i o r n e u r o p i l e c o m p a r t m e n t ; dl dorsal lobe of m u s h r o o m b o d y ; DP
d o r s o - p o s t e r i o r c o m p a r t m e n t ; D O T dorsal o b l i q u e trachea; ml m e d i a l l o b e of m u s h r o o m
b o d y ; DTTe e x t e r n a l dorsal transverse trachea; DTTi i n t e r n a l dorsal transverse trachea; INT
i n t r a n e u r o p i l a t tracheae of ventral nerve cord; ngl n e u r o p i l e glia; O l T a a n t e r i o r o p t i c l o b e
trachea; O l T I lateral o p t i c l o b e trachea; O l T p p o s t e r i o r o p t i c lobe trachea; p p e d u n c l e of
m u s h r o o m b o d y ; ph p h a r y n x ; PNP b r p e r i n e u r o p i l a r plexus of brain; PNP v c p e r i n e u r o p i l e a r
plexus of ventral nerve cord; SEG subesophageal n e u r o p i l e ; SET subesophageal tracheae; sp
spur of m u s h r o o m b o d y ; TAC trachea of the a n t e n n o - c e r e b r a l tract; ThT t h o r a c i c trachea;
TMB trachea of the m u s h r o o m body. Bars: 20 11m

P a t t e r n o f L i n e a g e s a n d Their A x o n Tracts
P r i m a r y lineages and PATs: M a r k i n g the evolving n e u r o p i l e o f late e m b r y o s w i t h global mark­

ers such as S y n a p t o b r e v i n - G F P fusion p r o t e i n driven by elav-Gal4 reveals t h a t PATs are r a t h e r
u n i f o r m l y d i r e c t e d away from the surface a n d e x t e n d c e n t r i p e t a l l y t o w a r d s the c e n t e r o f the b r a i n
p r i m o r d i u m (Figs. 10A,B; lIA).17.38,52 As a result, the d i r e c t i o n o f m o s t PATs correlates w i t h the
l o c a t i o n o f the c o r r e s p o n d i n g p r i m a r y lineage. PATs o f lineages l o c a t e d at the p o s t e r i o r pole o f
the b r a i n p r i m o r d i u m p r o j e c t anteriorly, those o f dorsal lineages v e n t r a l l y and so on. PATsline up
w i t h the n e u r o p i l e p i o n e e r tracts in whose v i c i n i t y t h e y are l o c a t e d . Thus, for example, lineages
g r o u p e d a r o u n d P3c align t h e i r PATs w i t h the C A P T tract; p o s t e r i o r lineages close to P 4 m p r o j e c t
PATs close to the p i o n e e r t r a c t ( B M P T ) f o r m e d by this cluster and so on. Figs. 11 a n d 12 show
the p a t t e r n o f p r i m a r y lineages a n d PATs.

C o m p a r t m e n t s : Up to stage 15, PATs consist o f mostly s h o r t , u n b r a n c h e d axons t h a t converge
in the c e n t e r o f the b r a i n p r i m o r d i u m (Fig. lOA). The assembly o f PATs r e p r e s e n t s t h e "nucleus"
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Figure 10. Patterning of the brain neuropile . A,B) Schematic h o r i z o n t a l sections of brain
hemisphere i l l u s t r a t i n g neurop ile formation . Neuroblasts (nb) produce lineages compris ing
precursors of primary neurons (pn) and glial cells (gl). At the stage shown in A (stage 13-15
of e m b r y o n i c development) primary neurons have formed short axon stumps organized in
bundles , w i t h each bundle belonging to one lineage (primary axon bundle, PAT). Early dif­
ferentiating neurons (neuropile pioneers; ppn) establish scaffold of pioneer tracts . Primary
axon tracts orient themselves around the pioneer tracts and form the early nucleus of the
neuropile (np). Legend c o n t i n u e d on f o l l o w i n g page.
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Figure 10, c o n t i n u e d from previous page. Branching of p r i m a r y axons (neb; stage 16-17; B)
leads to an increase in n e u r o p i l e v o l u m e . C) Confocal h o r i z o n t a l section of stage 13 e m b r y ­
onic brain hemisphere d o u b l e labeled w i t h a n t i - A c e t y l a t e d t u b u l i n (all d i f f e r e n t i a t i n g neu­
rons; y e l l o w ) and antiFasll ( n e u r o p i l e pioneers, green). Primary axon bundles (PAT) converge
r a d i a l l y towards the center of the brain. Note, at this c o n f o c a l level, a n t e r i o r l y d i r e c t e d axon
bundles, emanating from lineages l o c a l i z e d in the p o s t e r i o r c o r t e x and e x t e n d i n g parallel
to the f a s l l - p o s i t i v e P41 p i o n e e r neurons. 0 ) Z - p r o j e c t i o n of c o n f o c a l parasagittal sections
of stage 13 e m b r y o n i c brain d o u b l e - l a b e l e d w i t h antiFasll ( p i o n e e r tracts; green) and an
engrailed ( r h x 2 5 ) - l a c Z r e p o r t e r c o n s t r u c t (red). Engrailed expression domains demarcate the
p o s t e r i o r b o u n d a r y of the d e u t e r o c e r e b r u m (eO), the t r i t o c e r e b r u m (eT) and the m a n d i b u l a r
segment (eMO). The small e n g r a i l e d - p o s i t i v e "head spot" (eP) indicates a p o i n t located on the
o t h e r w i s e u n d e f i n e d p r o t o c e r e b r a l - d e u t e r o c e r e b r a l boundary. E) Schematic lateral v i e w of
e m b r y o n i c brain (anterior to the left; dorsal to the top), s h o w i n g Fasll p o s i t i v e p i o n e e r tracts
in r e l a t i o n s h i p to d o r s o - v e n t r a l and a n t e r o - p o s t e r i o r axis and to n e u r o m e r e boundaries. O t h e r
a b b r e v i a t i o n s : BMPT b a s o - m e d i a l p r o t o c e r e b r a l tract; CAPT central a n t e r i o r p r o t o c e r e b r a l
tract; ex cortex; OPPT d o r s o - p o s t e r i o r p r o t o c e r e b r a l tract; dSEC dorsal supraesophageal com­
missure; dSEC dorsal supraesophageal commissure; O/T d e u t e r o l t r i t o c e r e b r a l Fasll cluster;
LCT lateral c e r v i c a l tract; LPT lateral p r o t o c e r e b r a l tract; MB mushroom body; MCT medial
c e r v i c a l tract; OL o p t i c lobe; Pl, P2, P3l1m/c, P4m/l, P5 Fasll p o s i t i v e p i o n e e r clusters; PCT
p o s t e r i o r c e r v i c a l tract; vSEC ventral supraesophageal commissure. Bars: 20 urn

from w h i c h the b r a i n n e u r o p i l e is f o r m e d . N e u r o p i l e f o r m a t i o n p r o c e e d s by b r a n c h i n g o f the
PATs (Fig. lOB; see also Fig. 6B). These axonal a n d d e n d r i t i c b r a n c h e s make up the c o n t e n t o f
the e m e r g i n g n e u r o p i l e c o m p a r t m e n t s . Using the r e p r o d u c i b l e p a t t e r n o f PATs and FasII -positive
n e u r o p i l e p i o n e e r tracts as l a n d m a r k s , the d i s c r e t e n e u r o p i l e c o m p a r t m e n t s d e f i n e d for the larval
b r a i n can be r e c o g n i z e d already in the e m b r y o (Fig. 1 3 A - C ; see also s e c t i o n ' Synopsis o f Lineages,
C o m p a r t m e n t s and Fiber Tracts o f the Larval Brain' below). 52 B e t w e e n early and late larval instar,
c o m p a r t m e n t s grow s u b s t a n t i a l l y t h r o u g h a d d i t i o n a l b r a n c h i n g o f p r i m a r y n e u r o n s , as well as the
"invasion" o f the n e u r o p i l e by SATs (Fig. 1 3 D - I). B r a n c h i n g o f s e c o n d a r y lineages, as well as the
m e t a m o r p h i c r e o r g a n i z a t i o n o f p r i m a r y n e u r o n s , lead to changes in c o m p a r t m e n t a l shape a n d the
a d d i t i o n o f new (adult-specific) c o m p a r t m e n t s ; however, these changes n o t w i t h s t a n d i n g , the basic
p a t t e r n o f n e u r o p i l e c o m p a r t m e n t s o f the larval b r a i n can be followed t h r o u g h o u t m e t a m o r p h o s i s
i n t o the a d u l t b r a i n (Fig. 13J-L).

S e c o n d a r y lineages a n d SATs: P r i m a r y n e u r o n s o f the b r a i n a n d v e n t r a l nerve cord form the
f u n c t i o n a l c i r c u i t r y c o n t r o l l i n g larval behavior. D u r i n g the early larval p e r i o d , the b r a i n grows
only slowly, m a i n l y due to i n c r e a s e d b r a n c h i n g o f p r i m a r y n e u r o n s . S t a r t i n g d u r i n g the s e c o n d
instar, n e u r o b l a s t s b e c o m e r e a c t i v a t e d a n d p r o d u c e s e c o n d a r y lineages. Similar to p r i m a r y axons,
axons o f a given s e c o n d a r y lineage fasciculate w i t h each other, t h e r e b y f o r m i n g a discrete second­
ary axon t r a c t (SAT) w i t h i n the b r a i n c o r t e x a n d n e u r o p i l e . SATs p e n e t r a t e the n e u r o p i l e glial
sheath, or travel along the n e u r o p i l e surface for variable distances (Figs. l I B ; 12C).38 In terms o f
overall n u m b e r a n d t r a j e c t o r y , s e c o n d a r y a n d p r i m a r y lineages show many similarities and we
have a d o p t e d a n o m e n c l a t u r e t h a t suggests c o r r e s p o n d e n c e s b e t w e e n lineages. 3 8,52 Thus, we as­
sume t h a t , for example, the p r i m a r y BA lineages are g e n e r a t e d by the same n e u r o b l a s t s t h a t later
form the s e c o n d a r y BA lineages. Likewise, PATs o f p r i m a r y BA lineages show similar t r a j e c t o r i e s
t h a n SATs o f the larval s e c o n d a r y BA lineages. However, one s h o u l d p o i n t o u t t h a t lineage t r a c i n g
a n d the analysis o f m o l e c u l a r markers t h a t are c o n t i n u o u s l y expressed from the e m b r y o n i c to
the late larval p e r i o d are n e e d e d to e s t a b l i s h in d e t a i l the l i n k b e t w e e n a p r i m a r y lineage and its
s e c o n d a r y c o u n t e r p a r t .

S e c o n d a r y t r a c t systems in the larval a n d p u p a l n e u r o p i l e : W i t h i n the n e u r o p i l e , tracts o f sev­
eral n e i g h b o r i n g lineages converge to form larger " s e c o n d a r y t r a c t systems" (Fig. 11 C , D ).53 Some
s e c o n d a r y t r a c t systems e x t e n d along the glial sheaths in b e t w e e n n e u r o p i l e c o m p a r t m e n t s ; o t h e r s
p e n e t r a t e the c e n t e r o f c o m p a r t m e n t s , typically following the above d e s c r i b e d p i o n e e r tracts laid
d o w n by p r i m a r y axons at an earlier stage (Fig. 11E).57 Each s e c o n d a r y lineage forms a t r a c t w i t h
an i n v a r i a n t a n d c h a r a c t e r i s t i c t r a j e c t o r y w i t h i n the n e u r o p i l e . That is to say, a given SAT reaches
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Figure 11 , legend v i e w e d on following page .
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Figure 11, v i e w e d on p r e v i o u s page. Pattern of lineages and t h e i r axon b u n d l e s in the e m b r y o n i c
and larval brain. A) Z - p r o j e c t i o n of h o r i z o n t a l c o n f o c a l sections of a r e p r e s e n t a t i v e late stage 15
brain h e m i s p h e r e (lateral to the right), d o u b l e l a b e l e d w i t h antiFasl1 (green; n e u r o p i l e p i o n e e r
neurons) and U A S - s y n a p t o b r e v i n - G F P d r i v e n by elav-Gal4 (red; p r i m a r y lineages). Shown are
a subset of lineages of the basal brain. B) Z - p r o j e c t i o n of f r o n t a l c o n f o c a l sections (lateral to
the right) of late larval brain l a b e l e d w i t h the BP1 06 a n t i b o d y (secondary lineages and their axon
tracts; red) and a c h o l i n e - a c e t y l transferase-(Chat)-GaI4; UAS-GFP c o n s t r u c t ( p r i m a r y neurons
and n e u r o p i l e ; green). Subset of lineages and SATs at a central level (level of supraesophageal
commissure and medial lobe of m u s h r o o m b o d y visible at the left margin of panel) are shown.
C) Z - p r o j e c t i o n prepared from frontal c o n f o c a l cross sections of BP1 06 labeled late larval brain.
Fiber tracts w i t h i n the central part of the n e u r o p i l e (level of supraesophageal commissure), f o r m e d
by the c o n f l u e n c e of s e c o n d a r y axon tracts l a b e l e d by antiBP1 06, were i d e n t i f i e d on the basis
of l o c a t i o n and axonal t r a j e c t o r y . 0 ) 3 0 d i g i t a l m o d e l of larval brain n e u r o p i l e ( p o s t e r i o r view)
s h o w i n g pattern of s e c o n d a r y axon t r a c t systems ( p o s t e r i o r view). Surface of n e u r o p i l e and
m u s h r o o m b o d y are shaded l i g h t and i n t e r m e d i a t e grey, r e s p e c t i v e l y . C o m m i s s u r a l tracts f o r m i n g
the supraesophageal c o m m i s s u r e are dark gray. L o n g i t u d i n a l t r a c t systems are c o l o r e d y e l l o w ,
transverse systems blue; c i r c u m f e r e n t i a l systems a r o u n d m u s h r o o m b o d y (lobes, p e d u n c l e ) are
red; c i r c u m f e r e n t i a l systems a r o u n d a n t e n n a l l o b e (BA c o m p a r t m e n t ) are olive; external systems
(at n e u r o p i l e surface) are b r i g h t green; m e d i a l c e r v i c a l t r a c t is v i o l e t . E) Spatial r e l a t i o n s h i p of
s e c o n d a r y axon t r a c t systems to p r i m a r y systems, laid d o w n in the e m b r y o . 3 0 d i g i t a l m o d e l
of brain n e u r o p i l e (grey) in p o s t e r i o r view. S e c o n d a r y t r a c t systems are rendered in l i g h t blue.
Red lines s c h e m a t i c a l l y i n d i c a t e the t r a j e c t o r y of p r i m a r y axon tracts in the late larval brain
as v i s u a l i z e d by a n t i f a s l l . " S e c o n d a r y t r a c t systems are a n n o t a t e d in b l a c k letters, p r i m a r y
systems in red. N o t e that the m a j o r i t y of s e c o n d a r y t r a c t systems f o l l o w s the f l o w of p r i m a r y
axon tracts. A b b r e v i a t i o n s : ABT, a n t e r o - b a s a l tracts (= crAN, veBC et al): ACT a n t e n n o - c e r e b r a l
tract; BA, b a s o - a n t e r i o r lineages; BAlp, b a s o - a n t e r i o r lineages, p o s t e r o - I a t e r a l subgroup; BC,
basal central c o m p a r t m e n t ; BLA, basal lateral a n t e r i o r lineages; BLAd, a n t e r i o r baso-Iateral
lineages, dorsal subgroup; BLAv, ventral b a s o - I a t e r a l l i n e a g e s , ventral subgroup; BLAvm, ante­
rior b a s o - l a t e r a l l i n e a g e s , v e n t r o m e d i a l subgroup; BLO, dorsal b a s o - l a t e r a l l i n e a g e s ; BLP, basal
lateral p o s t e r i o r lineages; BLV, basal lateral ventral lineages; BLVa, ventral b a s o - I a t e r a l l i n e a g e s ,
a n t e r i o r subgroup; BPL, basal p o s t e r o - l a t e r a l c o m p a r t m e n t ; BPM, basal p o s t e r o - m e d i a l c o m p a r t ­
ment; CAPT, c e n t r o - a n t e r i o r p r o t o c e r e b r a l tract; crAN, c i r c u m f e r e n t i a l tracts of antennal lobe;
crMB, c i r c u m f e r e n t i a l tracts of the m u s h r o o m b o d y (I lateral; mlv, ventral of m e d i a l lobe; pp,
a r o u n d p r o x i m a l p e d u n c l e ; pv, ventral of p e d u n c l e ; pvl, v e n t r o - l a t e r a l of p e d u n c l e ) ; CX, c a l y x
of m u s h r o o m b o d y ; OA, dorsal a n t e r i o r c o m p a r t m e n t ; OPC, d o r s o - p o s t e r i o r commissures;
OPLal, lateral d o r s o - p o s t e r i o r lineages, a n t e r o - I a t e r a l subgroup; OPLc, lateral d o r s o - p o s t e r i o r
lineages, central subgroup; DPLd, lateral d o r s o - p o s t e r i o r lineages, dorsal subgroup; OPMI,
medial d o r s o - p o s t e r i o r lineages, lateral subgroup; OPMm, m e d i a l d o r s o - p o s t e r i o r lineages,
medial subgroup; O P M p m , m e d i a l d o r s o - p o s t e r i o r lineages, p o s t e r o - m e d i a l subgroup; O/Ta,
O/TI, c o m p l e x of p i o n e e r clusters at d e u t e r o l t r i t o c e r e b r a l b o u n d a r y ; exBL, external baso-Iateral
t r a c t system; exOL, external d o r s o - I a t e r a l t r a c t system; exVT, external v e r t i c a l t r a c t system;
LCOTd, lateral c o m m i s s u r a l o p t i c t r a c t (= trPd); LCTco, c o m m i s s u r a l c o m p o n e n t of LCT (=
trBL); l o B M , b a s o - m e d i a l l o n g i t u d i n a l t r a c t system; loC, central l o n g i t u d i n a l t r a c t system (=
ACTet al): loOL, l o n g i t u d i n a l d o r s o - l a t e r a l t r a c t system; 1 0 0 M , d o r s o - m e d i a l l o n g i t u d i n a l t r a c t
system; meB, m e d i a n b u n d l e ; MCT, medial c e r v i c a l t r a c t (= meB); MOT, m e d i a l o p t i c t r a c t (=
exBL, c r M B p p et al ); ped, p e d u n c l e of m u s h r o o m b o d y ; P51/m, ventral p r o t o c e r e b r a l p i o n e e r
n e u r o n cluster; Tr, t r i t o c e r e b r a l l i n e a g e s ; trBL, transverse baso-Iateral t r a c t system; t r C M , trans­
verse c e n t r o - m e d i a l t r a c t system; trOL, transverse d o r s o - I a t e r a l t r a c t system; trPd, transverse
p o s t e r o - d o r s a l t r a c t system; VAC, v e n t r o - a n t e r i o r commissures; veBC, v e r t i c a l b a s o - c e n t r a l
tract system; VPC, v e n t r o - p o s t e r i o r commissures. Bars: 20 urn

the n e u r o p i l e at a c h a r a c t e r i s t i c p o s i t i o n a n d t h e n joins one or more (in case the t r a c t b r a n c h e s )
s e c o n d a r y t r a c t systems.

S e c o n d a r y n e u r o n s d i f f e r e n t i a t e d u r i n g the p u p a l p e r i o d , s e n d i n g o u t p r o x i m a l and t e r m i n a l
b r a n c h e s t h a t form synapses. M o s t o f the s e c o n d a r y t r a c t systems f o r m e d by s e c o n d a r y lineages in
the larva remain visible t h r o u g h o u t the p u p a l p e r i o d and evolve i n t o the l o n g fiber tracts t h a t have
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Figure 12. Neural lineages of the brain and their p r o j e c t i o n patterns. (A,B) 3D digital models
of one late e m b r y o n i c brain hemisphere . Landmark structures shown in gray are the o u t l i n e
of the brain and the Fasll-positive neuropile pioneer clusters (D/T, P1 , P21 , P3m/l, P4m/I).
D ifferent groups of primary lineages and compartments are rendered in d i f f e r e n t colors .
A shows a dorsal view of right hemisphere; medial to the left , anterior to the top. In B,
cell bodies of lineages of dorsal hemisphere (DAM, DAL, DPM, DPL) are omitted to show
ventral lineages (BA, CM , BLA, BLD, BLP, BLV), as well as emerging neuropile in the center
of the brain. C) M o d e l of secondary lineages of late larval brain . Similar to the e m b r y o n i c
brain hemisphere shown in panel B, dorsal lineages are o m i t t e d and onl y basal lineages
are shown , f o l l o w i n g the same c o l o r code as in B. D) Correspondence between pupal sec­
ondary axon tracts and adult fiber tracts (frontal views; ventral to the bottom). Photograph
at the top shows Z - p r o j e c t i o n of confocal sections of pupal brain (72h apt) labeled w i t h
antiBP106 (red, labels secondary axon tracts) and a n t i D N - c a d h e r i n (green, labels neurop ile
compartments) . Photograph at the bottom shows section of adult brain (f ro m http ://web .
n e u r o b i o .arizona .ed u/ Fl y b rai n/htm I/atlas/si I v e r / f r o n t a l / i n d e x .htm I) where f bers are visual ized
through silver impregnat ion . Numbers 1-10 point out specific BP106-positive pupal tracts
and adult fiber bundles w ith h ighly similar t o p o l o g y . Legend cont inued on f o l l o w i n g page.
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Figure 12, c o n t i n u e d from p r e v i o u s page. E-L) T o p o g r a p h y of m a j o r f i b e r systems f o r m e d by
the d i f f e r e n t groups of lineages. Each panel s c h e m a t i c a l l y shows dorsal v i e w of one brain
h e m i s p h e r e in w h i c h m u s h r o o m b o d y (mb) and c o m p a r t m e n t s are shaded gray. In each panel,
l o c a t i o n of group of p r i m a r y lineages is d e p i c t e d as a l i g h t l y c o l o r e d circle; the c o r r e s p o n d i n g
s e c o n d a r y lineage group is shown as d a r k l y c o l o r e d d o m a i n s u r r o u n d i n g sphere. Similarly,
t r a j e c t o r i e s of PATs f o r m e d by p r i m a r y neurons are shown in l i g h t color, SATs are rendered
in dark colors. Note close spatial r e l a t i o n s h i p b e t w e e n p r i m a r y and s e c o n d a r y lineage tracts.
M o s t f i b e r systems are a n n o t a t e d w i t h t w o d i f f e r e n t a b b r e v i a t i o n s . The u p p e r one c o r r e s p o n d s
to the name i n t r o d u c e d for the larval t r a c t s . " The l o w e r a b b r e v i a t i o n refers to the name of
a tract in the a d u l t fly b r a i n " that we propose develops from the c o r r e s p o n d i n g larval f i b e r
system shown here. A b b r e v i a t i o n s : act, a n t e n n o - c e r e b r a l tract; a d c, a n t e r o - d o r s a l c o m m i s ­
sure; ar c v bo, c o m m i s s u r e of ventral b o d y ; BA, basal a n t e r i o r lineages and b a s o - a n t e r i o r
c o m p a r t m e n t ; BAmd, basal a n t e r i o r lineages, m e d i o - d o r s a l subgroup; BAmv, basal a n t e r i o r
lineages, m e d i o - v e n t r a l subgroup; BC, b a s o - c e n t r a l c o m p a r t m e n t ; BCv, b a s o - c e r v i c a l c o m ­
p a r t m e n t ; BLA, basal lateral a n t e r i o r lineages; BLAd, basal lateral a n t e r i o r lineages, dorsal
subgroup; BLAv, basal lateral a n t e r i o r lineages, ventral subgroup; BLD, basal lateral dorsal
lineages; BLP, basal lateral p o s t e r i o r lineages; BLV, basal lateral ventral lineages; BLVp, basal
lateral ventral lineages, p o s t e r i o r subgroup; BPL, b a s o - p o s t e r i o r lateral c o m p a r t m e n t ; BPM,
b a s o - p o s t e r i o r medial c o m p a r t m e n t ; CAPT, c e n t r o - a n t e r i o r p r o t o c e r e b r a l tract; cc, p r i m o r d i u m
of central c o m p l e x ; c I ho, c o m m i s s u r e of lateral horn; CM, central medial lineages; CMd,
central medial lineages, dorsal subgroup; c op fo, c o m m i s s u r e of the o p t i c foci; CPd, central
p o s t e r i o r dorsal lineages; CPd, central p o s t e r i o r ventral lineages, dorsal subgroup; CPv, central
p o s t e r i o r ventral lineages, ventral subgroup; c r M B m l v , c i r c u m f e r e n t i a l tracts of the m u s h r o o m
body, ventral of medial lobe; DAC, d o r s o - a n t e r i o r commissures; DAL, dorsal a n t e r i o r lateral
lineages; D A M , dorsal a n t e r i o r medial lineages; DC, dorsal commissure; d h t, dorsal h o r i z o n t a l
tract; dl, dorsal lobe of m u s h r o o m body; DPC, d o r s o - p o s t e r i o r commissures; DPL, dorsal
p o s t e r i o r lateral lineages; DPLc, dorsal central lateral lineages; d l p l c / d p l l central fascicles of
d o r s o - p o s t e r i o r lateral lineages; DPM, dorsal p o s t e r i o r medial lineages; DPPT, d o r s o - p o s t e r i o r
p r o t o c e r e b r a l tract; D/Tm c o m p l e x of p i o n e e r clusters at d e u t e r o / t r i t o c e r e b r a l b o u n d a r y ; eb,
e l l i p s o i d body; exBL, external baso-Iateral tract system; exDL, external d o r s o - I a t e r a l tract
system; fasc op fo, fasciculus of the o p t i c foci; fr m c, f r o n t a l medial commissure; in ant con,
inter antennal c o n n e c t i v e ; in v bo con, inter ventral b o d y c o n n e c t i v e ; LCT, lateral c e r v i c a l
tract; I d h t, lateral dorsal h o r i z o n t a l tract; I ho, lateral horn; I intr case, lateral i n t r a c e r e b r a l
cascades; 10BM, b a s o - m e d i a l l o n g i t u d i n a l tract system; 10C, central l o n g i t u d i n a l tract system;
10DL, l o n g i t u d i n a l d o r s o - I a t e r a l t r a c t system; 10DM, d o r s o - m e d i a l l o n g i t u d i n a l tract system; M,
m u s h r o o m b o d y lineages; MCT, medial c e r v i c a l tract; meB, median b u n d l e (= part of M e T ) ; m
fasc medial fascicle; m intr, case medial i n t r a c e r e b r a l cascades; ml, medial lobe of m u s h r o o m
body; P1 c o m p l e x of p i o n e e r clusters in a n t e r i o r d e u t e r o c e r e b r u m ; P2 cluster in d o r s o - m e d i a l
d e u t e r o c e r e b r u m ; P3c, p i o n e e r cluster in p r o t o - d e u t e r o c e r e b r a l b o u n d a r y d o m a i n ; P31, P41v
dorsal p r o t o c e r e b r a l p i o n e e r clusters; P4m, p o s t e r o - m e d i a l p i o n e e r cluster; PSm ventral,
p r o t o c e r e b r a l p i o n e e r cluster; ped, p e d u n c l e of m u s h r o o m body; pi, pars i n t e r c e r e b r a l i s ; p t
v bo, p o s t e r i o r tract of ventral b o d y ; s ar, s u p e r i o r arch; su e c, s u b - e l l i p s o i d commissure; su
oes v-I fasc, subesophageal v e n t r o - l a t e r a l p r o t o c e r e b r a l fascicle; trBL, transverse baso-Iateral
tract system; t r C M , transverse c e n t r o - m e d i a l tract system; trDL, transverse d o r s o - I a t e r a l tract
system; trPd, transverse p o s t e r o - d o r s a l tract system; VAC, v e n t r o - a n t e r i o r commissures; VPC
v e n t r o - p o s t e r i o r commissures; Bars: 10 urn (A, B); 20 urn (C)

b e e n i d e n t i f i e d for t h e a d u l t b r a i n (Fig. 12D). 2 6 1 h e r e f o r e , t h e d e t a i l e d analysis o f s e c o n d a r y axon
t r a c t s will e v e n t u a l l y allow for a s y s t e m a t i c e f f o r t to u n r a v e l c o n n e c t i v i t y o f t h e a d u l t b r a i n .

S y n o p s i s o f L i n e a g e s , C o m p a r t m e n t s a n d F i b e r Tracts o f the L a r v a l B r a i n
We will p r o v i d e in the f o l l o w i n g a b r i e f d e s c r i p t i o n o f the t o p o l o g y o f lineages in the Drosophila

b r a i n . Lineages were g r o u p e d by l o c a t i o n a n d axon t r a c t p r o j e c t i o n as d e s c r i b e d in d e t a i l in P e r e a n u
a n d H a r t e n s t e i n a n d Younossi - H a r t e n s t e i n et al. 38,52 A t h r e e d i m e n s i o n a l m o d e l o f a f r a c t i o n o f the
lineages visible in the late e m b r y o a n d t h i r d - i n s t a r larva is d e p i c t e d in Figure 12A-C. Panels E-L
o f Figure 12 p r e s e n t s c h e m a t i c s k e t c h e s d e p i c t i n g the m a j o r t r a j e c t o r i e s o f lineages. Some o f the
t r a c t s t h a t are visible in t h e l a r v a l p e r i o d can be t e n t a t i v e l y a s s i g n e d to t r a c t s o f the a d u l t fly b r a i n
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Figure 13, legend viewed on f o l l o w i n g page.
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Figure 13, v i e w e d on p r e v i o u s page. C o m p a r t m e n t s of the brain n e u r o p i l e . Each r o w of panels
c o r r e s p o n d s to one d e v e l o p m e n t a l stage (A-C: Stage 15 e m b r y o ; D-F: first instar larva; G - H : late
t h i r d instar larva; J-L: adult). Panels of l e f t c o l u m n (A, D, G, J) show Z - p r o j e c t i o n s of c o n f o c a l
s e c t i o n s (A, D: h o r i z o n t a l ; G, J: f r o n t a l ) in w h i c h n e u r o p i l e is l a b e l e d green b y a n t i D N - c a d h e r i n
(A) or ChaT-GFP. The r e m a i n d e r of panels s h o w 3D d i g i t a l m o d e l s of c o m p a r t m e n t s in p o s t e r i o r
v i e w ( m i d d l e c o l u m n ; B, E, H, K; lateral to the right) and m e d i a l / s a g i t t a l v i e w (right c o l u m n ; F,
I, L); panel C of right c o l u m n represents dorsal v i e w ( a n t e r i o r to the top). Each c o m p a r t m e n t
is c o n s i s t e n t l y shown in its o w n c o l o r . F a s l l - p o s i t i v e tracts are rendered dark grey. In E and F,
c o m p a r t m e n t s are rendered s e m i - t r a n s p a r e n t to a l l o w for clearer v i e w of tracts. In H, I, K, L,
the b a s o - c e r v i c a l , b a s o - p o s t e r i o r m e d i a l and c e n t r o - p o s t e r i o r m e d i a l / c e n t r o - p o s t e r i o r inter­
m e d i a t e c o m p a r t m e n t s and t h e i r a d u l t c o u n t e r p a r t s are o m i t t e d from the m o d e l s for c l a r i t y . In
m e d i a l views (F, I, L), red ovals d e m a r c a t e p o s i t i o n of c o m m i s s u r a l tracts. N o t e f o r m a t i o n of
central c o m p l e x c o m p a r t m e n t s (CC in L) that expands w i t h i n the space f l a n k e d by commissures.
A b b r e v i a t i o n s : ACO, antennal c o m m i s s u r e ; ACT, a n t e n n o - c e r e b r a l tract; BA, b a s o - a n t e r i o r (an­
tennal) c o m p a r t m e n t ; BC, b a s o - c e n t r a l c o m p a r t m e n t ; BCv, b a s o - c e r v i c a l c o m p a r t m e n t ; BLPT,
baso-Iateral p r o t o c e r e b r a l tract; BMPT, b a s o - m e d i a l p r o t o c e r e b r a l tract; BPL, b a s o - p o s t e r i o r
lateral c o m p a r t m e n t ; BPM, b a s e - p o s t e r i o r m e d i a l c o m p a r t m e n t ; CA, c e n t r o - a n t e r i o r c o m p a r t ­
ment; CAPT, c e n t r o - a n t e r i o r p r o t o c e r e b r a l tract; CC, central c o m p l e x ; CLH, c o m m i s s u r e of
the lateral horn; CMB, chiasm of m e d i a n b u n d l e ; COF, great c o m m i s s u r e s of o p t i c foci; CPI,
c e n t r o - p o s t e r i o r i n t e r m e d i a t e c o m p a r t m e n t ; CPL, c e n t r o - p o s t e r i o r lateral c o m p a r t m e n t ; CPM,
c e n t r o - p o s t e r i o r m e d i a l c o m p a r t m e n t ; CX, c a l y x c o m p a r t m e n t ; DA, d o r s o - a n t e r i o r c o m p a r t ­
ment; DAC, d o r s o - a n t e r i o r c o m m i s s u r e s ; dl, dorsal l o b e of m u s h r o o m b o d y ; DP, d o r s o - p o s t e r i o r
c o m p a r t m e n t ; DPCa, DPCp, a n t e r i o r and p o s t e r i o r c o m p o n e n t of d o r s o - p o s t e r i o r commissures;
DPPT, d o r s o - p o s t e r i o r p r o t o c e r e b r a l tract; LCT, lateral c e r v i c a l tract; LOCT d , dorsal larval o p t i c
c o m m i s s u r a l tract; LOCT w ventral larval o p t i c c o m m i s s u r a l tract; LPT, lateral p r o t o c e r e b r a l tract;
MCT, m e d i a l c e r v i c a l tract; MEB, m e d i a n b u n d l e ; ml, medial lobe of m u s h r o o m b o d y ; 01, o p t i c
lobe; P1, P4m/1 Fasll p o s i t i v e p i o n e e r clusters; PCT, p o s t e r i o r c e r v i c a l tract; ped, p e d u n c l e of
m u s h r o o m b o d y ; SEG, subesophageal g a n g l i o n ; SVLF, s u b - e s o p h a g e a l v e n t r o - I a t e r a l fascicle;
VAC, v e n t r o - a n t e r i o r commissures; VPC, v e n t r o - p o s t e r i o r commissures. Bars: 10 urn (A-F); 30
urn (G-L)

(Fig. 12D),26and in these cases, the t e r m for the larval t r a c t shown in Figure 12E-L is followed by
the t e r m describing the c o r r e s p o n d i n g a d u l t tract.

I>euterocerebrunn
P r i m a r y lineages falling i n t o the realm o f the d e u t e r o c e r e b r u m , as d e f i n e d by the expression

d o m a i n o f engrailed, comprise the BA group (Fig. 1 2 A - C , E ) . It is possible t h a t the C M lineages
(Fig. 1 2 A - C , F ) , l o c a t e d at a p o s t e r o - m e d i a l - b a s a l p o s i t i o n , also have a d e u t e r o c e r e b r a l origin,
a l t h o u g h this needs to be c o n f i r m e d by f u t u r e lineage tracing. The axon b u n d l e s f o r m e d by these
two groups o f lineages are o r i e n t e d p r e f e r e n t i a l l y along the a n t e r o - p o s t e r i o r axis, BA b u n d l e s
g r o w i n g posteriorly, C M b u n d l e s a n t e r i o r l y (Fig. 12E,F). In a d d i t i o n , many BA a n d C M lineages
e m i t collateral transverse fiber tracts t h a t cross in the b r a i n commissures a n d / o r c o n t r i b u t e to the
p r i m o r d i u m o f the c e n t r a l complex (Fig. 12E,F). The BPM c o m p a r t m e n t appears as an e l o n g a t e d
n e u r o p i l e d o m a i n s u r r o u n d i n g these d e u t e r o c e r e b r a l axon tracts (Fig. 13A-F). The BA ( = a n t e n ­
nal) c o m p a r t m e n t represents the a n t e r i o r p a r t o f the d e u t e r o c e r e b r a l n e u r o m e r e . It evolves as an
a n t e r i o r "alcove" o f the BPM, p i o n e e r e d by the PATs o f the medial BA lineages (Figs. 12E, 1 3 C , F ) .
Branches o f fibers a r o u n d the M C T t r a c t develop i n t o the BCv c o m p a r t m e n t (Fig. 13B,C) w h i c h
is l o c a t e d medial to the BPM.

Major axon tracts f o r m e d by BA lineages are the a n t e n n o c e r e b r a l t r a c t t h a t c o n n e c t s the deu­
t e r o c e r e b r u m to the calyx o f the m u s h r o o m b o d y and the a n t e n n a l commissure in b e t w e e n the
a n t e n n a l l o b e s (BA c o m p a r t m e n t s ; Fig. 12E). B o t h o f these c o n n e c t i o n s grow i n t o p r o m i n e n t
fiber b u n d l e s o f the a d u l t brain. The p r o m i n e n t l a r v a l l o C fiber system, f o r m e d by C M lineages
as well as BA lineages, m o s t likely gives rise to the p o s t e r i o r t r a c t o f the v e n t r a l b o d y d e s c r i b e d
for the a d u l t fly b r a i n (Fig. 12E,F).26 C o m m i s s u r a l b r a n c h e s o f the l o C grow towards the p r i m o r ­
d i u m o f the c e n t r a l complex (see below) and cross in the commissures closely associated w i t h this
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s t r u c t u r e , called V A C 3 / 4 in the larva a n d s u b - e l l i p s o i d c o m m i s s u r e / i n t e r v e n t r a l b o d y c o n n e c t i v e
in the a d u l t . 26

L i n e a g e s o f t h e D e u t e r o - P r o t o c e r e b r a l B o r d e r R e g i o n
Two e n g r a i l e d expressing lineages derived from the e n g r a i l e d "head spot" define the b o u n d a r y

b e t w e e n d e u t e r o c e r e b r u m and p r o t o c e r e b r u m in the late e m b r y o and larva (Fig. 12B,C).52,59 In the
late larva, one o f these en-positive lineages c o r r e s p o n d s to DALv;3 the o t h e r one shifts dorsally a n d
forms the D P L a m lineage." We define the region flanked by h o r i z o n t a l lines d r a w n t h r o u g h these
two lineages as the " d e u t e r o - p r o t o c e r e b r a l b o u n d a r y region". Two groups o f lineages, D A M and
D A L , fall w i t h i n this b o u n d a r y region. Axon tracts o f the D A M lineages are p r i m a r i l y o r i e n t e d
p o s t e r o - m e d i a l l y , crossing in the v e n t r a l p a r t o f the b r a i n c o m m i s s u r e ; b r a n c h i n g o f these axons
form the m a j o r c o n t r i b u t i o n o f the C A and D A c o m p a r t m e n t s o f the b r a i n ( F i g s . 1 2 G ; 1 3 A - C ) .
A m o n g the D A M n e u r o n s are some t h a t have axons d e s c e n d i n g i n t o the s u b e s o p h a g e a l g a n g l i o n
via the m e d i a n b u n d l e (Fig. 12G; see also Fig. 4 for D i l l a b e l e d D A M n e u r o n ) . Larval SATs o f
the D A M g r o u p also form p a r t o f the d o r s o m e d i a n l o n g i t u d i n a l t r a c t ( l o D M) t h a t i n t e r c o n n e c t s
a n t e r i o r a n d p o s t e r i o r d o m a i n s w i t h i n the m e d i a l b r a i n (Fig. 12G). This fiber system may well
c o n s t i t u t e the f o r e r u n n e r o f the d o r s a l h o r i z o n t a l t r a c t o f the a d u l t b r a i n . "

Tracts o f the D A L lineages are closely associated w i t h the lobes a n d p e d u n c l e o f the m u s h r o o m
b o d y (Fig. 1 2 H ) ; t h e y form a m a j o r p a r t o f the " c i r c u m f e r e n t i a l m u s h r o o m b o d y systems" o f the
larval b r a i n (Fig. I I B , D ) . M o s t SATs o f the D A L lineages pass t h r o u g h a n d / o r t e r m i n a t e in the
B C c o m p a r t m e n t ( = v e n t r a l b o d y in the a d u l t b r a i n ) a n d the p r i m o r d i u m o f the c e n t r a l c o m p l e x
( t r C M , D P C l ; Fig. 1 2 H ) . A n u m b e r o f tracts cross dorsal o f the c e n t r a l c o m p l e x p r i m o r d i u m
( D A C 3 , the f u t u r e a r c h e d commissure o f the v e n t r a l body) or v e n t r a l o f it (VAC3 /4; s u b - e l l i p s o i d
c o m m i s s u r e / i n t e r v e n t r a l b o d y c o n n e c t i v e ) . These t r a j e c t o r i e s s u p p o r t t h e idea t h a t many o f the
n e u r o n s t h a t i n n e r v a t e the c e n t r a l c o m p l e x and i n t e r c o n n e c t this s t r u c t u r e w i t h the v e n t r a l b o d y
are derivatives o f the D A L lineages.

Several D A L tracts have v e n t r a l l y d i r e c t e d b r a n c h e s t h a t follow the c e n t r a l a n t e r i o r p r o t o c e r ­
ebral t r a c t ( C A P T ) w h i c h is e s t a b l i s h e d already in the late embryo.52,57 We surmise t h a t this con­
n e c t i o n b e t w e e n b r a i n (Le., s u p r a e s o p h a g e a l g a n g l i o n ) a n d v e n t r a l nerve c o r d (i.e., s u b e s o p h a g e a l
ganglion) will develop i n t o the fiber b u n d l e called s u b e s o p h a g e a l - v e n t r o - l a t e r a l t r a c t in the a d u l t . "
The c o n t r i b u t i o n o f a s c e n d i n g a n d d e s c e n d i n g fibers to this fiber system has n o t been i n v e s t i g a t e d
in detail. It seems likely t h a t many o f the l a t e r a l d e u t e r o c e r e b r a l d e s c e n d i n g n e u r o n s i d e n t i f i e d by
Strausfeld a n d c o l l a b o r a t o r s are derivatives o f the D A L l i n e a g e s . "

L i n e a g e s o f t h e D o r s a l P r o t o c e r e b r u m
Two groups o f lineages, D P M a n d D P L , o c c u p y the d o r s a l surface o f the b r a i n . Their axon

tracts form the b u l k o f c o m m i s s u r a l a n d l o n g i t u d i n a l c o n n e c t i o n s o f the dorsal p r o t o c e r e b r u m t h a t
c o n s t i t u t e the D P and C P L c o m p a r t m e n t s ( d i f f e r e n t i a t e d i n t o s u p e r i o r - m e d i a l and i n f e r i o r - m e d i a l
p r o t o c e r e b r u m , s u p e r i o r - l a t e r a l a n d i n f e r i o r lateral p r o t o c e r e b r u m a n d l a t e r a l h o r n in the a d u l t
b r a i n ; Figs. l I B ; 12A,I,J; 13C,G,J).26 The tracts f o r m e d by the D P L c a n d D P L l l i n e a g e s t h a t
p e n e t r a t e i n t o t h e p r o t o c e r e b r u m in v e n t r o - m e d i a l d i r e c t i o n are likely the f o r e r u n n e r s o f the so
called " m e d i a l a n d l a t e r a l i n t r a c e r e b r a l cascades" o f the a d u l t b r a i n (Fig. 12]).26 The l o n g i t u d i n a l l y
d i r e c t e d fiber masses p r o d u c e d by D PM and D PL lineages, Le., the loD M and loD L, foreshadow the
dorsal h o r i z o n t a l t r a c t a n d lateral d o r s a l h o r i z o n t a l t r a c t o f the a d u l t p r o t o c e r e b r u m (Figs. 11 B,D;
121,J).26 The most c o n s p i c u o u s commissure o f the a d u l t dorsal p r o t o c e r e b r u m is the commissure o f
t h e l a t e r a l h o r n , in a d d i t i o n to a n u m b e r o f u n n a m e d c o m m i s s u r a l tracts p o s t e r i o r to this system.
These fiber systems are likely d e s c e n d e d from t h e D P C 2 / 3 commissures t h a t are f o r m e d in the
larva by SATs o f ( a m o n g o t h e r s ) t h e D P M a n d D P L lineages (Fig. 1 3 H , K ) .

L a t e r a l P r o t o c e r e b r a l L i n e a g e s
Lateral p r o t o c e r e b r a l l i n e a g e s (BL) have tracts t h a t radially converge towards each o t h e r and

form the BPL c o m p a r t m e n t ( F i g s . l l A ; 12K; 1 3 A - C ) . In the larva, the SATs o f the BL lineages
form the system o f e x t e r n a l tracts (exBL, exD L, exVT; Figs. 11C, D; 12K). The BPL c o m p a r t m e n t
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undergoes e n o r m o u s g r o w t h and diversification d u r i n g m e t a m o r p h o s i s , mainly due to the i n - g r o w t h
o f a x o n s from the l o b u l a o f the o p t i c lobe ( c o m p a r e BPL in Fig. 13G a n d ] ) . BL l i n e a g e - d e r i v e d
n e u r o n s along w i t h the optic lobe afferents form the so called o p t i c foci o f the a d u l t brain.P The
external fiber systems o f the larva develop i n t o the l o n g i t u d i n a l and vertical c o n n e c t i o n s in b e t w e e n
o p t i c foci. Two transverse systems, the t r D L a n d trBL, carry b r a n c h e s o f B L SATs.The trBL a n d its
c o n t i n u a t i o n , V P C 2 , can easily be r e c o g n i z e d as the f o r e r u n n e r o f the large commissure o f the optic
foci d e f i n e d for the a d u l t b r a i n (Fig. 11 C , D ; 13K).26The fate o f the t r D L , a massive fiber system
o f the larval d o r s o - l a t e r a l p r o t o c e r e b r u m (Fig. 11 C), is unclear.

L i n e a g e s o f t h e P o s t e r i o r P r o t o c e r e b r u m
Lineages l o c a t e d at t h e p o s t e r i o r pole o f the b r a i n , i n c l u d i n g the m u s h r o o m b o d y (MB) a n d

C P lineages, p r o j e c t a n t e r i o r l y and i n t e r c o n n e c t the d o r s a l p r o t o c e r e b r u m w i t h the d e u t e r o - p r o ­
t o c e r e b r a l b o u n d a r y region and the d e u t e r o c e r e b r u m (Fig. 12A,B,L). The c e n t r a l c o m p a r t m e n t s
o f the n e u r o p i l e , C P M , C P I a n d the m u s h r o o m body, arise as c y l i n d r i c a l d o m a i n s a r o u n d the axon
tracts o f these p o s t e r i o r lineages (Figs. 12B; 13A-F). MB lineages give rise to the calyx, p e d u n c l e
a n d lobes o f the m u s h r o o m b o d y whose d e v e l o p m e n t has been s t u d i e d in d e t a i l in several r e c e n t
papers. 2 7- 3 0,62,63 C P lineages are close to the m u s h r o o m b o d y a n d give rise to two main fiber systems.
O n e is d i r e c t e d anteriorly, p a r a l l e l to the p e d u n c l e a n d appears to e n d close to the B C c o m p a r t ­
m e n t ( v e n t r a l b o d y ) . The o t h e r crosses over the p r o x i m a l p e d u n c l e a n d t h e n t u r n s a n t e r i o r l y a n d
m e d i a l l y t o w a r d s the p r i m o r d i u m o f the c e n t r a l complex. W h i l e crossing, these axons (the t r P d )
follow the t r a j e c t o r y t h a t is t a k e n by the c o m m i s s u r e o f the l a t e r a l h o r n (Figs. l I D ; 12L).

O u t l o o k
Adressing f u n d a m e n t a l p r o b l e m s o f n e u r o b i o l o g y in Drosophila offers many advantages, as well

as some d i s a d v a n t a g e s . A m o n g the l a t t e r is the small size o f n e u r o n s a n d the fact t h a t establish­
ing f u n c t i o n a l r e l a t i o n s h i p s b e t w e e n n e u r o n s , r e c o r d i n g s have to be made from often m i n u s c u l e
n e u r i t e s w i t h i n the n e u r o p i l e , r a t h e r than nerve cell s o m a t a . D u e to these a n a t o m i c a l features
( s h a r e d a m o n g many i n v e r t e b r a t e animals) we still k n o w very l i t t l e a b o u t synaptic r e l a t i o n s h i p s
b e t w e e n n e u r o n s in the c e n t r a l n e r v o u s system. O n the o t h e r h a n d , thanks to the a b u n d a n c e o f
m o l e c u l a r markers a n d genetic t e c h n i q u e s , it is n o w possible to map i n d i v i d u a l cell types o f t h e
Drosophila n e r v o u s system t h r o u g h o u t d e v e l o p m e n t w i t h an a.ccuracy t h a t is u n p a r a l l e l e d in t h e
a n i m a l k i n g d o m , w i t h t h e possible e x c e p t i o n o f the n e m a t o d e C. elegans. R e c e n t w o r k sum­
m a r i z e d in this c h a p t e r has s t a r t e d to lay the g r o u n d w o r k to map n e u r o n s a n d t h e i r c o n n e c t i o n s
relative to d i s c r e t e l a n d m a r k s , such as n e u r o p i l e c o m p a r t m e n t s and lineage tracts. Given sufficient
e n t h u s i a s m a n d s u p p o r t from the n e u r o b i o l o g i c a l c o m m u n i t y , the goal o f r e c o n s t r u c t i n g n e u r o n a l
c i r c u i t r y in its entirety, r a t h e r t h a n in a few r e p r e s e n t a t i v e n e u r o n a l subsets like the m u s h r o o m
body, is w i t h i n reach.
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Anteroposterior Regionalization of the Brain:
Genetic and Comparative Aspects
R o b e r t L i c h t n e c k e r t " a n d H e i n r i c h R e i c h e r t

A b s t r a c t

D evelo p m en t al g e n e t i c analyses o f e m b r y o n i c C N S d e v e l o p m e n t in Drosophila have
uncovered the role o f key, h i g h - o r d e r d e v e l o p m e n t a l c o n t r o l genes in a n t e r o p o s t e r i o r
r e g i o n a l i z a t i o n o f the brain. The gene families t h a t have been c h a r a c t e r i z e d include the

o t d / O t x and e m s / E m x genes which are involved in specification o f the a n t e r i o r brain, the Hox
genes w h i c h are involved in the d i f f e r e n t i a t i o n o f the p o s t e r i o r b r a i n and the Pax genes w h i c h
are involved in the d e v e l o p m e n t o f the a n t e r i o r / p o s t e r i o r brain b o u n d a r y zone. Taken t o g e t h e r
w i t h work on the genetic c o n t r o l o f m a m m a l i a n C N S d e v e l o p m e n t , these findings indicate t h a t
all three gene sets have evolutionarily conserved roles in b r a i n d e v e l o p m e n t , revealing a surprising
e v o l u t i o n a r y c o n s e r v a t i o n in the molecular mechanisms o f brain r e g i o n a l i z a t i o n .

I n t r o d u c t i o n
In most animals, the central nervous system ( C N S ) is c h a r a c t e r i z e d by bilateral symmetry

and by an e l o n g a t e d a n t e r o p o s t e r i o r axis, b o t h o f w h i c h are established very early in e m b r y o n i c
d e v e l o p m e n t . D u r i n g embryogenesis, regionalized a n a t o m i c a l subdivisions appear along the an­
t e r o p o s t e r i o r axis, also referred to as the neuraxis. These subdivisions are most p r o m i n e n t near
the a n t e r i o r pole, where the complex s t r u c t u r e s t h a t comprise the brain are generated. As the
brain differentiates, the neuraxis often bends and species-specific flexures arise, w h i c h in later
stages t e n d to d i s t o r t the original a n t e r o p o s t e r i o r c o o r d i n a t e s o f the C N S . However, when this is
taken i n t o account and the neuraxis is r e c o n s t r u c t e d , remarkable similarities in a n t e r o p o s t e r i o r
r e g i o n a l i z a t i o n o f the C N S in animals as diverse as a r t h r o p o d s and vertebrates become apparent.
A full a p p r e c i a t i o n o f these similarities comes from c o m b i n e d comparative n e u r o a n a t o m i c a l and
molecular genetic studies carried out in Drosophila and mouse, w h i c h reveal t h a t comparable,
e v o l u t i o n a r i l y conserved d e v e l o p m e n t a l p a t t e r n i n g mechanisms o p e r a t e in r e g i o n a l i z a t i o n o f the
e m b r y o n i c C N S . 1 ,2

Here we review recent findings on the d e v e l o p m e n t a l genetic c o n t r o l o f a n t e r o p o s t e r i o r re­
g i o n a l i z a t i o n in the e m b r y o n i c C N S in Drosophila and compare these findings w i t h investigations
carried out on r e g i o n a l i z a t i o n o f the e m b r y o n i c murine C N S . The similarities in the expression
p a t t e r n s o f key d e v e l o p m e n t a l c o n t r o l genes t o g e t h e r w i t h the comparable f u n c t i o n s o f these
genes d u r i n g C N S d e v e l o p m e n t in flies and mice suggest a c o m m o n e v o l u t i o n a r y origin o f the
m e c h a n i s m o f e m b r y o n i c C N S r e g i o n a l i z a t i o n . Given the c u r r e n t molecular-based phylogeny
o f b i l a t e r i a n animals, it seems likely t h a t these features o f brain d e v e l o p m e n t in a r t h r o p o d s and
vertebrates were already present in the c o m m o n b i l a t e r i a n ancestor from w h i c h p r o t o s t o m e s a n d
d e u t e r o s t o m e s evolved (Fig. 1). 3 This, in t u r n , challenges the classical view o f an i n d e p e n d e n t
origin o f p r o t o s t o m e and d e u t e r o s t o m e brains.

* C o r r e s p o n d i n g Author: Robert L i c h t n e c k e r t - B i o z e n t r u m , U n i v e r s i t y of Basel,
Klingelbergstrasse 50, C H - 4 0 5 6 Basel, S w i t z e r l a n d . Email: r o b e r t . l i c h t n e c k e r t @ s t u d . u n i b a s . c h

Brain Development in D r o s o p h i l a melanogaster, e d i t e d by G e r h a r d M. Technau.
©2008 Landes Bioscience and Springer Science+ Business Media.
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Figure 1. P h y l o g e n e t i c r e l a t i o n s h i p of Bilateria. S i m p l i f i e d version of the new m o l e c u l a r - b a s e d
p h y l o g e n y showing a s e l e c t i o n of b i l a t e r i a n phyla w i t h the Cnidaria as o u t g r o u p . Bilaterian
phyla are grouped a c c o r d i n g to major c l a d i s t i c c l a s s i f i c a t i o n s . The p h y l o g e n e t i c tree suggests
that e v o l u t i o n a r i l y conserved, h o m o l o g o u s features of mouse and 0" m e l a n o g a s t e r already
existed in the c o m m o n ancestor of all b i l a t e r i a n animals.

The early e m b r y o n i c C N S o f b o t h insects a n d v e r t e b r a t e s is c o m p o s e d o f l o n g i t u d i n a l l y ar­
r a n g e d s u b d i v i s i o n s t h a t can be g r o u p e d i n t o two major parts, an a n t e r i o r c e p h a l i z e d b r a i n w h i c h
rapidly forms p r o m i n e n t m o r p h o l o g i c a l s p e c i a l i z a t i o n s and a p o s t e r i o r nerve cord-like s t r u c t u r e .
In insects, the e m b r y o n i c b r a i n consists o f a s u p r a e s o p h a g e a l g a n g l i o n t h a t can be s u b d i v i d e d i n t o
the p r o t o c e r e b r a l (b 1), d e u t o c e r e b r a l (b2) and t r i t o c e r e b r a l (b3) n e u r o m e r e s and a s u b e s o p h a g e a l
g a n g l i o n t h a t is s u b d i v i d e d i n t o the m a n d i b u l a r (s L), m a x i l l a r y (s2) and labial (s3) n e u r o m e r e s
(Fig. 2A). The n e u r o m e r e s o f the d e v e l o p i n g v e n t r a l nerve c o r d e x t e n d p o s t e r i o r l y from the
s u b e s o p h a g e a l g a n g l i o n i n t o the b o d y t r u n k . " In v e r t e b r a t e s , the a n t e r i o r C N S develops three
e m b r y o l o g i c a l b r a i n regions; the p r o s e n c e p h a l o n or f o r e b r a i n ( p r e s u m p t i v e t e l e n c e p h a l o n and
d i e n c e p h a l o n ) , the m e s e n c e p h a l o n or m i d b r a i n and the r h o m b e n c e p h a l o n or h i n d b r a i n . The
d e v e l o p i n g h i n d b r a i n reveals a m e t a m e r i c o r g a n i z a t i o n based on e i g h t r h o m b o m e r e s and p a r t s
o f the d e v e l o p i n g f o r e b r a i n may also be m e t a m e r i c a l l y o r g a n i z e d . V The d e v e l o p i n g spinal cord
extends p o s t e r i o r l y from the h i n d b r a i n i n t o the b o d y t r u n k .

The t o p o l o g y o f these e m b r y o n i c n e u r o a n a t o m i c a l regions is reflected in the regionalized expres­
sion along the neuraxis o f key d e v e l o p m e n t a l c o n t r o l genes w h i c h appears to be largely c o n s e r v e d
b e t w e e n insects a n d v e r t e b r a t e s . Thus, the a n t e r i o r C N S o f Drosophila and mouse is c h a r a c t e r i z e d
by the expression o f the genes ortbodenticle (otdIOtx) and empty spiracles (ems/Emx). Similarly,
the p o s t e r i o r C N S o f b o t h species e x h i b i t s a c o n s e r v e d a n d h i g h l y o r d e r e d expression p a t t e r n o f
the h o m e o t i c (Hox) gene family. Finally, expression o f the Pax2/5/8 genes defines a t h i r d C N S
region b e t w e e n the a n t e r i o r otdl Otx a n d the p o s t e r i o r Hox d o m a i n s , t h u s revealing a t r i p a r t i t e
g r o u n d plan o f e m b r y o n i c C N S d e v e l o p m e n t in b o t h v e r t e b r a t e s and insects. In the f o l l o w i n g
we c o n s i d e r the roles o f each o f these t h r e e sets o f d e v e l o p m e n t a l c o n t r o l genes in a n t e r o p o s t e r i o r
r e g i o n a l i z a t i o n o f the C N S .
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Figure 2 , S c h e m a t i c r e p r e s e n t a t i o n of e x p r e s s i o n p a t t e r n s and m u t a n t p h e n o t y p e s of o t d and
ems in the e m b r y o n i c CNS of D r o s o p h i l a . A) Lateral view of the a n t e r i o r p o r t i o n of the em­
b r y o n i c CNS. B e c a u s e of m o r p h o g e n e t i c p r o c e s s e s , such as the b e g i n n i n g of head involution,
the n e u r a x i s ( d a s h e d line) of the e m b r y o n i c brain c u r v e s d o r s o p o s t e r i o r l y w i t h i n g the e m b r y o .
Accordingly, in the following, a n t e r o p o s t e r i o r c o o r d i n a t e s refer to the n e u r a x i s rather than the
e m b r y o n i c b o d y axis. The major a n t e r o p o s t e r i o r CNS regions are s u b d i v i d e d by white lines.
B-D) S c h e m a t i c r e p r e s e n t a t i o n s of the e m b r y o n i c brain with a n t e r i o r t o w a r d s the left and
p o s t e r i o r t o w a r d s the right. B) In the wild t y p e (wt) bra in the o t d g e n e is e x p r e s s e d t h r o u g h o u t
most of the p r o t o c e r e b r u m (b1) and the a n t e r i o r part of the d e u t o c e r e b r u m (b2). Expression of
ems in the brain is r e s t r i c t e d to the a n t e r i o r part of the d e u t o c e r e b r u m and the a n t e r i o r part
of the t r i t o c e r e b r u m (b3). The s e g m e n t a l l y r e i t e r a t e d e x p r e s s i o n p a t t e r n s of both o t d and ems
are o m i t t e d for clarity in this s c h e m a t i c . C) In o t d m u t a n t e m b r y o s (otd ' !') the p r o t o c e r e b r u m
and the a n t e r i o r d e u t o c e r e b r u m are a b s e n t ( i n d i c a t e d by d a s h e d lines). D) M u t a t i o n a l inac­
tivation of ems (ems'!') results in the a b s e n c e of the d e u t o c e r e b r u m and a n t e r i o r part of the
t r i t o c e r e b r u m . A b b r e v i a t i o n s : bl , p r o t o c e r e b r u m ; b2 , d e u t o c e r e b r u m ; b3, t r i t o c e r e b r u m ; sl ,
m a n d i b u l a r n e u r o m e r e ; 52, maxillary n e u r o m e r e ; s3, labial n e u r o m e r e ; SbEC, s u b e s o p h a g e a l
ganglion; SpEC, s u p r a e s o p h a g e a l ganglion; VNC, ventral nerve c o r d .

The C e p h a l i c Gap G e n e s O t d / O t x and E m s / E m x
C o n t r o l A n t e r i o r Brain D e v e l o p m e n t

The ortbodent icle (otd) and empty spiracles (ems) h o m e o b o x genes belong to the cephalic gap
genes in Drosophila t o g e t h e r with tailless (tll) , buttonhead (btd) and sloppy paired (sip) . At the early
b l a s t o d e r m stage o f embryogenesis, the cephalic gap genes are broadly expressed in overlapping
a n t e r i o r domains under the control o f maternal genes."? The functional inactivation o f any o f these
t r a n s c r i p t i o n factors results in gap-like p h e n o t y p e s where s t r u c t u r e s o f several head segments are
missing.'?'!' In a d d i t i o n , the cephalic gap genes tll, otd, ems and btd have been shown to play es­
sential roles in early brain d e v e l o p m e n t . By the time o f n e u r o b l a s t d e l a m i n a t i o n , t h e i r expression
domains become r e s t r i c t e d to specific subsets o f neural p r o g e n i t o r s in the a n t e r i o r p r o c e p h a l i c
n e u r o e c t o d e r r n .P'!' M u t a t i o n a l i n a c t i v a t i o n o f a given cephalic gap gene results in the d e l e t i o n o f
a specific brain area, i n d i c a t i n g the r e q u i r e m e n t o f these genes in early specification o f the a n t e r i o r
brain p r i r n o r d i u m . P ' "

The cephalic gap gene otd encodes a t r a n s c r i p t i o n factor w i t h a bicoid-like h o m e o d o m a i n
and is r e q u i r e d for head d e v e l o p m e n t and segmental p a t t e r n i n g in the fly embryo . In the early
b l a s t o d e r m stage embryo, otd is first expressed in a b r o a d circumferential stripe in the a n t e r i o r
region . D u r i n g g a s t r u l a t i o n , however , expression becomes more and more r e s t r i c t e d to the ante­
rior p r o c e p h a l i c n e u r o e c t o d e r m , where otd is expressed in most d e l a m i n a t i n g neuroblasts o f the
p r e s u m p t i v e p r o t o c e r e b r u m (b 1) and a n t e r i o r deucocerebrum (b2 ).12.13 This expression domain
corresponds largely to the otd expression p a t t e r n d e t e c t e d at later e m b r y o n i c stages in the brain 14
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(Fig. 2B). I n t e r e s t i n g l y , otd e x p r e s s i o n is n o t o b s e r v e d in t h e a n t e r i o r m o s t p r o t o c e r e b r a l r e g i o n .
An a d d i t i o n a l , s e g m e n t a l l y r e i t e r a t e d e x p r e s s i o n p a t t e r n o f otd is f o u n d at t h e v e n t r a l m i d l i n e o f
t h e fly e m b r y o in m e s e c t o d e r m a l cells t h a t will give rise to n e u r o n s a n d glia o f t h e v e n t r a l n e r v e
c o r d ( n o t s h o w n in Fig. 2B). C o m p a r a b l e to otd, t h e h o m e o b o x gene ems is first e x p r e s s e d in a
b r o a d s t r i p e p o s t e r i o r a n d a d j a c e n t to otd in t h e early b l a s t o d e r m stage e m b r y o . In t h e p r o c e p h a l i c
n e u r o e c t o d e r m a n d in t h e s u b s e q u e n t l y f o r m e d early e m b r y o n i c b r a i n ems e x p r e s s i o n b e c o m e s
r e s t r i c t e d to t w o s t r i p e s in t h e a n t e r i o r p a r t s o f t h e d e u t o c e r e b r a l ( b 2 ) a n d t r i t o c e r e b r a l ( b 3 ) neu­
r o m e r e s (Fig. 2B). In t h e v e n t r a l n e r v e c o r d ems e x p r e s s i o n is also f o u n d in a s e g m e n t a l l y r e p e a t e d
p a t t e r n ( n o t s h o w n in Fig. 2B).14.1S

M u t a t i o n a l i n a c t i v a t i o n o f e i t h e r otd or ems results in s t r i k i n g e m b r y o n i c b r a i n p h e n o t y p e s in
w h i c h large b r a i n r e g i o n s are a b s e n t . In t h e otd m u t a n t t h e e n t i r e a n t e r i o r p a r t o f t h e b r a i n is lack­
ing (Fig. 2 C ) a n d m u t a n t analysis has s h o w n t h a t m o s t p r o t o c e r e b r a l n e u r o b l a s t s a n d p a r t o f t h e
a d j a c e n t d e u t o c e r e b r a l n e u r o b l a s t s are a b s e n t in t h e p r o c e p h a l i c n e u r o e c t o d e r m . P ' " In a d d i t i o n to
t h e gap p h e n o t y p e in t h e a n t e r i o r b r a i n , otd m u t a n t flies e x h i b i t i m p a i r m e n t s in t h e d e v e l o p m e n t
o f visual s t r u c t u r e s as well as m i d l i n e d e f e c t s in t h e v e n t r a l n e r v e cord," U b i q u i t o u s overexpres­
sion o f otd in a n u l l m u t a n t b a c k g r o u n d at specific stages p r e c e d i n g n e u r o b l a s t f o r m a t i o n is able
to r e s t o r e a n t e r i o r b r a i n s t r u c t u r e s a n d v e n t r a l n e r v e c o r d d e f e c t s . " Similarly, l o s s - o f - f u n c t i o n o f
t h e ems gene r e s u l t s in a g a p - l i k e p h e n o t y p e in t h e e m b r y o n i c b r a i n d u e to t h e absence o f cells in
t h e d e u t o c e r e b r a l a n d t r i t o c e r e b r a l n e u r o m e r e s (Fig. 2 D ) . A d d i t i o n a l l y , axon p a t h f i n d i n g d e f e c t s
can be o b s e r v e d in t h e v e n t r a l n e r v e c o r d o f ems m u t a n t e m b r y o s . These p h e n o t y p e s are r e s c u e d
by u b i q u i t o u s o v e r e x p r e s s i o n o f ems d u r i n g specific early e m b r y o n i c stages. IS M u t a n t analysis
for b o t h otd a n d ems shows t h a t t h e a b s e n c e o f c e p h a l i c gap gene e x p r e s s i o n in t h e p r o c e p h a l i c
n e u r o e c t o d e r m c o r r e l a t e s w i t h t h e loss in t h e e x p r e s s i o n o f t h e p r o n e u r a l gene lethalofscute (lsc)
a n d t h e a b i l i t y to f o r m n e u r o b l a s t s in t h e m u t a n t d o m a i n . 13 In s u m m a r y , otd a n d ems are e x p r e s s e d
in a d j a c e n t a n d s l i g h t l y o v e r l a p p i n g d o m a i n s in t h e a n t e r i o r e m b r y o n i c fly b r a i n . The f u n c t i o n
o f t h e s e c e p h a l i c gap genes is r e q u i r e d for t h e f o r m a t i o n o f specific r e g i o n s o f t h e a n t e r i o r b r a i n
p r i m o r d i u m .

Based o n h o m o l o g y b e t w e e n h o m e o b o x s e q u e n c e s , o r t h o l o g s o f t h e Drosophila otd a n d ems
genes have been i s o l a t e d in various v e r t e b r a t e s i n c l u d i n g zebrafish, m o u s e a n d h u m a n s . 17.18 In mouse,
t h e t w o v e r t e b r a t e o r t h o l o g s o f t h e otd gene, O t x l a n d Otx,2 are e x p r e s s e d in n e s t e d d o m a i n s o f
t h e d e v e l o p i n g h e a d a n d b r a i n . O t x l t r a n s c r i p t s first a p p e a r at a p p r o x i m a t e l y 8 days p o s t c o i t u m
(dpc), whereas Otx2 e x p r e s s i o n is d e t e c t a b l e e a r l i e r at t h e p r e s t r e a k stage (5.5 dpc) w i t h i n t h e e n t i r e
e p i b l a s t a n d visceral e n d o d e r m p r i o r to the o n s e t o f g a s t r u l a t i o n . S u b s e q u e n t l y , the d o m a i n o f Otx2
e x p r e s s i o n b e c o m e s r e s t r i c t e d t o t h e a n t e r i o r r e g i o n o f t h e e m b r y o , w h i c h i n c l u d e s a t e r r i t o r y f a t e d
to give rise to f o r e b r a i n a n d m i d b r a i n , d e f i n i n g a s h a r p b o u n d a r y at t h e f u t u r e m i d b r a i n - h i n d b r a i n
b o u n d a r y . O t x l e x p r e s s i o n is n e s t e d w i t h i n t h i s Otx2 d o m a i n a n d s u b s e q u e n t l y b e c o m e s s p a t i a l l y
a n d t e m p o r a l l y r e s t r i c t e d t o t h e d e v e l o p i n g c o r t e x a n d c e r e b e l l u m . I n t e r e s t i n g l y , t h e d o m a i n o f
Otx2 e x p r e s s i o n does n o t i n c l u d e t h e m o s t a n t e r i o r b r a i n r e g i o n , w h i c h is s i m i l a r to t h e expres­
sion p a t t e r n o f otd in t h e e m b r y o n i c fly b r a i n . F ' " Analysis o f O t x l m u t a n t s does n o t reveal any
a p p a r e n t d e f e c t s in early b r a i n d e v e l o p m e n t . H o w e v e r , l a t e r in d e v e l o p m e n t loss o f O t x l f u n c t i o n
affects c o r t i c a l n e u r o g e n e s i s a n d causes epilepsy. In a d d i t i o n , t h e d e v e l o p m e n t o f eye a n d i n n e r ear
is i m p a i r e d . F r " In c o n t r a s t to O t x l m u t a n t mice, Otx2 n u l l mice die early in e m b r y o g e n e s i s a n d
lack t h e r o s t r a l b r a i n r e g i o n s i n c l u d i n g f o r e b r a i n , m i d b r a i n a n d r o s t r a l h i n d b r a i n due to d e f e c t i v e
a n t e r i o r n e u r o e c t o d e r m s p e c i f i c a t i o n . 17. 21

A c o m p a r i s o n o f t h e role o f t h e otdf Otx genes in early b r a i n p a t t e r n i n g in Drosophila a n d m o u s e
reveals s t r i k i n g s i m i l a r i t i e s s u g g e s t i n g an e v o l u t i o n a r y c o n s e r v a t i o n o f otdl Otx gene f u n c t i o n .
An i n t e r e s t i n g c o n f i r m a t i o n o f t h e f u n c t i o n a l c o n s e r v a t i o n in p a t t e r n i n g t h e r o s t r a l b r a i n can
be c a r r i e d o u t in c r o s s - p h y l u m rescue e x p e r i m e n t s . U b i q u i t o u s o v e r e x p r e s s i o n o f e i t h e r h u m a n
O t x l or h u m a n Otx2 in an otd m u t a n t fly e m b r y o r e s t o r e s t h e a n t e r i o r b r a i n s t r u c t u r e s a b s e n t in
t h e otd n u l l m u t a n t . " Similarly, o v e r e x p r e s s i o n o f Drosophila otd in an O t x l n u l l m o u s e e m b r y o
fully rescues e p i l e p s y a n d c o r t i c o g e n e s i s a b n o r m a l i t i e s ( b u t n o t i n n e r ear defects).17.22 M o r e o v e r ,
o v e r e x p r e s s i o n o f a h y b r i d t r a n s c r i p t c o n s i s t i n g o f t h e fly otd c o d i n g r e g i o n fused to t h e Sf a n d
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3' U T R s o f Otx2 restores the a n t e r i o r b r a i n p a t t e r n i n g in Otx2 n u l l m u t a n t mice i n c l u d i n g the
n o r m a l p o s i t i o n i n g o f the m i d b r a i n - h i n d b r a i n b o u n d a r y . "

As is the case for the otdl Otx genes, two v e r t e b r a t e o r t h o l o g s o f the Drosophila ems gene, E m x l
andEmx2, have been i d e n t i f i e d . E m x l a n d Emx2 expression in the mouse C N S is r e s t r i c t e d to the
f o r e b r a i n , where largely o v e r l a p p i n g expression p a t t e r n s are seen. W h e r e a s , E m x l expression o n l y
begins after n e u r u l a t i o n , Emx2 is already d e t e c t a b l e a r o u n d 8. S dpc in the r o s t r a l n e u r a l plate. 19 ,24 ,25

W i t h i n the d e v e l o p i n g n e o c o r t e x , Emx2 is expressed in a h i g h c a u d o m e d i a l to low r o s t r o l a t e r a l gra­
d i e n t , w h i c h is c o n t r a s t e d by an o p p o s e d g r a d i e n t o f Pax6 gene expression. M u t a t i o n a l i n a c t i v a t i o n
o f Emx2 results in an e x p a n s i o n o f the r o s t r o l a t e r a l b r a i n areas at the expense o f the c a u d o m e d i a l
n e o c o r t i c a l areas. An o p p o s i t e shift in regional i d e n t i t y is seen in the Pax6Ioss-of-function m u t a n t .
In the Emx2 a n d Pax6 d o u b l e m u t a n t , the c e r e b r a l c o r t e x c o m p l e t e l y loses its i d e n t i t y a n d i n s t e a d
acquires characteristics o f b a s a l ganglia. 26 .27 W h e r e a s Emx2 m u t a n t mice die i m m e d i a t e l y after b i r t h ,
E m x l m u t a n t animals are p o s t n a t a l viable a n d show r a t h e r subtle p h e n o t y p e s t h a t are r e s t r i c t e d
to the f o r e b r a i n . 28 ,29 The r e g i o n a l i z e d expression p a t t e r n s o f the ems / Emx genes in the d e v e l o p i n g
b r a i n o f Drosophila a n d mouse are r e m a r k a b l y similar, as is t h e i r a b i l i t y to confer r e g i o n a l i d e n t i t y
to the cells o f a specific d o m a i n in the b r a i n . Moreover, overexpression o f a mouse Emx2 t r a n s g e n e
in an ems m u t a n t b a c k g r o u n d can rescue the b r a i n p h e n o t y p e o f fly embryos. 1 5 T a k e n t o g e t h e r , the
similar s p a t i o t e m p o r a l expression p a t t e r n s a n d the h i g h degree o f f u n c t i o n a l equivalence b e t w e e n
Drosophila and mouse suggest an e v o l u t i o n a r i l y c o n s e r v e d role o f the ems/Emx and otdl Otx genes
in a n t e r i o r b r a i n d e v e l o p m e n t .

The Hox G e n e s P a t t e r n the P o s t e r i o r Brain
The h o m e o t i c or Hox genes, e n c o d i n g h o m e o d o m a i n t r a n s c r i p t i o n factors, were first discovered

as crucial regulators o f a n t e r o p o s t e r i o r segment i d e n t i t y in the e c t o d e r m o f Drosophila melanogaster.
Subsequently, Hox genes were f o u n d in a wide range o f species where t h e y have essential roles in
many aspects o f a n t e r o p o s t e r i o r b o d y axis p a t t e r n i n g . 30 ,3 1 In Drosophila, the Hox genes are a r r a n g e d
along the c h r o m o s o m e in two gene clusters k n o w n as the Antennapedia (ANT- C) and Bitborax
(BX-C) complexes. T h e A N T - C c o n t a i n s the five more a n t e r i o r l y e x p r e s s e d H o x genes: labial (lab),
proboscipedia (Pb), Deformed(Dfd), Sex combs reduced (SO') andAntennapedia (Antp). The BX-C
c o n t a i n s the t h r e e p o s t e r i o r l y expressed genes: Ultrabitborax (Ubx), abdominal-A (abd-A) and
Abdominal-B (Abd-B). Interestingly, t h e r e exists a c o r r e l a t i o n b e t w e e n the relative p o s i t i o n o f the
genes w i t h i n the cluster and t h e i r spatial and t e m p o r a l expression p a t t e r n along the b o d y axis; genes
l o c a t e d t o w a r d s the 3' e n d o f the cluster are expressed more a n t e r i o r l y a n d earlier in the e m b r y o
t h a n are genes l o c a t e d t o w a r d s the S' end. This c o r r e l a t i o n has been t e r m e d spatial a n d t e m p o r a l
c o l i n e a r i t y . " In mammals, Hox genes are a r r a n g e d i n t o four c h r o m o s o m a l clusters, t e r m e d Hox
A - D , w h i c h c o n t a i n b e t w e e n 9 and 11 Hox genes t h a t can be assigned to 13 p a r a l o g o u s groups.
O n l y the Hox B cluster comprises o r t h o l o g s o f all Drosophila h o m e o t i c genes. As in Drosophila,
s p a t i a l a n d t e m p o r a l c o l i n e a r i t y is also o b s e r v e d a m o n g v e r t e b r a t e Hox genes a n d more p o s t e r i o r
a c t i n g genes impose t h e i r d e v e l o p m e n t a l specificities u p o n a n t e r i o r a c t i n g genes. 32

, 33

Hox gene expression in the d e v e l o p i n g C N S is a s h a r e d feature o f a wide range o f b i l a t e r i a n
animals, i n c l u d i n g p r o t o s t o m e s such as insects or a n n e l i d s a n d d e u t e r o s t o m e s , such as h e m i c h o r ­
dates or v e r t e b r a t e s . r ' : " Remarkably, t h r o u g h o u t the Bilateria, Hox gene o r t h o l o g s are expressed
in a similar a n t e r o p o s t e r i o r order. In Drosophila, the expressions o f Hox cluster genes d e l i n e a t e
discrete d o m a i n s in the e m b r y o n i c b r a i n and v e n t r a l nerve cord (Fig. 3A). Their a n t e r i o r expression
b o u n d a r i e s often c o i n c i d e w i t h m o r p h o l o g i c a l l y d e f i n e d n e u r o m e r e c o m p a r t m e n t b o u n d a r i e s .
A l t h o u g h the a n t e r o p o s t e r i o r o r d e r o f Hox gene expression d o m a i n s largely follows the spatial
c o l i n e a r i t y rule k n o w n from e c t o d e r m a l s t r u c t u r e s , o n e i m p o r t a n t d i f f e r e n c e is n o t e w o r t h y :
expression o f t h e t w o 3' -most Hox genes o f the A N T - C is i n v e r t e d , in t h a t the a n t e r i o r expression
b o u n d a r y o f lab lies p o s t e r i o r to t h a t o f pb. 34 Interestingly, this p a r t i c u l a r i t y o f the Hox expression
p a t t e r n in the C N S is c o m m o n to fly a n d mouse. In v e r t e b r a t e s , Hox genes are expressed in the
d e v e l o p i n g h i n d b r a i n a n d spinal cord. The relative a n t e r o p o s t e r i o r o r d e r o f Hox gene expression
in the C N S o f v e r t e b r a t e s is v i r t u a l l y i d e n t i c a l to t h e i r a r r a n g e m e n t in Drosophila, i n c l u d i n g the
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inverted order o f the lab and pb o r t h o l o g s , H o x b - l and Hoxb- 2 (Fig. 3B). 38 As more expression data
from different p r o t o s t o m e and d e u t e r o s t o m e species becomes available, the o r d e r e d expression o f
Hox genes along the a n t e r o p o s t e r i o r axis o f the d e v e l o p i n g nervous system is likely to c o n s o l i d a t e
as a c o m m o n feature o f b i l a t e r i a n animals.

In Drosophila, m u t a t i o n a l i n a c t i v a t i o n o f e i t h e r o f the h o m e otic genes lab or D f d causes severe
axonal p a t t e r n i n g defects in the e m b r y o n i c brain. 34 In lab null m u t a n t s , axonal p r o j e c t i o n defects
are observed in the p o s t e r i o r t r i t o c e r e b r u m where lab is expressed in the wild type brain. In the
m u t a n t , l o n g i t u d i n a l pathways c o n n e c t i n g s u p r a e s o p h a g e a l and s u b e s o p h a g e a l ganglia as well as
p r o j e c t i o n s in the t r i t o c e r e b r a l commissure are absent or reduced. These b r a i n defects are n o t due
to deletions in the affected n e u r o m e r e ; n e u r o n a l p r o g e n i t o r s are p r e s e n t and give rise to progeny
in the m u t a n t d o m a i n . However, these p o s t m i t o t i c p r o g e n y fail to acquire a n e u r o n a l identity,
as i n d i c a t e d by the absence o f n e u r o n a l markers and the lack o f axonal and d e n d r i t i c extensions
(Fig. 3A). C o m p a r a b l e defects are seen i n D f d m u t a n t s in the c o r r e s p o n d i n g m a n d i b u l a r l a n t e r i o r
maxillary d o m a i n , where the gene is expressed in the wild type b r a i n . " Thus, the activity o f the
h o m e o t i c genes lab and D f d is necessary to establish r e g i o n a l i z e d n e u r o n a l i d e n t i t y in the brain
o f Drosophila.

The mouse lab o r t h o l o g s , H o x a - l and H o x b - l , are expressed in o v e r l a p p i n g d o m a i n s w i t h a
sharp a n t e r i o r b o u n d a r y c o i n c i d i n g w i t h the p r e s u m p t i v e r h o m b o m e r e 3 / 4 border. F u n c t i o n a l
i n a c t i v a t i o n o f H o x a - l results in s e g m e n t a t i o n defects leading to a r e d u c e d size o f r h o m b o m e r e s
4 and S and defects in m o t o r n e u r o n axonal p r o j e c t i o n s b u t the n o r m a l i d e n t i t y o f r h o m b o m e r e
4 is n o t altered.'? In c o n t r a s t , loss o f H o x b - l f u n c t i o n has no influence on the size o f r h o m b o m e r e
4 b u t causes a p a r t i a l t r a n s f o r m a t i o n i n t o a r h o m b o m e r e 2 I d e n t i t y , " The Hoxa-L, H o x b - l double
m u t a n t results in a t e r r i t o r y o f u n k n o w n i d e n t i t y and r e d u c e d size b e t w e e n r h o m b o m e r e s 3 and S,
suggesting a synergistic action o f the two genes in r h o m b o m e r e 4 specification (Fig. 3B).39 Thus, the
c o n c e r t e d activity o f H o x a - l and H o x b - l has a similar role in the specification o f the r e g i o n a l i z e d
n e u r o n a l i d e n t i t y as does t h e i r o r t h o l o g lab in the C N S o f Drosophila. This suggests a f u n c t i o n a l
c o n s e r v a t i o n o f Hox genes, in a d d i t i o n to a similar mode o f expression, d u r i n g nervous system
d e v e l o p m e n t o f b i l a t e r i a n animals and s u p p o r t s the idea o f a c o m m o n o r i g i n o f the C N S .

E v i d e n c e for a T r i p a r t i t e O r g a n i z a t i o n o f t h e B r a i n
C o m p a r a t i v e gene expression studies, as reviewed here for Drosophila and mouse, have been

carried o u t in n u m e r o u s p r o t o s t o m e and d e u t e r o s t o m e phyla.36.41-44 The s u b d i v i s i o n o f the de­
veloping b r a i n i n t o an a n t e r i o r region specified by genes o f the o t d l O t x family and a p o s t e r i o r
region specified by genes o f the Hox family appears to be a universal feature o f b i l a t e r i a n animals.
In v e r t e b r a t e s and u r o c h o r d a t e s , a t h i r d e m b r y o n i c d o m a i n along the a n t e r o p o s t e r i o r neuraxis,
c h a r a c t e r i z e d by o v e r l a p p i n g expression o f the Pax2, Pax5 and Pax8 genes, is l o c a t e d b e t w e e n the
a n t e r i o r Otx and the p o s t e r i o r Hox expressing regions o f the e m b r y o n i c brain. 4 s- 47 In v e r t e b r a t e
brain d e v e l o p m e n t , this P a x 2 / 5 / 8 d o m a i n is l o c a t e d b e t w e e n the p r e s u m p t i v e m e s e n c e p h a l o n and
m e t e n c e p h a l o n , where it plays a crucial role in d e v e l o p m e n t o f the m i d b r a i n - h i n d b r a i n b o u n d a r y
( M H B ) region or isthmus. T r a n s p l a n t a t i o n experiments, in w h i c h M H B tissue grafts are i n s e r t e d
to more rostral or caudal b r a i n regions i n d u c i n g ectopic m e s e n c e p h a l i c - m e t e n c e p h a l i c s t r u c t u r e s ,
reveal an o r g a n i z e r f u n c t i o n o f the M H B . This o r g a n i z e r activity on the s u r r o u n d i n g n e u r a l tis­
sue is t h o u g h t to be m e d i a t e d by fibroblast g r o w t h factor 8 (Fgf8) and W n t l p r o t e i n s , w h i c h are
secreted by cells l o c a t e d in the M H B . 4s. 47 In early e m b r y o n i c d e v e l o p m e n t o f the v e r t e b r a t e C N S ,
the h o m e o b o x gene Gbx2 is expressed in the a n t e r i o r h i n d b r a i n just p o s t e r i o r to the Otx2 d o m a i n
in the f o r e b r a i n and m i d b r a i n . D u r i n g g a s t r u l a t i o n a n d early n e u r u l a t i o n the M H B is e s t a b l i s h e d
at the Otx21 Gbx2 interface, where s u b s e q u e n t l y the expression d o m a i n s o f o t h e r M H B markers
i n c l u d i n g P a x 2 / 5 / 8 , Fgf8, W n t l and E n l / 2 are p o s i t i o n e d (Fig. 4 C ) . The two h o m e o b o x genes
Otx2 and Gbx2 m u t u a l l y repress one a n o t h e r and u p r e g u l a t i o n or d o w n r e g u l a t i o n o f e i t h e r gene
shifts the p o s i t i o n o f the M H B accordingly.4S.47 Therefore, in vertebrates an a n t a g o n i s t i c i n t e r a c t i o n
b e t w e e n Otx2 and Gbx2 d u r i n g early e m b r y o n i c d e v e l o p m e n t is involved in the correct p o s i t i o n i n g
o f the M H B at t h e i r c o m m o n interface.
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Figure 3 . S i m p l i f i e d schematic c o m p a r i s o n of Hox gene expression domains and m u t a n t phe­
notypes in the CNS of Drosophila and mouse . Schematic representations of the e m b r y o n i c
brain w i t h a n t e r i o r towards the left and poster ior towards the right. A) Expression domains of
the h o m e o t i c genes of the A n t e n n a p e d i a and B i t h o r a x complexes in the CNS of Drosophila
(see text for gene n o m e n c l a t u r e ) . In lab null m u t a n t embryos (lab · I . ) , cells of the p o s t e r i o r part
of the t r i t o c e r e b r u m (b3) are c o r r e c t l y located in the m u t a n t d o m a i n , but fail to assume t h e i r
c o r r e c t neuronal cell fate (dashed lines). B) Expression of the Hox genes H o x b - l to Hoxb-9 in
the d e v e l o p i n g mouse CNS. Hoxa- F and H o x b - l ' l-double m u t a n t embryos t H o x e - t " ; H o x b - t r ;
lose r h o m b o m e r e 4 i d e n t i t y (dashed lines). A b b r e v i a t i o n s : T, t e l e n c e p h a l o n ; D, d i e n c e p h a l o n ;
M, mesencephalon; 1-8 , r h o m b o m e r e s 1-8 ; (for other abbrev iations see Fig. 2). M o d i f i e d and
r e p r i n t e d w i t h permission from : H i r t h F et al. D e v e l o p m e n t 1998; 125: 1579-1589. © The
C o m p a n y of Biologists Limited .
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Gene expression studies i n d i c a t e t h a t a similar t r i p a r t i t e g r o u n d plan for a n t e r o p o s t e r i o r
r e g i o n a l i z a t i o n o f the e m b r y o n i c brain is also p r e s e n t in Drosophila . The Drosophila genome
contains two genes, Pox neuro (Poxn) and Pax2, which are t o g e t h e r c o n s i d e r e d to be o r t h o l o g s
o f the Pax2 / 5 / 8 g e n e s . " Remarkably, expression o f b o t h o r t h o l o g s is present at the interface o f
otd and the Drosophila Gbx2 o r t h o l o g unplugged (unpg), a n t e r i o r to a Hox-expressing region (Fig.
4A,B) .44 A l t h o u g h Poxn and Pax2 are expressed in a segmentally reiterated p a t t e r n along the entire
e m b r y o n i c eNS , t h e i r expression at the otdlunpg interface is exceptional in two ways. The two
genes are expressed in adjacent domains d e l i n e a t i n g t o g e t h e r a transversal stripe o f the brain and
this is the only p o s i t i o n along the neuraxis where expression o f b o t h genes coincides with a brain
neuromere boundary, the d e u t o c e r e b r a l - t r l t o c e r e b r a l b o u n d a r y (DTB) (Fig. 4A ,B) . 44 Analyses
o f either otd or unpg m u t a n t s reveal a mutually repressive f u n c t i o n o f the two genes d u r i n g early
brain p a t t e r n i n g . Thus , in otd m u t a n t embryos a rostral extension o f the unpg expression d o m a i n
is observed (in a d d i t i o n to the d e l e t i o n o f the a n t e r i o r brain). O n the o t h e r hand, m u t a t i o n a l
inactivation o f the unpg gene results in a caudal shift o f the p o s t e r i o r l i m i t o f otd expression ."
Therefore , in b o t h Drosophila and mouse, the early i n t e r a c t i o n o f otdlOtx2 and unpglGbx2 is
essential for the correct p o s i t i o n i n g o f an i n t e r m e d i a t e brain d o m a i n c h a r a c t e r i z e d by a sharply
delim ited otd l O t x2 and unpgl Gbx2 interface and the expression o f Pax2/5 /8 genes. In c o n t r a s t to
vertebrates, m u t a t i o n a l inactivation o f the Drosophila Pax2/5 /8 o r t h o l o g s Poxn or Pax2 does not
appear to result in brain p a t t e r n i n g defects . Moreover , to date, there is no evidence o f an organizer
activity at the fly DTB, su ggesti n g that the organizer f u n c t i o n at the otdlOtx2 and unpglGbx2
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and shown in grey). B,C) The expression of otd / O t x 2 , unpg /Cbx2, Pax2/5 /B and Hoxl gene
o r t h o l o g s in the d e v e l o p i n g CNS of Drosophila (B) and mouse (C). (In this schematic , a n t e r i o r
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al. Deve l o p m e n t 2003; 130 : 2365-2373 . © The Company of Biologists Lim ited .
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interface m i g h t have emerged after the p r o t o s t o m e / d e u t e r o s t o m e divergence t h a t s e p a r a t e d insects
and v e r t e b r a t e s . In fact, an o r g a n i z e r activity o f the MHB region has so far only been d e m o n s t r a t e d
for v e r t e b r a t e species w i t h i n d e u t e r o s t o m e s .

In summary, c u r r e n t c o m p a r a t i v e data i n d i c a t e s t h a t similar genetic p a t t e r n i n g m e c h a n i s m s
act in a n t e r o p o s t e r i o r r e g i o n a l i z a t i o n o f the d e v e l o p i n g b r a i n in Drosophila and v e r t e b r a t e species
a n d e s t a b l i s h a c o m m o n , e v o l u t i o n a r i l y c o n s e r v e d t r i p a r t i t e g r o u n d plan. This suggests t h a t a cor­
r e s p o n d i n g t r i p a r t i t e o r g a n i z a t i o n o f the d e v e l o p i n g b r a i n was already p r e s e n t in the last c o m m o n
b i l a t e r a l a n c e s t o r o f insects and v e r t e b r a t e s .
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Dorsoventral Patterning of the Brain:
A Comparative Approach
R o l f U r b a c h * a n d G e r h a r d M. T e c h n a u

A b s t r a c t

D e ve l o p m e n t o f t h e c e n t r a l n e r v o u s system ( C N S ) involves t h e t r a n s f o r m a t i o n o f a
t w o - d i m e n s i o n a l e p i t h e l i a l sheet o f u n i f o r m e c t o d e r m a l cells, the n e u r o e c t o d e r m , i n t o
a h i g h l y c o m p l e x t h r e e - d i m e n s i o n a l s t r u c t u r e c o n s i s t i n g o f a huge v a r i e t y o f d i f f e r e n t

n e u r a l cell types. C h a r a c t e r i s t i c n u m b e r s o f each cell type b e c o m e a r r a n g e d in r e p r o d u c i b l e spatial
p a t t e r n s , w h i c h is a p r e r e q u i s i t e for the e s t a b l i s h m e n t o f specific f u n c t i o n a l c o n t a c t s . S p e c i f i c a t i o n
o f cell fate a n d r e g i o n a l p a t t e r n i n g critical d e p e n d s on p o s i t i o n a l i n f o r m a t i o n c o n f e r r e d to n e u r a l
stem cells early in the n e u r o e c t o d e r m . This c h a p t e r c o m p a r e s r e c e n t findings on m e c h a n i s m s t h a t
c o n t r o l the s p e c i f i c a t i o n o f cell fates along the d o r s o v e n t r a l axis d u r i n g e m b r y o n i c d e v e l o p m e n t o f
the C N S in Drosophila a n d v e r t e b r a t e s . D e s p i t e the clear s t r u c t u r a l differences in the o r g a n i z a t i o n
o f the C N S in a r t h r o p o d s and vertebrates, c o r r e s p o n d i n g d o m a i n s w i t h i n the d e v e l o p i n g b r a i n a n d
t r u n c a l n e r v o u s system express a c o n s e r v e d set o f c o l u m n a r genes (msh/Msx, ind/Gsh, vnd/Nkx)
involved in d o r s o v e n t r a l r e g i o n a l i z a t i o n . In b o t h Drosophila and mouse the expression o f these
genes e x h i b i t s d i s t i n c t differences b e t w e e n the cephalic a n d t r u n c a l p a r t o f the C N S . Remarkably,
n o t o n l y the expression o f c o l u m n a r genes shows s t r i k i n g parallels b e t w e e n b o t h species, b u t to
some e x t e n t also t h e i r genetic i n t e r a c t i o n s , suggesting an e v o l u t i o n a r y c o n s e r v a t i o n o f key regula­
tors o f d o r s o v e n t r a l p a t t e r n i n g in the b r a i n in terms o f expression a n d f u n c t i o n .

I n t r o d u c t i o n
The c e n t r a l n e r v o u s system ( C N S ) in Drosophila and in v e r t e b r a t e s can be s u b d i v i d e d i n t o

two main p o r t i o n s , a t r u n c a l p a r t ( v e n t r a l nerve c o r d ( V N C) in Drosophila a n d spinal c o r d in
v e r t e b r a t e s ) c o m p o s e d o f r e p e t i t i v e s e g m e n t a l u n i t s a n d an a n t e r i o r p a r t , the b r a i n , e x h i b i t i n g a
less overt s e g m e n t a l c o m p o s i t i o n (Fig. 1).

In Drosophila, the C N S develops from a b i l a t e r a l l y s y m m e t r i c a l s h e e t o f n e u r o e c t o d e r m a l cells
on the v e n t r a l side o f the e m b r y o . It gives rise to a fixed n u m b e r o f n e u r a l stem cells, called n e u r o ­
blasts (NBs), w h i c h segregate to the i n t e r i o r o f the e m b r y o . NBs w h i c h form the V N C a n d b r a i n
d e s c e n d from the t r u n c a l a n d p r o c e p h a l i c n e u r o e c t o d e r m , respectively (Fig. 2).1,2 In v e r t e b r a t e s ,
the C N S forms from a b i l a t e r a l l y s y m m e t r i c a l n e u r o e c t o d e r m on the dorsal side o f the e m b r y o .
The whole n e u r o e c t o d e r m a l s h e e t invaginates to form the n e u r a l t u b e , w h i c h develops i n t o the
spinal cord and brain. Accordingly, the d i f f e r e n t i a t i n g NBs do n o t d e l a m i n a t e b u t m a i n t a i n c o n t a c t
w i t h the e p i t h e l i a l surfaces (for a review see r e f 3). Insect a n d v e r t e b r a t e NBs divide r e i t e r a t i v e l y
to give rise to specific types o f n e u r o n s ( m o t o n e u r o n s , i n t e r n e u r o n s ) a n d glial cells.

In Drosophila, the b o r d e r b e t w e e n n e u r o g e n i c and n o n n e u r o g e n i c e c t o d e r m becomes d e f i n e d
by two a n t a g o n i s t i c a l l y acting e x t r a c e l l u l a r factors e n c o d e d by short gastrulation (sog) a n d decapen­
taplegic (dpp). The h o m o l o g o u s genes in Xenopus ( v e r t e b r a t e s ) , Cbordin a n d Bone morphogenetic

* C o r r e s p o n d i n g A u t h o r : Rolf U r b a c h - I n s t i t u t e of Genetics, U n i v e r s i t y of M a i n z , 0 - 5 5 0 9 9
M a i n z , Germany. Email: u r b a c h e s u n i - m a i n z . d e
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D r o s o p h i l a

Brain D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r

V e r t e b r a t e

Figure 2 . Expression of Dpp / BMP4 and Sog/Chordin as well as of the columnar genes support
the inversion of the OV body axis. S i m p l i f i e d schemes of cross sections through the trunk
of d e v e l o p i n g Drosophila and vertebrate embryos (ind icated by frames in A,B; neurogenic
ectoderm h i g h l i g h t e d in brown) during successive stages of d e v e l o p m e n t (A1-A3 and B1-B3,
respectively) . A1 , B1) The border between n o n n e u r o g e n i c (grey) and neurogenic ectoderm
(coloured ) becomes defined by gradients of the a n t a g o n i s t i c a l l y acting factors Short gastrula­
tion (Sog)/Chordin (both in blue ) and O e c a p e n t a p l e g i c (Opp )/Bone m o r p h o g e n e t i c protein 4
(Bmp4 ) (b o t h in red). The ectodermal region expressing sog /ch ordin forms the n e u r o e c t o d e r m ,
w h i c h is dorsal i n vertebrates but ventral in D r o s o p h i l a . OV p a t t e r n i n g w i t h i n the D r o s o p h i l a
n e u r o e c t o d e r m is achieved by the a c t i v i t y of the c o l u m n a r genes: msh, i n d and v n d (a s in­
di cated b y the c o l o u r code ), expressed i n l o n g i t u d i n a l columns at lateral, i n t er m edi at e and
ventral sites, respectively . A set of h o m o l o g o u s genes Msx , Gsh 2 and Nkx2 , is expressed in
the vertebrate n e u r o e c t o d e r m in a c o r r e s p o n d i n g medio-Iateral sequence . A2 , B2) Two d i f ­
ferent modes of morphogenes is are apparent d u r i n g ongoin g d e v e l o p m e n t : The Drosophila
n e u r o e c t o d e r m gives rise to neuroblasts (N B), w h i c h delaminate towards the i nt er i o r of the
embryo to form the ventral nerve cord (v n c). The vertebrate n e u r o e c t o d e r m invag inates to
form the dorsal neural tube . A3 , B3) In the vertebrate spinal cord (sp) the c o l u m n a r genes
are nevertheless expressed in the same dorso ventral order as in the Dro s ophila v en t ral nerve
cord . Further abbrev iat ions : np, neural plate; vNE, ventral n e u r o e c t o d e r m ; pNE, p r o c e p h a l i c
n e u r o e c t o d e r m .
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protein 4 (BMP4), respectively, basically serve the same function." In b o t h species, the region in
w h i c h sog/Chordin is expressed forms the n e u r o e c t o d e r m . Since the n e u r o e c t o d e r m is v e n t r a l in
a r t h r o p o d s b u t dorsal in vertebrates, this has s u p p o r t e d the hypothesis t h a t the d o r s o v e n t r a l ( D V )
body axis became i n v e r t e d d u r i n g c h o r d a t e e v o l u t i o n . This c o n c e p t suggests a m o n o p h y l e t i c origin
and thus, h o m o l o g y o f the C N S in p r o t o s t o m e s and d e u t e r o s t o m e s . t "

Remarkably, despite the clear s t r u c t u r a l differences in the m a t u r e C N S , c o r r e s p o n d i n g D V
s u b d o m a i n s w i t h i n a r t h r o p o d and v e r t e b r a t e n e u r o e c t o d e r m express h o m o l o g o u s genes ( k n o w n
as " c o l u m n a r " genes; described below). This suggests t h a t aspects o f D V p a t t e r n i n g o f the neu­
r o e c t o d e r m have been e v o l u t i o n a r i l y c o n s e r v e d as well, w h i c h f u r t h e r s u p p o r t s h o m o l o g y o f the
a r t h r o p o d and v e r t e b r a t e C N S .

The less complex t r u n c a l nervous systems in Drosophila and v e r t e b r a t e s (mouse, chick, frog)
have p r o v i d e d useful models to study the m e c h a n i s m s o f p a t t e r n i n g and the g e n e r a t i o n o f neural
cell diversity. Many o f the d e v e l o p m e n t a l processes t h a t u n d e r l i e NB f o r m a t i o n , cell fate specifica­
t i o n and p a t t e r n f o r m a t i o n have been extensively s t u d i e d in this more accessible p a r t o f the C N S
(for a review see refs. 7-11). H o w cell diversity and p a t t e r n i n g are achieved in the b r a i n o f b o t h
a n i m a l phyla is less well u n d e r s t o o d .

Here, we c o m p a r e recent findings on m e c h a n i s m s t h a t specify D V fates in the early (embry­
onic) b r a i n o f Drosophila and v e r t e b r a t e s and compare these m e c h a n i s m s w i t h those acting in
the t r u n c a l C N S .

D V P a t t e r n i n g o f t h e T r u n c a l P a r t o f t h e e N S
i n D r o s o p h i l a a n d V e r t e b r a t e s

D V P a t t e r n i n g o f t h e V N C i n D r o s o p h i l a
In Drosophila, the t r u n c a l n e u r o e c t o d e r m gives rise to the clearly m e t a m e r i c a l l y o r g a n i z e d

V N C , w h i c h comprises 8 a b d o m i n a l , 3 t h o r a c i c and 3 g n a t h a l segmental units ( n e u r o m e r e s ) .
The p r i m o r d i u m o f the V N C ( n e u r o e c t o d e r m and NBs) is s u b d i v i d e d along the D V axis i n t o
a d j a c e n t l o n g i t u d i n a l columns mainly by the activity o f three h o m e o b o x genes ( c o l u m n a r genes).
ventral nervous system defective (vnd) is expressed in the ventral, intermediate neuroblasts defective
(ind) in the i n t e r m e d i a t e and muscle segment homeobox (msh; Drop [Dr]-FlyBase) in the dorsal
n e u r o e c t o d e r m a l c o l u m n (Fig. 3A).12-18 O n s e t o f t h e i r expression is at the b l a s t o d e r m stage.

The genetic m e c h a n i s m s e s t a b l i s h i n g and m a i n t a i n i n g the sharp b o r d e r s b e t w e e n the d o m a i n s
o f c o l u m n a r gene expression in the V N C have been explored in detail. The c o l u m n a r genes inter­
act in a h i e r a r c h i c a l cascade o f t r a n s c r i p t i o n a l repression (also k n o w n as "ventral d o r n i n a n c e ' T ' )
a c c o r d i n g to w h i c h vnd represses ind (and msh) in the ventral c o l u m n and ind represses msh in
the i n t e r m e d i a t e column. Thus, Vnd d e t e r m i n e s the ventral b o r d e r o f the Ind d o m a i n and Ind
the v e n t r a l b o r d e r o f the Msh d o m a i n . The v e n t r a l b o r d e r o f the Vnd d o m a i n is defined by the
mesoderm-specific genes twist and snail (for a review see refs. 20, 21). It is less clear how t h e i r dorsal
b o r d e r s are established. msh expression seems to be dorsally c o n f i n e d by the repressive activity o f
g r a d e d levels o f D p p and vnd expression by the D o r s a l gradient, w h i c h activates vnd. 22 The dorsal
b o r d e r o f ind expression may be f o r m e d by the l i m i t e d activity o f Epidermalgrowthfactor receptor
(Egfr) and Dorsal, 21 but also by the activity o f spatially localized repressors, which are yet u n k n o w n . "
Egfr activity in the v e n t r a l and i n t e r m e d i a t e c o l u m n regulates the fate o f NBs derived from these
columns and is f u r t h e r necessary for the m a i n t e n a n c e o f vnd expression in the v e n t r a l c o l u m n . 2 4

-
26

F u r t h e r m o r e , p o s i t i o n a l i n f o r m a t i o n p r o v i d e d by D p p / B M P signalling c o n t r i b u t e s to p a t t e r n i n g
the n e u r o e c t o d e r m by repressing c o l u m n a r genes in a t h r e s h o l d - d e p e n d e n t f a s h i o n . "

C o l u m n a r genes encode key r e g u l a t o r s o f N B i d e n t i t y and each c o l u m n t h e r e b y gives rise to a
p o p u l a t i o n o f d i s t i n c t l y specified NBs. However, whereas vnd, ind and Egfr have also been shown
to be crucial for the f o r m a t i o n o f NBs in t h e i r respective column, this role appears dispensable for
msh (for a review see ref. 20).
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Figure 3 . G e n e t i c i n t e r a c t i o n s c o n t r o l l i n g DV p a t t e r n i n g of the truncal nervous system in
Drosophila and ve rteb rates. A) Schematic cross section through a Drosophila e m b r y o at the
b l a s t o d e r m a l stage. I n t e n s i t y of red c o l o u r indicates gradient of D e c a p e n t a p l e g i c (Dpp) w h i c h
in the dorsal e c t o d e r m decreases from dorsal to ventral. Dpp i s v e n t r a l l y c o n f i n e d by repressive
a c t i v i t y of Short g a s t r u l a t i o n (Sog), I n t e n s i t y of blue c o l o u r indicates the grad ient of nuclear
Dorsal protein, wh ich i n c r ea ses from dorsal to ventral. W i t h i n the n e u r o e c t o d e r m , the p r o p e r
spatial doma ins of c o l u m n a r gene expression are regulated by transcr i p t i o n a l repression : vnd
rep resses ind (and msh) in the ventral and ind represses msh i n the i n t e r m e d i a t e n e u r o e c t o ­
derm . Vnd and Epidermal g r o w t h factor receptor (Egfr) are vent rally delim ited by repressive
a c t i v i t y of snail (from the mesoderm). Msh and SoxNeuro (SoxN) are d o r s a l l y repressed by
D p p . Cleaved Spitz (cSpitz) emanating from m e s e c t o d e r m a l cells (framed in p i n k ) activates
EGFR signall ing . N u c l e a r Dorsal activates vnd , Egfr and msh in a c o n c e n t r a t i o n - d e p e n d e n t
manner . Figure legend c o n t i n u e d on f o l l o w i n g page.
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Figure 3, c o n t i n u e d from previous page. Egfr signaling in turn activates i n d and d i c h a e t e
(0) and is necessary for maintainence of vnd. Factors expressed in the ventral, i n t e r m e d i ­
ate and dorsal columns are necessary for proper f o r m a t i o n and s p e c i f i c a t i o n of neuroblasts
(NB) in the respective domains (however, msh is dispensable for f o r m a t i o n of dorsal NBs).
B) Schematic cross section through an early neural tube, in w h i c h dorsal ( d p l - 6 ) and ventral
neural p r o g e n i t o r domains (vpO-3, v p M N ) d e v e l o p i n g w i t h i n the v e n t r i c u l a r zone are dis­
tinguished and some main genetic i n t e r a c t i o n s w h i c h lead to their p r o p e r s p e c i f i c a t i o n are
i n d i c a t e d . These p r o g e n i t o r domains express d i s t i n c t c o m b i n a t i o n s of t r a n s c r i p t i o n factors
and generate interneurons ( d p l - 6 , vpO-3) or m o t o n e u r o n s ( v p M N ) . The c o n c e n t r a t i o n of
Bone m o r p h o g e n e t i c proteins (BMPs, i n t e n s i t y of red colour), secreted from the roof plate (rp)
decreases from dorsal to ventral. Patterning of dorsal and i n t e r m e d i a t e - t y p e neural progeni­
tors requires i n d u c t i v e a c t i v i t y of BMPs. Conversely, the gradient of Sonic hedgehog (Shh,
intensity of grey colour), secreted from the f l o o r plate (fp), decreases from ventral to dorsal.
The Shh gradient is interpreted to establish the domains of ventral neuroblasts (vpO-3, v p M N ) .
Shh also prevents the f o r m a t i o n of the repressor form of G l . l - K r u p p e l f a m i l y member 3 (Gli),
w h i c h i n h i b i t s s p e c i f i c a t i o n of ventral progenitors domains ( v p l , vp2, v p M N ) . Retinoid acid
(RA) is involved in s p e c i f i c a t i o n of the ventral neuroblast domains (vpO, v p l , v p M N ) as well.
S p e c i f i c a t i o n of ventral fates involves a d d i t i o n a l l y the a c t i v i t y of BMP antagonists (Chordin
[CHRD], Noggin [ N O G ] , Follistatin [FST]). The ventral p r o g e n i t o r domains are c o n f i n e d by
selective cross-repression of h o m e o d o m a i n proteins (as shown on the right): N k x 2 . 2 and
Nkx6.1 c o m p l e m e n t a r i l y cross-repress Paired box 6 (Pax6) and D e v e l o p i n g brain h o m e o b o x 2
(Dbx2), respectively. Domains of neuroblasts in the dorsal half of the neural tube are specified
by the a c t i v i t y of M s x l / 3 (expressed in dorsal d p l - 3 ) , C s h l / 2 (expressed in i n t e r m e d i a t e - l i k e
dp3-5) and by the cross-repressive a c t i v i t y of basic h e l i x - l o o p - h e l i x proteins (such as M a t h l ,
N g n l , M a s h l , w h i c h are not i n d i c a t e d in the scheme). Msx genes and Csh2 act downstream
of BMP signalling. Note the partial overlap of Csh2 and dorsal M s x l / 3 expression suggesting
that Csh2 does not repress Msx genes, w h i c h contrasts the situation in D r o s o p h i l a .

A C o m p a r i s o n w i t h D V P a t t e r n i n g o f the S p i n a l C o r d in V e r t e b r a t e s
V e r t e b r a t e genes closely r e l a t e d to vnd (Nkx2.1, N k x 2 . 2 ) , i n d (Gshl, Gsh2) a n d msh ( M s x l ,

Msx2, Msx3) are e n g a g e d in D V p a t t e r n i n g o f the d e v e l o p i n g n e u r a l p l a t e (Fig. 2) (for a review
see refs. 3,21). However, c o m p a r e d to Drosophila, the genetic i n t e r a c t i o n s w h i c h e s t a b l i s h t h e i r
d o m a i n s o f expression are less clear since the analysis in v e r t e b r a t e s is h a m p e r e d by the large n u m b e r
o f extrinsic s i g n a l l i n g molecules involved a n d the i n h e r e n t c o m p l e x i t y o f the genetic n e t w o r k due
to the existence o f m u l t i p l e family m e m b e r s . For example, t h e M s x gene family in mouse comprises
t h r e e copies o f an a n c e s t r a l m s b / M s x gene. 2 8

-
30

A l t h o u g h the spatial expression o f the c o l u m n a r genes in the n e u r a l t u b e closely m i r r o r s the
s i t u a t i o n in Drosophila, t h e r e are a p p a r e n t differences r e g a r d i n g t h e s i g n a l l i n g m e c h a n i s m s t h a t
act u p s t r e a m . The f l o o r p l a t e l n o t o c h o r d at v e n t r a l a n d t h e r o o f p l a t e at d o r s a l m i d l i n e p o s i t i o n o f
the d e v e l o p i n g n e u r a l t u b e r e p r e s e n t two signalling centres, w h i c h i n d u c e ( n o n c e l l - a u t o n o m o u s l y )
dorsal and v e n t r a l n e u r a l fates. Similar to the f l o o r p l a t e , the m e s e c t o d e r m a l v e n t r a l m i d l i n e in
Drosophila ( w h i c h is specified by single m i n d e d andEgfr) operates as a signalling centre and plays an
i m p o r t a n t role in the d e t e r m i n a t i o n o f cell fate in the lateral C N S a n d later in axon p a r h f i n d i n g . v "
However, in vertebrates, the signalling molecule secreted by the floor plate is Sonic h e d g e h o g (Shh) ,
a m e m b e r o f the h e d g e h o g (hh) gene family. G r a d e d S h h activates (or represses) the expression
o f various i n t e r a c t i n g h o m e o b o x genes ( a m o n g w h i c h are the v n d h o m o l o g s N k x 2 . 1 a n d N k x 2 . 2 ,
as well as N k x 6 . 1 ) a n d specifies the fates o f n e u r a l p r o g e n i t o r s in the v e n t r a l n e u r a l t u b e (vpO-3,
v p M N ; Fig. 3B)34 (for a review see refs. 8,35). This c o n t r a s t s the s i t u a t i o n in Drosophila, in w h i c h
the V N C is p a t t e r n e d (1) by Dorsal a n d Egfr, w h i c h i n d u c e v n d and i n d (see above)22 a n d (2) by
the T G F a h o m o l o g u e Spitz, w h i c h is s e c r e t e d by the v e n t r a l m i d l i n e a n d leads to g r a d e d activa­
t i o n o f E g f r in the n e u r o e c t o d e r m . w " Hh, on the o t h e r h a n d , is expressed in s e g m e n t a l stripes
o r t h o g o n a l to the m i d l i n e a n d c o n t r o l s cell fate w i t h i n the v e n t r a l m i d l i n e " , b u t does n o t i n d u c e
ventral-specific p a t t e r n i n g genes in the a d j a c e n t n e u r o e c t o d e r m .

M u c h less is k n o w n a b o u t p a t t e r n i n g a n d s p e c i f i c a t i o n o f d o r s a l a n d i n t e r m e d i a t e n e u r o b l a s t s
w h i c h descend from the dorsal h a l f o f the n e u r a l t u b e . In mouse, all t h r e e m e m b e r s o f t h e M s x gene
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family are expressed in d o r s a l m o s t n e u r o b l a s t s . W h i l e p a t t e r n s o f M s x l a n d Msx2 e x p r e s s i o n are
largely o v e r l a p p i n g in several n o n n e u r a l tissues as well, Msx3 is exclusively r e s t r i c t e d to t h e d o r s a l
c o l u m n o f n e u r a l p r o g e n i t o r s " (for a review see r e f 30). Msx e x p r e s s i o n in the d o r s a l c o l u m n is
d e t e r m i n e d by m o l e c u l e s o f the TGF-~ family s e c r e t e d f r o m the r o o f plate, a m o n g w h i c h are the
D p p - r e l a t e d B M P 2 / 4 . B M P 2 / 4 activate a n d seem to define b o t h t h e d o r s a l a n d v e n t r a l b o r d e r o f
Msx e x p r e s s i o n / " This a p p e a r e d to be in c o n t r a s t to Drosophila, w h e r e D p p represses msh a n d t h u s
defines o n l y the dorsal b o r d e r o f its e x p r e s s i o n . f However, it has r e c e n t l y been r e p o r t e d t h a t g r a d e d
D p p a c t i v i t y helps e s t a b l i s h the mshlind a n d the indlvndborders as well by r e p r e s s i n g m s h , ind a n d
vnd in a t h r e s h o l d - d e p e n d e n t f a s h i o n a n d t h a t B M P s act in a s i m i l a r f a s h i o n in c h i c k n e u r a l p l a t e
e x p l a n t s . " Gsh 1 a n d Gsh2 are expressed in an i n t e r m e d i a t e c o l u m n in t h e n e u r a l t u b e . B o t h genes
are n e c e s s a r y for fate s p e c i f i c a t i o n o f i n t e r m e d i a t e p r o g e n i t o r s (in the p r o g e n i t o r d o m a i n s dp3-S;
Fig. 3B). Gsh2 is p r o p o s e d to act d o w n s t r e a m o f B M P / T G F B s i g n a l l i n g . " In Drosophila n o r m a l
level o f ind e x p r e s s i o n c r i t i c a l l y d e p e n d s o n Eg{r signalling. A l t h o u g h an Eg{r h o m o l o g has b e e n
i d e n t i f i e d in zebrafish, it does n o t seem to have an i n s t r u c t i v e f u n c t i o n in n e u r a l p a t t e r n i n g o f t h e
s p i n a l c o r d " (for a review see r e f 21). A f u r t h e r d i f f e r e n c e is t h a t the e x p r e s s i o n d o m a i n o f Gsh2
p a r t l y overlaps w i t h t h a t o f the Msx genes a n d t h a t e x p r e s s i o n o f Msxl a n d Msx3 is u n c h a n g e d in
Gsh2 single or Gshll2 d o u b l e m u t a n t s . This i n d i c a t e s t h a t Gsh2 c a n n o t repress M s x l l 3 , o p p o s i t e
to t h e Drosophila V N C, where ind clearly represses msh. O n t h e o t h e r h a n d , in b o t h the v e r t e b r a t e
s p i n a l c o r d a n d t h e Drosophila V N C, Msx/msb does n o t repress Gshlind. 18

,41

I n t e r e s t i n g l y , it has been s h o w n t h a t mouse Gsh 1 ( a n d Nkx2.2) does n o t f u n c t i o n in Drosophila
V N C d e v e l o p m e n t , suggesting t h a t f u n c t i o n a l d o m a i n s have b e c o m e d i s t i n c t over time. In c o n t r a s t ,
f u n c t i o n o f zebrafish Nkx6.1 a n d fly N k x 6 seems c o n s e r v e d since in b o t h species o v e r e x p r e s s i o n
o f t h e respective o r t h o l o g leads to t h e i n d u c t i o n o f s u p e r n u m e r a r y m o t o n e u r o n s . t '

F u r t h e r factors i n v o l v e d in the s p e c i f i c a t i o n o f i n t e r m e d i a t e i d e n t i t i e s r e m a i n to be resolved,
as for e x a m p l e signals i n v o l v e d in fate s p e c i f i c a t i o n o f " d p 6 " p r o g e n i t o r s . Such signals may i n c l u d e
r e t i n o i d acid, w h i c h is also necessary for p r o p e r d e v e l o p m e n t o f the a d j a c e n t v e n t r a l n e u r a l p r o ­
g e n i t o r s (for a review see r e f 4 4 ) . In t h e v e r t e b r a t e n e u r a l t u b e , gaps have b e e n o b s e r v e d b e t w e e n
t h e e x p r e s s i o n d o m a i n s o f the c o l u m n a r genes, raising t h e p o s s i b i l i t y t h a t o t h e r genes m i g h t fill
in these gaps." It has b e e n s u g g e s t e d t h a t , in a d d i t i o n to t h e c o l u m n s o f msb/Msx, indlGsh a n d
vnd/Nkx2, t h e early n e u r a l t u b e i n c l u d e s at least a f o u r t h D V c o l u m n w h i c h expresses t h e devel­
oping brain homeobox2 (Dbx2) gene. 4 1,4S,46 The Dbx2 e x p r e s s i o n d o m a i n is p o s i t i o n e d b e t w e e n
t h e i n t e r m e d i a t e GshllGsh2 a n d v e n t r a l Nkx6.1 c o l u m n a n d i n c l u d e s the "dp6" p r o g e n i t o r s . Its
v e n t r a l b o r d e r is d e t e r m i n e d by repressive a c t i v i t y o f Nkx6.1, b u t t h e f a c t o r c o n t r o l l i n g its d o r s a l
b o r d e r is u n k n o w n . H o w e v e r , the Drosophila Dbx h o m o l o g , H2.0, a l t h o u g h expressed in subsets
o f NBs a n d p r o g e n y cells, does n o t seem to be i n v o l v e d in D V s p e c i f i c a t i o n o f NBs since it is n o t
expressed in the t r u n c a l n e u r o e c t o d e r m . "

D V P a t t e r n i n g o f the Brain in D r o s o p h i l a
The Drosophila larval b r a i n develops from the p r o c e p h a l i c n e u r o e c t o d e r m ( p N E ) w h i c h gives

rise to a bilaterally s y m m e t r i c a l array o f a b o u t 100 e m b r y o n i c NBs.47 Presumably all e m b r y o n i c NBs
b e c o m e p o s t e m b r y o n i c a l l y r e a c t i v a t e d to form t h e a d u l t b r a i n , " whereas in the V N C p o s t e m b r y ­
o n i c m i t o t i c a c t i v i t y b e c o m e s r e s t r i c t e d to s e g m e n t - s p e c i f i c s u b p o p u l a t i o n s o f NBs. The p a t t e r n
o f e m b r y o n i c b r a i n NBs n e i t h e r e x h i b i t s an o r d e r e d s e g m e n t a l assembly, n o r m o r p h o l o g i c a l l y
d i s t i n c t s u b d i v i s i o n s i n t o a n t e r o p o s t e r i o r rows or d o r s o v e n t r a l columns, as is at least t r a n s i e n t l y the
case in t h e V N C. A c c o r d i n g l y , t h e s e g m e n t a l c o m p o s i t i o n o f t h e b r a i n is n o t obvious. The b r a i n is
s u b d i v i d e d , from p o s t e r i o r to a n t e r i o r , i n t o t h e t r i t o c e r e b r u m , d e u t o c e r e b r u m a n d p r o t o c e r e b r u m
(Fig. l A - C ) . The e m b r y o n i c t r i t o - a n d d e u t o c e r e b r u m c o r r e s p o n d to one n e u r o m e r e each, d e r i v i n g
f o r m t h e i n t e r c a l a r y a n d a n t e n n a l s e g m e n t , respectively. T h e r e is e v i d e n c e t h a t the p r o t o c e r e b r u m
may c o n s i s t o f t w o n e u r o m e r e s , a large o n e d e r i v i n g f r o m the o c u l a r s e g m e n t a n d a small r e m n a n t
o f t h e l a b r a l s e g m e n t . 4 9,SO Likewise, D V r e g i o n a l i s a t i o n o f the early e m b r y o n i c b r a i n is n o t o v e r t
a n d the u n d e r l y i n g p a t t e r n i n g m e c h a n i s m s are only r u d i m e n t a r i l y u n d e r s t o o d . The c o l u m n a r genes
are expressed in d i s t i n c t areas o f t h e p N E a n d the d e v e l o p i n g b r a i n . A l t h o u g h t h e i r e x p r e s s i o n is
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c o n s i s t e n t w i t h t h e i r role in D V p a t t e r n i n g being p r i n c i p a l l y c o n s e r v e d in the p r o c e p h a l o n , there
are also significant differences in t h e i r p a t t e r n s o f expression as c o m p a r e d to the t r u n k .

E x p r e s s i o n o f C o l u m n a r Genes i n the E a r l y E m b r y o n i c B r a i n
At the gastrula stage, vnd is expressed in the v e n t r a l p N E , covering the p r o s p e c t i v e v e n t r a l

parts o f the t r i t o - , d e u t o - and p r o t o c e r e b r u m . W h i l e Vnd in the t r u n k , is m a i n t a i n e d w i t h i n a
c o n t i n u o u s v e n t r a l n e u r o e c t o d e r m a l c o l u m n d u r i n g s u b s e q u e n t stages, vnd expression in the early
b r a i n is highly dynamic. It becomes progressively c o n f i n e d to three separate ventral d o m a i n s at the
p o s t e r i o r b o r d e r o f the t r i t o - , d e u t o - and p r o t o c e r e b r u m , e n c o m p a s s i n g d i f f e r e n t n u m b e r s o f NBs
and p r o g e n y cells (Fig. 4A).51.52 msh is expressed in the dorsal n e u r o e c t o d e r m o f the i n t e r c a l a r y
and a n t e n n a l segments w h i c h give rise to t r i t o - and d e u t o c e r e b r a l NBs. It is n o t expressed in the
p r i m o r d i u m o f the p r o t o c e r e b r u m . In the t r u n k , ind is expressed in a c o n t i n u o u s c o l u m n o f inter­
m e d i a t e n e u r o e c t o d e r m , whereas in the p r o c e p h a l i c n e u r o e c t o d e r m it is f o u n d in three separate
spots (in the intercalary, a n t e n n a l and o c u l a r segment). The i n t e r c a l a r y and a n t e n n a l ind spot are
l o c a t e d at i n t e r m e d i a t e p o s i t i o n b e t w e e n the dorsal Msh and v e n t r a l Vnd d o m a i n . O p p o s e d to
that, the ocular ind spot is spatially clearly s e p a r a t e d from the v e n t r a l Vnd d o m a i n (and msh is n o t
expressed). D u e to the i n s u l a t e d expression o f ind, the i n t e r c a l a r y and a n t e n n a l d o m a i n s o f msh
and vnd expression share a c o m m o n b o r d e r at sites lacking an i n t e r v e n i n g i n d d o m a i n . "

A n o t h e r c o n s p i c u o u s difference to the t r u n k (and to the T C and D C as well) is t h a t a large
a m o u n t o f the p r o t o c e r e b r a l NBs (more t h a n 50%) does n o t express any o f the three c o l u m n a r
genes (Fig. 4A).50 Similarly, in the v e r t e b r a t e spinal cord gaps have been d e t e c t e d b e t w e e n the
domains o f c o l u m n a r gene expression. 18 Thus, D V p a t t e r n i n g o f the p r o t o c e r e b r a l p r i m o r d i a o f the
brain anlagen requires factors a d d i t i o n a l to those e n c o d e d by the c o l u m n a r genes. C a n d i d a t e genes
m i g h t i n c l u d e Egfr,24-26 the Sox genes SoxNeuro and Dicheate,53-55 the Nkx2.1 h o m o l o g o u s gene
scarecrow." the N k x 6 family related gene Nk6,43.57 or perhaps the Dbx h o m o l o g o u s gene, H2.0. 58
Most o f these, except scarecrow and H2. 0, are k n o w n to have a f u n c t i o n in fate specification a n d / o r
f o r m a t i o n o f NBs in the t r u n k . Egfr, b o t h Sox genes and N k 6 are expressed in the p N E before
and d u r i n g the phase o f N B f o r m a t i o n 4 3

•
57 (J. Seibert and R. Urbach, u n p u b l i s h e d o b s e r v a t i o n s ) ,

however, t h e i r role in the f o r m a t i o n / s p e c i f i c a t i o n o f brain NBs is yet u n k n o w n .

S e g m e n t - S p e c i f i c R e g u l a t i o n o f C o l u m n a r Genes
Recent r e p o r t s gave first insights i n t o the i n t e r a c t i o n s and f u n c t i o n o f c o l u m n a r genes d u r i n g

D V p a t t e r n i n g o f the e m b r y o n i c brain. 5 1. 52 A l t h o u g h p r i n c i p a l l y the same D V p a t t e r n i n g genes
operate in large parts o f the p N E , t h e i r r e g u l a t i o n reveals segment-specific differences b o t h among
the b r a i n segments and c o m p a r e d to the t r u n k (Fig. 4B).

For example, c o n t r a r y to the t r u n k , in vnd m u t a n t b a c k g r o u n d d e r e p r e s s i o n o f i n d w i t h i n the
ventral p N E does n o t occur in the a n t e n n a l segment. Instead, ind expression is c o m p l e t e l y absent,
i n d i c a t i n g that, at least in this p a r t o f the p N E and brain, vnd is necessary for a c t i v a t i o n a n d / o r
m a i n t e n a n c e o f ind r a t h e r t h a n for its repression (as in the t r u n k ) . This is s u p p o r t e d by the find­
ing t h a t e c t o p i c expression o f vnd does n o t repress i n d in the a n t e n n a l segment. The ocular i n d
spot is often ventrally e x p a n d e d in the absence o f V n d , w h i c h is r e m i n i s c e n t o f the s i t u a t i o n in the
t r u n k . However, in the w i l d t y p e , the ocular i n d spot does n o t adjoin the v e n t r a l d o m a i n o f vnd
expression. Hence, a v e n t r a l e x p a n s i o n o f ocular ind in vnd m u t a n t s c a n n o t be due to the lack o f
repression by Vnd and may be r e g u l a t e d n o n c e l l - a u r o n o m o u s l y . P

Moreover, in the absence o f Vnd, expression o f msh reveals segment-specific differences. Its
expression is e c t o p i c a l l y e x p a n d e d i n t o the v e n t r a l p N E o f the i n t e r c a l a r y and a n t e n n a l segment,
due to lack o f repression by Vnd and Ind. This is n o t the case in the n e u r o e c t o d e r m o f the p r o t o ­
c e r e b r u m and t r u n k . In the l a t t e r i n d is derepressed instead o f msh.

Taken together, expression and i n t e r a c t i o n s o f columnar genes (Le.,the cascade o f t r a n s c r i p t i o n a l
repression w h i c h establishes the ventral b o r d e r o f the msh and ind d o m a i n ) appears to be conserved
in the most p o s t e r i o r brain, the t r i t o c e r e b r u m . A l t h o u g h the expression o f c o l u m n a r genes is to
some e x t e n t c o n s e r v e d in the d e u t o c e r e b r u m as well, t h e i r genetic i n t e r a c t i o n s are more derived
in the d e u t o - and p r o t o c e r e b r u m . V So far it is n o t s e t t l e d how these segment-specific differences
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Figure 4 . OV p a t t e r n i n g of the e m b r y o n i c brain i n Drosophila and vertebrates . A ) Expression
of the c o l u m n a r genes msh , ind and v n d (see c o l o u r code ) in neuroblasts of the t r i t o c e r e b r u m
(T), d e u t o c e r e b r u m ( 0 ) and p r o t o c e r e b r u m (P) at the e m b r y o n i c stages 9 and 11 . Each scheme
represents the left half of a head flat p r e p a r a t i o n (co m p a re w i t h Fig . 1B) i n c l u d ing the full c o m ­
p l e m e n t of neuroblasts at the respect ive stages (e n c i r cl ed) . Red s t i p p l e d lines i n d i c a t e borders
b e t w e e n neuromeres . vnd is expressed in ventral (v), ind in i n t er m ed i at e and msh i n dorsal (d )
neuroblasts . Vnd becomes progressively expressed at the poster i o - v e n t r a l b o r d e r of the t r i t o - ,
deuto - and p r o t o c e r e b r u m . Msh expression is c o n f i n e d to dorsal neuroblasts of the t r i t o - and
d e u t o c e r e b r u m , but is not found in the p r o t o c e r e b r u m . Expression of i n d is c o n f i n e d to three
separate spots of neuroblasts in the tr i t o - , d e u t o - and p r o t o c e r e b r u m . Note that domains of Msh
and Vnd share c o m m o n borders at sites where expression o f i n d is lacking . Further a b b r e v i a ­
tions : An, antennal; CL, c1ypeolabral; Md; mad i b u l a r appendage . B) Oiagramm summariz ing the
s e g m e n t - s p e c i f i c d i f f e r e n c e s i n the r e g u l a t o r y i n t e r a c t i o n s of c o l u m n a r genes in the ventral nerve
cord ( V N C ), t r i t o - (T), d e u t o - ( 0 ) and p r o t o c e r e b r u m (P) in w i l d t y p e (w t), v n d l o s s - o f - f u n c t i o n
(lof) and v n d gain - o f - f u n c t i o n (gof) embryos (for details see text) . C) Schematic of a c o r o n a l
section of the mouse t e l e n c e p h a l o n at a b o u t e m b r y o n i c day 10 (compare w i t h Fig . 1F). The vnd
h o m o l o g Nkx2 .1 is expressed in the most ventral area, the medial ganglion ic e m i n e n c e (Mge),
the i n d h o m o l o g Gsh2 in the lateral g a n g l i o n i c e m i n e n c e (Lge) and the e y e l e s s (ey) h o m o l o g
Pax6 in the dorsal c o r t e x (O x), where , similar to the situat ion in Dros ophila, Msx genes are
not expressed. 0 ) Oiagramm c o m p a r i n g the r e g u l a t o r y i n t e rac t i o n s b e t w e e n Pax6, Gsh2 and
Nkx2 .1 in the vertebrate t e l e n c e p h a l o n w i t h those of the h o m o l o g o u s gen es e y, ind and vnd i n
the Dros ophila p r o t o c e r e b r u m (P). For details see text. In the vertebrate t e l e n c e p h a l o n , o p p o s i t e
to the situation in the spinal cord , Pax6 and Gsh2 m u t u a l l y repress one a n o t h e r (c o m p ar e w i t h
Fig . 3B). Gsh2 and Nkx 2 .1 do not ac t in a cross-repressive manner (as i n d i c a t e d by red crossed
repression symbols )." S i m i l a r l y , v n d and i n d in the p r o t o c e r e b r u m do not d i r e c t l y i n t e r f e r e
(i n d i c at ed by s t i p p l e d red crossed repression symbols ). A l t h o u g h the altered extent of the i n d
expression doma in in v n d l o f and g a f b a c k g r o u n d s indicates regulator y i n t er ac ti o n s (se e Fig .
4B ), the y must be n o n c e l l - a u t o n o m o u s , since the normal v n d and ind expression doma ins do
not abut each other . Expression of e y (an d twin o f e yeless , not i n d i c a t e d ) is u n a f f e c t e d in i n d
mutants , suggesting that , in contrast to the situation i n the t e l e n c e p h a l o n , i n d does not repress
e y ( i n d i c a t e d by red crossed repression symbol ). It is not yet clear, if con versely, in d expression
is affected in the absence of e y and/or t win o f e yeless .
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are r e g u l a t e d . It also r e m a i n s to be c l a r i f i e d in h o w far o t h e r f a c t o r s (e.g., t h o s e d e s c r i b e d above)
g e n e t i c a l l y i n t e r f e r e w i t h t h e c o l u m n a r genes in the p N E a n d may e s t a b l i s h t h e gene-specific e x t e n t
o f t h e i r e x p r e s s i o n b o t h in t h e D V a n d A P axis.

Role o f C o l u m n a r Genes i n F o r m a t i o n o f B r a i n N B s
In vnd m u t a n t s , v e n t r a l b r a i n NBs are largely a b s e n t i n d i c a t i n g t h a t , s i m i l a r to t h e s i t u a t i o n

in t h e t r u n k , vnd p r o m o t e s f o r m a t i o n o f NBs. In t h e absence o f V n d , cell d e a t h is i n c r e a s e d a n d
acts at t h e level o f b o t h , n e u r o e c t o d e r m a l p r o g e n i t o r s cells a n d NBs.52 It is n o t yet resolved i f t h e
r e d u c t i o n in v e n t r a l NBs is solely d u e to an i n c r e a s e in cell d e a t h or involves o t h e r f a c t o r s k n o w n
t o be e n g a g e d in N B f o r m a t i o n , s u c h as p r o n e u r a l genes o f t h e A S - c o m p l e x (acheate, scute, lethal of
scute [l ' sc]; for a review see r e f 59). In t h e t r u n k , t h e r e is e v i d e n c e t h a t vnd i n t e r a c t s w i t h p r o n e u r a l
genes, b u t may also have a d d i t i o n a l f u n c t i o n in p r o m o t i n g N B f o r m a t i o n . A c c o r d i n g l y , in vnd
m u t a n t e m b r y o s , l ' sc is still expressed in v e n t r a l p r o n e u r a l clusters, a l t h o u g h t h e respective NBs will
n o t f o r m (e.g., N B 5-2) .13.60 In t h e p N E , genes o f t h e A S - c o m p l e x are e x p r e s s e d in large p r o n e u r a l
d o m a i n s a n d t h e acheate a n d l 'sc d o m a i n seem to o v e r l a p w i t h t h e d o m a i n o f vnd e x p r e s s i o n , com­
p a t i b l e w i t h a g e n e t i c i n t e r a c t i o n . v / " H o w e v e r , in vnd m u t a n t e m b r y o s no s u b s t a n t i a l d i f f e r e n c e
t o t h e w i l d t y p e e x p r e s s i o n p a t t e r n o f l 'sc t r a n s c r i p t is o b s e r v e d ( R . l l , u n p u b l i s h e d o b s e r v a t i o n ) ,
s u g g e s t i n g t h a t , i f vnd has p r o n e u r a l activity, it is r a t h e r i n d e p e n d e n t o f l 'sc. N e v e r t h e l e s s , t h e
e x p r e s s i o n o f a n o t h e r p r o n e u r a l gene, atonal (in t h e p N E n o r m a l l y e x p r e s s e d in p r o n e u r a l clus­
ters a n d d e v e l o p i n g s e n s o r y p r e c u r s o r s o f t h e h y p o p h a r y n g e a l - / l a t e r o - h y p o p h a r y n g e a l o r g a n ) , is
o f t e n m i s s i n g i n d i c a t i n g its d e p e n d e n c e o n Vnd. 52 Thus far it is u n c l e a r i f msh, ind a n d Eg{r e x e r t
a s i m i l a r f u n c t i o n in b r a i n N B f o r m a t i o n . W h e r e a s Eg{r m u t a n t e m b r y o s e x h i b i t s t r o n g d e f e c t s
in the n u m b e r a n d p a t t e r n o f b r a i n NBs, t h e y a p p e a r r a t h e r u n a f f e c t e d in msh m u t a n t s ( J . S e i b e r t
a n d R.U., u n p u b l i s h e d o b s e r v a t i o n ) , i n d i c a t i n g t h a t at least msh does n o t p l a y a role in b r a i n NB
f o r m a t i o n . Eg{r s i g n a l l i n g has also b e e n s h o w n to be n e c e s s a r y for t h e p r o p e r d e v e l o p m e n t o f
m e d i a l b r a i n s t r u c t u r e s d e r i v i n g f r o m the h e a d m i d l i n e , w h i c h behaves like t h e m e s e c t o d e r m in the
t r u n k . f P l a c o d e - l i k e g r o u p s o f cells f r o m t h e h e a d m i d l i n e i n v a g i n a t e a n d c o n t r i b u t e s u b p o p u l a ­
t i o n s o f cells to t h e b r a i n . " Loss o f Eg{r s i g n a l l i n g r e s u l t s in severe r e d u c t i o n o r absence o f t h e
r e s p e c t i v e h e a d m i d l i n e d e r i v a t i v e s .

Role o f v n d i n S p e c i f i c a t i o n o f B r a i n N B s
In t h e t r u n k , e v i d e n c e has b e e n p r o v i d e d , t h a t t h e set o f genes e x p r e s s e d w i t h i n a p r o n e u r a l

c l u s t e r specifies t h e i n d i v i d u a l i d e n t i t y o f t h e N B it gives rise to. S u c h a c o m b i n a t o r i a l code, w h i c h
is u n i q u e for each N B , is p r o v i d e d m a i n l y by t h e s u p e r i m p o s i t i o n o f t h e a c i t i v i t y o f D V p a t t e r n i n g
genes a n d s e g m e n t p o l a r i t y genes (AP axis) a n d a n u m b e r o f o t h e r f a c t o r s ( f o r a r e v i e w see refs. 9,
20, 6 3 ) . M o s t o f t h e s e genes are also e x p r e s s e d in specific p r o c e p h a l i c n e u r o e c t o d e r m a l d o m a i n s
b e f o r e NBs d e l a m i n a t e , i m p l y i n g t h a t t h e s e genes m i g h t be r e q u i r e d for s p e c i f i c a t i o n o f i n d i v i d u a l
b r a i n NBs as well. 64 Analysis o f an array o f such NB i d e n t i t y genes in vnd loss- a n d g a i n - o f f u n c t i o n
b a c k g r o u n d s i n d i c a t e s t h a t , s i m i l a r to t h e s i t u a t i o n in t h e t r u n k , vnd i n f l u e n c e s t h e i r e x p r e s s i o n
a l r e a d y in t h e p N E , b e f o r e t h e f o r m a t i o n o f NBs. 52

In vnd l o s s - o f - f u n c t i o n b a c k g r o u n d , d o r s a l - s p e c i f i c gene e x p r e s s i o n is d e r e p r e s s e d in t h e ven­
t r a l p N E a n d d e s c e n d i n g N B s a n d conversely, v e n t r a l - s p e c i f i c gene e x p r e s s i o n is lost, s u g g e s t i n g a
v e n t r a l - t o - d o r s a l t r a n s f o r m a t i o n o f t h e m u t a n t v e n t r a l p N E a n d residual v e n t r a l NBs. This i n d i c a t e s
t h a t vnd n o r m a l l y activates genes specific for t h e v e n t r a l p N E a n d represses genes specific for d o r s a l
p N E a n d is r e q u i r e d for fate s p e c i f i c a t i o n o f v e n t r a l b r a i n NBs. This is f u r t h e r s u p p o r t e d by t h e
p r o d u c t i o n o f e c t o p i c glial cells d e r i v e d f r o m t r a n s f a t e d v e n t r a l NBs in t h e t r i t o - a n d d e u t o c e r ­
e b r u m , w h i c h n o r m a l l y is a specific t r a i t o f d o r s a l b r a i n NBs. L a t e r in e m b r y o g e n e s i s a severe loss
o f n e u r a l tissue a s s o c i a t e d w i t h i n c r e a s e d a p o p t o t i c a c t i v i t y has b e e n o b s e r v e d in t h e t r i t o c e r e b r u m ,
p r e s u m a b l y as a c o n s e q u e n c e o f i d e n t i t y c h a n g e s i m p o s e d o n vnd d e f i c i e n t N B l i n e a g e s . "

U p o n vnd o v e r e x p r e s s i o n , t h e r e is a w i d e - r a n g i n g loss o f d o r s a l - s p e c i f i c gene a c t i v i t y in t h e
d o r s a l p N E a n d NBs, b u t a l a r g e l y u n a f f e c t e d v e n t r a l - s p e c i f i c g e n e a c t i v i t y in v e n t r a l p a r t s .
M o r e o v e r , t h e r e is e v i d e n c e for a p a r t i a l d o r s a l - t o - v e n t r a l t r a n s f o r m a t i o n o f d o r s a l p a r t s o f t h e
p N E a n d c o r r e s p o n d i n g NBs, w h i c h i n d i c a t e s t h a t V n d is n o t o n l y n e c e s s a r y b u t to s o m e e x t e n t
also s u f f i c i e n t to i n d u c e v e n t r a l t r a i t s .
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A C o m p a r i s o n w i t h DV R e g i o n a l i z a t i o n o f t h e V e r t e b r a t e
T e l e n c e p h a l o n

The t e l e n c e p h a l o n derives from p a i r e d e v a g i n a t i o n s o f the a n t e r i o r f o r e b r a i n t h a t c o n s t i t u t e
the m o s t c o m p l e x s t r u c t u r e s o f the v e r t e b r a t e C N S . Progress has been made in u n d e r s t a n d i n g
the early r e g i o n a l p a t t e r n i n g o f the t e l e n c e p h a l o n , a l t h o u g h the p r e s e n t k n o w l e d g e a b o u t its D V
r e g i o n a l i z a t i o n is still r u d i m e n t a r y . The t e l e n c e p h a l o n can be s u b d i v i d e d i n t o a dorsal or pallial
and a v e n t r a l or s u b p a l l i a l t e r r i t o r y and the s u b p a l l i u m f u r t h e r i n t o the lateral ganglionic e m i n e n c e
( L G E ) a n d a v e n t r a l m o s t p a r t , the m e d i a l g a n g l i o n i c e m i n e n c e (M GE) (Fig. 1). The p a l l i u m gives
rise to the cortex, the s u b p a l l i u m to the basal ganglia. The f u t u r e t e l e n c e p h a l i c t e r r i t o r i e s can be
d e f i n e d early in d e v e l o p m e n t by the expression o f Nkx2.1 in the v e n t r a l M G E a n d Gsh 1, Gsh2 in
the i n t e r m e d i a t e LGE, r e s e m b l i n g the expression o f vnd a n d ind in the anlagen o f the Drosophila
b r a i n . Pax6, t h e h o m o l o g o f Drosophila eyeless (ey), is expressed in the d o r s a l t e l e n c e p h a l o n
(Fig. 4 C ) . Pax6 is involved in the s p e c i f i c a t i o n o f pallial i d e n t i t y (for a review see refs. 66, 67)
i n s t e a d o f Msx genes w h i c h are n o t expressed in the t e l e n c e p h a l o n . Interestingly, Drosophila ey
is likewise p r e f e r e n t i a l l y expressed in d o r s a l / i n t e r m e d i a t e NBs o f the p r o t o c e r e b r u m , w h i c h lack
msh e x p r e s s i o n " , suggesting t h a t ey may to some e x t e n t play the role o f msh in the a n t e r i o r b r a i n .
In the t e l e n c e p h a l o n , Nkx2.1, Gsh2 a n d Pax6 are c o m p l e m e n t a r y expressed, p r o v i d e some o f the
earliest markers for the respective t e r r i t o r i e s a n d are key r e g u l a t o r s for t h e i r n o r m a l d e v e l o p m e n t
(for a review see r e f 67).

Genetic I n t e r a c t i o n s o f C o l u m n a r Genes
A l t h o u g h a c o n s e r v e d set o f h o m eo box genes is expressed at c o r r e s p o n d i n g D V p o s i t i o n s in

the b r a i n s o f a r t h r o p o d s and v e r t e b r a t e s , t h e r e are differences in t h e i r genetic i n t e r a c t i o n s . In the
t e l e n c e p h a l o n Gsh2 a n d Pax6 cross-repress each o t h e r , w h i c h results in the f o r m a t i o n o f a s h a r p
b o r d e r b e t w e e n the d o r s a l a n d i n t e r m e d i a t e d o m a i n s (Fig. 4 C , D). Accordingly, in Pax6 m u t a n t
mice t h e r e is evidence for a d o r s a l - t o - v e n t r a l t r a n s f o r m a t i o n o f dorsal (pallial) s t r u c t u r e s , w h i c h is
o p p o s i t e to the p h e n o t y p e in Gsh2 m u t a n t s . 6 8- 70 This b e h a v i o u r is specific to the t e l e n c e p h a l o n a n d
n o t o b s e r v e d in the spinal cord. Similarly, in the Drosophila p r o t o c e r e b r u m and d e u t o c e r e b r u m , ey
a n d ind are largely expressed in c o m p l e m e n t a r y subsets o f NBs. 64 However, ey expression does n o t
seem to d e p e n d on Ind, since it does n o t e x p a n d v e n t r a l l y in ind m u t a n t s (R.U., u n p u b l i s h e d obser­
vations), as o p p o s e d toPax6in the t e l e n c e p h a l o n o f Gsh2 m u t a n t s . " In the t r i t o c e r e b r u m , o p p o s i t e
to the a n t e r i o r b r a i n , ey is coexpressed w i t h i n d 64

, r e s e m b l i n g the s i t u a t i o n in the v e r t e b r a t e spinal
cord, in w h i c h the d o m a i n s o f Pax6 a n d Gsh2 overlap.41.67 It is w o r t h n o t i n g , t h a t Drosophila has a
s e c o n d Pax6 gene, twin of eyeless (toy), w h i c h is largely expressed in the p r o t o c e r e b r u m . However,
since ind is coexpressed w i t h toy in the p r o t o c e r e b r u m ' " , it is unlikely t h a t ind a n d toy ( i n s t e a d o f
ey) g e n e t i c a l l y behave in a way similar to Pax6 a n d Gsh2 in the t e l e n c e p h a l o n .

A m o n g the c o l u m n a r genes, p a r t i c u l a r l y the family o f N k x / v n d genes seems to be well c o n s e r v e d
in terms o f expression a n d f u n c t i o n . In mice c a r r y i n g a d e l e t i o n o f Nkx2.1 , a s u b s t a n t i a l loss o f v e n ­
tral, especially o f f o r e b r a i n s t r u c t u r e s has been observed. The residual v e n t r a l (subpallial) s t r u c t u r e s
become t r a n s f a t e d i n t o dorsal striatal s t r u c t u r e s . " An i n t e r e s t i n g c o r r e l a t i o n b e t w e e n the r e g u l a t i o n
o f c o l u m n a r genes in the v e r t e b r a t e t e l e n c e p h a l o n a n d Drosophila d e u t o - a n d p r o t o c e r e b r u m is
t h a t Nkx2.1 a n d vnd do n o t repress the expression o f Gsh and ind, respectively. Accordingly, in
Nkx2.1 k n o c k o u t mouse, as well as in Drosophila vnd m u t a n t s , the expression o f Gsh2/ind in these
b r a i n regions is n o t v e n t r a l l y e x p a n d e d 51.71, c o n t r a r y to findings made in the t r u n c a l C N S (for a
review see r e f 21). I n s t e a d o f i n t e r m e d i a t e Gsb/ind, dorsal-specific marker genes are d e r e p r e s s e d
in v e n t r a l m o s t areas o f the early b r a i n ; a m o n g these are Pax6, in the v e r t e b r a t e t e l e n c e p h a l o n a n d
ey (to a m i n o r e x t e n t ) a n d especially msh in the Drosophila d e u t o - a n d t r i t o c e r e b r u m . T o g e t h e r ,
this suggests t h a t in N k x 2 . 1 / v n d m u t a n t b a c k g r o u n d , residual v e n t r a l b r a i n t e r r i t o r i e s u n d e r g o a
v e n t r a l - t o - d o r s a l r a t h e r t h a n a v e n t r a l - t o - i n t e r m e d i a t e t r a n s f o r m a t i o n , the l a t t e r b e i n g o b s e r v e d
in the t r u n c a l C N S o f b o t h species.13·73.74
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G e n e t i c Factors Upstream o f t h e C o l u m n a r Genes
Several extrinsic signalling molecules are involved in D V p a t t e r n i n g o f the t e l e n c e p h a l o n , a m o n g

w h i c h are BMPs, W n t s , Gli, FGFs, N o d a l , r e t i n o i c acid a n d the c e n t r a l player S h h (for a review
see refs. 44, 67, 7S). The m e c h a n i s m s by w h i c h S h h induces D V fate m i g h t differ b e t w e e n spinal
c o r d a n d b r a i n . W h e r e a s in the spinal cord, the fates i n d u c e d by Shh are c o n c e n t r a t i o n - d e p e n d e n t ,
S h h - i n d u c e d fates in the t e l e n c e p h a l o n d e p e n d o n t i m i n g r a t h e r t h a n c o n c e n t r a t i o n (for a review
see r e f 67). In the t e l e n c e p h a l o n , the source o f s e c r e t e d S h h is ( a m o n g o t h e r s ) the p r e c h o r d a l
plate, a m e s o d e r m a l derivative. Remarkably, the Drosophila h o m o l o g , H h , s e c r e t e d f r o m the
h e a d m e s o d e r m a n d foregut, acts on b r a i n m o r p h o g e n e s i s by r e g u l a t i n g size a n d a p o p t o s i s . hh,
expressed in the f o r e g u t , appears to m e d i a t e these effects via t h e H h r e c e p t o r patched (expressed
in b r a i n cells s u r r o u n d i n g the f o r e g u t ) . These s i m i l a r i t i e s may i n d i c a t e an a n c i e n t m e c h a n i s m o f
b r a i n p a t t e r n i n g via i n d u c t i o n . " In h o w far o t h e r extrinsic s i g n a l l i n g molecules are involved in
D V p a t t e r n i n g o f the Drosophila b r a i n remains to be s h o w n .

C o n c l u s i o n s
A c o n s e r v e d set o f c o l u m n a r genes (msh/Msx, ind/Gsh, vnd/Nkx) is involved in D V regional­

i z a t i o n o f the b r a i n a n d t r u n c a l C N S in v e r t e b r a t e s a n d a r t h r o p o d s (Drosophila). The expression
o f c o l u m n a r genes in the b r a i n differs from t h e t r u n c a l C N S in b o t h a n i m a l phyla. Remarkably,
the b r a i n - s p e c i f i c expression o f c o l u m n a r genes exibits s t r i k i n g parallels b e t w e e n Drosophila a n d
mouse in t h a t the a n t e r i o r b o r d e r s o f t h e i r d o m a i n s are c o r r e s p o n d i n g : E x p r e s s i o n o f vnd/Nkx2
e x t e n d s m o s t rostrally, followed by ind/Gshl a n d finally by msh/Msx3 (for a review see r e f 7 7 ) .
Thus, the expression o f c o l u m n a r genes in the b r a i n is, to some extent, e v o l u t i o n a r i l y c o n s e r v e d ,
n o t only along the D V axis b u t also a l o n g the AP axis.

Moreover, b r a i n - s p e c i f i c i n t e r a c t i o n s a m o n g c o l u m n a r genes bear some s i m i l a r i t i e s b e t w e e n
v e r t e b r a t e s and Drosophila. For example, Gsh/ind are n o t repressed by Nkx2.1/vnd a n d expression
o f d o r s a l factors, i n s t e a d o f i n t e r m e d i a t e , is e x p a n d e d i n t o v e n t r a l d o m a i n s in vnd/Nkx2 m u t a n t
brains. This suggests t h a t at least p a r t o f the g e n e t i c m e c h a n i s m s g o v e r n i n g D V fate in the b r a i n
have been c o n s e r v e d as well. D i f f e r e n c e s may b e c o m e m o r e o b v i o u s at t h e level o f u p s t r e a m
r e g u l a t i n g factors. However, in v e r t e b r a t e s , as well as in Drosophila, the genetic basis u n d e r l y i n g
D V r e g i o n a l i z a t i o n o f the b r a i n is far from b e i n g u n d e r s t o o d . The Drosophila b r a i n , due to its
c o m p a r a t i v e l y small size, a l l o w i n g r e s o l u t i o n at the level o f i n d i v i d u a l l y i d e n t i f i e d cells a n d to
the p o w e r f u l genetic a n d e x p e r i m e n t a l tools available, provides a useful m o d e l system to s t u d y
these m e c h a n i s m s in detail. This will facilitate the c l a r i f i c a t i o n o f the processes u n d e r l y i n g D V
r e g i o n a l i z a t i o n in the b r a i n o f o t h e r o r g a n i s m s , i n c l u d i n g v e r t e b r a t e s .
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Dissection of the Embryonic Brain
Using Photoactivated Gene Expression
J o n a t h a n M i n d e n "

A b s t r a c t

T h e Drosophila b r a i n is g e n e r a t e d by a c o m p l e x series o f m o r p h o g e n e t i c m o v e m e n t s . To
b e t t e r u n d e r s t a n d b r a i n d e v e l o p m e n t a n d to p r o v i d e a g u i d e for e x p e r i m e n t a l m a n i p u l a ­
t i o n o f b r a i n p r o g e n i t o r s , we c r e a t e d a fate map using p h o t o a c t i v a t e d gene expression to

m a r k cells o r i g i n a t i n g w i t h i n specific m i t o t i c d o m a i n s a n d time-lapse m i c r o s c o p y to d y n a m i c a l l y
m o n i t o r t h e i r progeny. We show t h a t m i t o t i c d o m a i n s 1, 5, 9, 20 a n d B give rise to d i s c r e t e cell
p o p u l a t i o n s w i t h i n specific regions o f t h e b r a i n . M i t o t i c d o m a i n s 1, 5 , 9 a n d 20 give rise to b r a i n
n e u r o n s ; m i t o t i c d o m a i n B p r o d u c e d glial cells. M i t o t i c d o m a i n s 5 a n d 9 p r o d u c e the a n t e n n a l
and visual sensory systems, respectively, where each sensory system is c o m p o s e d o f several d i s p a r a t e
cell clusters. T i m e - l a p s e analysis o f m a r k e d cells s h o w e d c o m p l e x m i t o t i c a n d m i g r a t o r y p a t t e r n s
for cells derived from these m i t o t i c d o m a i n s .

I n t r o d u c t i o n
Fate maps serve as critical tools for d e v e l o p m e n t a l biologists to c h a r t tissue m o r p h o g e n e s i s a n d

as guides for e x p e r i m e n t a l m a n i p u l a t i o n . The ideal fate map s h o u l d c o n t a i n i n f o r m a t i o n a b o u t
cell m o v e m e n t s , m i t o t i c p a t t e r n s , m o r p h o l o g y , cell-cell c o n t a c t s a n d cell d e a t h as well as specific
p a t t e r n s o f gene expression and the c o n s e q u e n c e o f a l t e r e d gene expression a n d cellular i n t e r a c ­
tions. Drosophila fate maps s t a r t at the cellular b l a s t o d e r m stage, w h i c h is c o m p o s e d o f a b o u t
5,000 cells.' P r i o r to this stage t h e r e are no l i n e a g e - r e s t r i c t e d fates, aside from the pole cells.i The
only physical l a n d m a r k s at cellular b l a s t o d e r m are the a n t e r i o r - p o s t e r i o r a n d d o r s o v e n t r a l axes. To
fate map the e m b r y o , a C a r t e s i a n c o o r d i n a t e system relative to p e r c e n t p o s i t i o n a l o n g these axes
was used to m a r k the i n i t i a l p o s i t i o n o f cells in the b l a s t o d e r m . v ' M a p p i n g was o r i g i n a l l y d o n e by
a b l a t i o n ' < a n d m o r e r e c e n t l y by dye m a r k i n g o f cells. 6

,7 A b l a t i o n studies r e q u i r e d t h e removal o f
r a t h e r large n u m b e r s o f cells since e m b r y o s were able to c o m p e n s a t e for small losses o f cells. 5 The
dye m a r k i n g a p p r o a c h e s have been very successful, b u t are l i m i t e d in t h a t t h e y do n o t p r o v i d e a
means to alter the b e h a v i o r o f the m a r k e d cells.

A l t e r n a t i v e fate m a p p i n g m e t h o d s are: g y n a n d o m o r p h analysis" and the g e n e r a t i o n o f m i t o t i c
clones.t The l a t t e r m e t h o d is useful for p r o d u c i n g m a r k e d clones o f cells. These m e t h o d s p r o d u c e
genetically p e r t u r b e d clones o f cells, b u t t h e r e is l i t t l e c o n t r o l over t h e i r l o c a t i o n .

To develop a more reliable a n d precise c o o r d i n a t e system t h a n the C a r t e s i a n c o o r d i n a t e system,
we t o o k a d v a n t a g e o f the m i t o t i c d o m a i n map. M i t o t i c d o m a i n s are b i l a t e r a l l y s y m m e t r i c g r o u p s
o f cells t h a t divide in a s t e r e o t y p i c s e q u e n c e t h a t are i n d i c a t o r s o f cell fate.IO,II Cells w i t h i n a mi­
t o t i c d o m a i n are r e s t r i c t e d to a l i m i t e d set o f fates t h a t are d i s t i n c t from the sets o f cellular fates
o b s e r v e d in n e i g h b o r i n g m i t o t i c d o m a i n s . I 2,13
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To e n a b l e the m a r k i n g o f cells in a s p a t i a l l y a n d t e m p o r a l l y r e s t r i c t e d m a n n e r , we d e v e l o p e d a
m e t h o d for a c t i v a t i n g gene expression using a m i c r o - b e a m o f light. 12 This m e t h o d , w h i c h is r e f e r r e d
to as p h o t o a c t i v a t e d gene e x p r e s s i o n , is based o n t h e G A L 4 - e x p r e s s i o n m e t h o d . " I n s t e a d o f sup­
p l y i n g G A L 4 genetically, c h e m i c a l l y "caged" G A L 4 V P 16 is i n j e c t e d i n t o s y n c y t i a l stage e m b r y o s
t h a t c a r r y a U A S - t r a n s g e n e . E x p r e s s i o n o f the U A S - t r a n s g e n e is a c t i v a t e d by briefly i r r a d i a t i n g t h e
cell, or cells, o f choice w i t h a l o n g - w a v e l e n g t h U V m i c r o b e a m , t h u s u n - c a g i n g t h e G A L 4 V P 1 6
p r o t e i n . This m e t h o d has been used to activate t h e e x p r e s s i o n o f b e n i g n markers, such as L a c Z a n d
GFP, a n d to a l t e r cell behavior. T i m e - l a p s e m i c r o s c o p y a n d w h o l e - m o u n t e m b r y o p r e p a r a t i o n s
are used to t r a c k the b e h a v i o r o f m a r k e d cells.

This c h a p t e r focuses o n the o r i g i n o f the e m b r y o n i c b r a i n . We s h o w t h a t the b r a i n is d e r i v e d
f r o m five s e p a r a t e m i t o t i c d o m a i n s , each o f w h i c h u n d e r g o d i s t i n c t m o r p h o g e n e t i c b e h a v i o r s to
g e n e r a t e d i s c r e t e , n o n - o v e r l a p p i n g regions o f the b r a i n . Several d i f f e r e n t m e c h a n i s m s are used to
i n t e r n a l i z e b l a s t o d e r m cells.

P r o c e p h a l i c B l a s t o d e r m Fate Map
The p r o c e p h a l i c region o f the e m b r y o is made up o f t h i r t e e n m i t o t i c d o m a i n s ( i n d i v i d u a l mi­

t o t i c d o m a i n s will be a b b r e v i a t e d as f}N). We have fate m a p p e d eleven p r o c e p h a l i c m i t o t i c d o m a i n s
(for sz, f}8, f}10, f}15 see r e f 12; for f}3, f}18, f}20 see r e f 13; for f}1, f}5, f}9, f}B see r e f 15). All o f
these m i t o t i c d o m a i n s p r o d u c e d n o n - o v e r l a p p i n g sets o f d i s t i n c t l y fated cells. O f these m i t o t i c
d o m a i n s , f}1, f}5, f}9, f}20 a n d f}B form the e m b r y o n i c b r a i n . We were i n t e r e s t e d in d e t e r m i n i n g
the m o r p h o g e n e t i c m o v e m e n t s o f b r a i n - f o r m i n g cells. H o w are these cells i n t e r n a l i z e d ? D o t h e y
form d i s c r e t e b r a i n regions? D o t h e y d i f f e r e n t i a t e i n t o n e u r o n s a n d glia? W h a t o t h e r cell-types are
g e n e r a t e d by these m i t o t i c d o m a i n s ? To map the fates o f cells w i t h i n selected m i t o t i c d o m a i n s , we
used p h o t o a c t i v a t e d gene expression to i n i t i a l l y m a r k cells and m o n i t o r e d t h e i r d e v e l o p m e n t e i t h e r
by t h r e e - d i m e n s i o n a l , time-lapse m i c r o s c o p y or p o s t - f i x a t i o n i m m u n o h i s t o c h e m i c a l s t a i n i n g .

B r a i n - F o r m i n g M i t o t i c D o m a i n s P o p u l a t e D i s t i n c t Brain R e g i o n s
M i t o t i c d o m a i n s 1, 5, 9 a n d B o c c u p y a large area t h a t r o u g h l y c o r r e s p o n d s to t h e p r o c e ­

p h a l i c n e u r o e c t o d e r m ( F i g . l A ) . The s t r a t e g y for m a p p i n g h o w these m i t o t i c d o m a i n s c o n t r i b u t e
to the b r a i n , was to p h o t o a c t i v a t e p a t c h e s o f cells w i t h i n a c h o s e n m i t o t i c d o m a i n in U A S - l a c Z
or UAS-nGFP e m b r y o s d u r i n g stage 8. P h o t o a c t i v a t e d e m b r y o s were aged to stages 1 4 - 1 6 a n d
i m m u n o - s t a i n e d or l i v e - i m a g e d to d e t e c t t h e e x p r e s s i o n o f the' U A S - t r a n s g e n e p r o d u c t . M i t o t i c
d o m a i n s 1, 5 a n d 9 g e n e r a t e d cells t h a t o c c u p i e d d i s c r e t e regions o f t h e b r a i n , s u g g e s t i n g t h a t t h e y
may be n e u r o n s r a t h e r t h a n glial cells, w h i c h are s c a t t e r e d , " M i t o t i c d o m a i n B p r o d u c e d a d i s p e r s e d
p o p u l a t i o n o f cells t h a t will be d i s c u s s e d later. A c o m p e n d i u m o f many m a p p i n g e x p e r i m e n t s was
p r e p a r e d (Figs. I B , C a n d 2B). Each c o l o r e d line in Figure I B , C o u t l i n e s the r e g i o n o f m a r k e d cells
o b s e r v e d in a single e m b r y o m a p p e d o n t o a d o r s a l or l a t e r a l view o f t h e e m b r y o n i c b r a i n . These
d a t a s h o w t h a t all t h r e e m i t o t i c d o m a i n s give rise to t h r e e d i s t i n c t , n o n - o v e r l a p p i n g r e g i o n s o f t h e
e m b r y o n i c b r a i n , d e m o n s t r a t i n g t h e i r early r e g i o n a l s p e c i f i c a t i o n . The axons e m a n a t i n g from these
m i t o t i c d o m a i n s follow very d i f f e r e n t p a t h s , i n d i c a t i n g t h e i r d i s t i n c t c h a r a c t e r .

T i m e - l a p s e r e c o r d i n g s o f p h o t o a c t i v a t e d UAS-nGFP e m b r y o s revealed the c o m p l e x m o r p h o ­
g e n e t i c m o v e m e n t s made by each o f these m i t o t i c d o m a i n s to form p a r t o f the b r a i n (Fig. 2). The
s c h e m a t i c s h o w n in Figure 2B s t a r t s at stage 9 w h e n G F P fluorescence is clearly visible, 6 0 - 9 0
m i n u t e s f o l l o w i n g p h o t o a c t i v a t i o n . A s i g n i f i c a n t a m o u n t o f cell m o v e m e n t takes place in t h e h e a d
b e t w e e n stage 7, w h e n cells were p h o t o a c t i v a t e d , a n d stage 9, p l a c i n g the cells f r o m each m i t o t i c
d o m a i n some d i s t a n c e from t h e site o f p h o t o a c t i v a t i o n ( c o m p a r e Fig. l A a n d Fig 2B, stage 9). The
m i g r a t i o n p a t t e r n is also d i s t i n c t for each m i t o t i c d o m a i n . The f o l l o w i n g s e c t i o n s will h i g h l i g h t
u n i q u e features o f these m i t o t i c d o m a i n s .

M i t o t i c D o m a i n 1 G e n e r a t e s A n t e r i o r P r o t o c e r e b r u m N e u r o n s
M i t o t i c d o m a i n 1 is a large, t w o - l o b e d region. P h o t o a c t i v a t i o n o f d i f f e r e n t regions off} 1 gener­

ated clones o f d i f f e r e n t cell-types. P h o t o a c t i v a t i o n o f the a n t e r i o r - v e n t r a l region off} 1 revealed t h a t
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59



60 B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s c e r

Figure 1, v i e w e d on previous page. Fate m a p p i n g of 01, 05, and 09 cells. For all figures, the
e m b r y o a n t e r i o r is to the left. D o r s a l l y m o u n t e d embryos are i n d i c a t e d by a h o r i z o n t a l arrow
p o i n t i n g to the anterior, marked A. Laterally m o u n t e d embryos are i n d i c a t e d by a v e r t i c a l
a r r o w p o i n t i n g dorsally, marked D. The stage of the e m b r y o is i n d i c a t e d in the b o t t o m left
c o r n e r of each panel. A) Schematic representation of the head m i t o t i c domains at stage 7,
w h i c h was used to guide p h o t o a c t i v a t i o n e x p e r i m e n t s . B,C) C a r t o o n of the regions w i t h i n the
e m b r y o n i c brain that are p o p u l a t e d by each m i t o t i c d o m a i n . Each line represents results from
an i n d i v i d u a l e m b r y o (ol-red n = 31, OS-green n = 21, 09-blue n = 31). The remaining panels
show m i c r o g r a p h s of p h o t o a c t i v a t e d embryos. The affected brain hemisphere is b o u n d e d by
a solid line. D-F) P h o t o a c t i v a t i o n of 01. D) 2-4 cell p h o t o a c t i v a t i o n of a UAS-nGFP e m b r y o
stained w i t h anti-GFP a n t i b o d y (green) and anti-ELAV (red). The 01 d e r i v e d cells are visible
in both the brain (solid arrow) and the c l y p e o l a b r u m (CL). E,F) 2-4 cell p h o t o a c t i v a t i o n of
UAS-tauGFP embryos. The arrowheads i n d i c a t e the p i o n e e r axons of the e m b r y o n i c p e d u n c l e .
G-K) P h o t o a c t i v a t i o n of 05. All images are of 5-8 cell p h o t o a c t i v a t i o n s . G) A p h o t o a c t i v a t e d
UAS-lacZ e m b r y o showing the four d i f f e r e n t 05 structures: the p o s t e r i o r group w i t h i n the
brain (solid arrow), the m i d d l e group just a n t e r i o r to the brain (open arrow), the a n t e r i o r
g r o u p (open a r r o w h e a d ) and the e p i t h e l i a l group (bracketed). The axon c o n n e c t i n g the
p o s t e r i o r and m i d d l e groups is i n d i c a t e d by the closed a r r o w h e a d . H,I) A UAS-lacZ e m b r y o
stained w i t h a n t i b o d i e s against f3-galactosidase (green) and Fasll (red). H) C o m p o s i t e image
of 3 a d j a c e n t o p t i c a l sections showing Fasll-positive: o p t i c lobe ( o u t l i n e d w i t h dashed line),
B o l w i g ' s organ (asterisk) and B o l w i g ' s nerve ( y e l l o w arrowhead). GFP-expressing, 05 brain
cells are in a d i f f e r e n t focal plane (solid arrow) that is adjacent to o p t i c lobe. The 05 a n t e r i o r
group (open arrowhead) is adjacent to B o l w i g ' s organ. I) An i n - f o c u s o p t i c a l section of the
GFP-positive 05 cells w i t h i n the brain (solid arrow). J) A 05 p h o t o a c t i v a t e d UAS-nGFP e m b r y o
stained w i t h anti-GFP (green) and anti-ELAV (red; using the same arrow scheme as panel G).
K) C o m p o s i t e of p r o j e c t e d images of a o s - p h o t o a c t i v a t e d , UAS-tauGFP e m b r y o (using the
same a r r o w scheme as panel G). The b i f u r c a t e d axon tract p r o j e c t i n g to the m a x i l l a r y c o m ­
plex is i n d i c a t e d by a notched arrow. L-P) P h o t o a c t i v a t i o n of 09. L) 2-4 cell p h o t o a c t i v a t i o n
of a UAS-lacZ e m b r y o stained w i t h anti-f3-galactosidase (green) and anti-ELAV (red). The
closed a r r o w h e a d indicates an axon e x t e n d i n g toward the ventral nerve cord. M) Single cell
p h o t o a c t i v a t i o n of a UAS-lacZ e m b r y o h i s t o c h e m i c a l l y stained w i t h anti-f3-galactosidase.
The closed a r r o w h e a d indicates an axon e x t e n d i n g to c o n t r a l a t e r a l brain hemisphere. N) 2-4
cell p h o t o a c t i v a t i o n of a UAS-lacZ e m b r y o stained w i t h anti-f3-galactosidase (green) and
a n t i - R e p o (red). The arrow indicates the patch of f3-galactosidase-positive cells that were not
expressing Repo. 0 ) Single cell p h o t o a c t i v a t i o n of 09 in a UAS-lacZ e m b r y o h i s t o c h e m i c a l l y
stained w i t h anti-f3-galactosidase showing marked e p i d e r m a l (closed arrowhead) and brain
cells (closed arrow). P) 5-8 cell p h o t o a c t i v a t i o n of 09 in a UAS-lacZ e m b r y o h i s t o c h e m i c a l l y
stained w i t h anti-f3-galactosidase s h o w i n g marked m i g r a t o r y cells (arrow) t h r o u g h o u t the
entire embryo. Yolk a u t o - f l u o r e s c e n c e w h i c h appears in the green f l u o r e s c e n c e channel is
masked gray in D, J, L a n d N. Reprinted from: Robertson K et al. Dev Bioi 2003; 260:124-137;
©2003 w i t h permission from Elsevier."

this r e g i o n c o n t r i b u t e d mostly to the c l y p e o l a b r u m (Fig. I D , see the green f l u o r e s c e n t cells o u t s i d e
o f the b r a i n as i n d i c a t e d by the l e t t e r s C L ) . The p o s t e r i o r - d o r s a l r e g i o n gave rise to cells l o c a t e d
p r e d o m i n a n t l y in the a n t e r i o r - m e d i a l p a r t o f the p r o t o c e r e b r u m ( w h e n r e f e r r i n g to b r a i n l o c a t i o n ,
we use the n e u r o a x i s as the frame o f reference) (Fig. 1 D- F a n d c a r t o o n e d in Fig. 1 B,C, see the areas
b o u n d e d by t h e red lines). These results i n d i c a t e t h a t 01 is d i v i d e d i n t o t w o s u b - r e g i o n s .

In the p r o t o c e r e b r u m , m a r k e d 01 cells p o p u l a t e d t w o a d j a c e n t clusters o f cells. These cells
c o - l a b e l e d w i t h the p a n - n e u r o n a l marker, ELAV ( F i g . I D , arrow).'? In c o n t r a s t , very few o I - d e r i v e d
cells expressed the glial cell marker, R e p o . " Less t h a n 2% o f the m a r k e d 01 cells were glia, i n d i c a t ­
ing t h a t 01 cells gave rise to n e u r o n s r a t h e r t h a n b i p o t e n t i a l p r o g e n i t o r s . T i m e - l a p s e analysis o f
p h o t o a c t i v a t e d 01 cells s h o w e d t h a t these cells were i n t e r n a l i z e d en mass. The mass t h e n m o v e d
p o s t e r i o r l y a l o n g the m i d l i n e to t h e i r final p o s i t i o n in the p r o t o c e r e b r u m (Fig. 2B).

The l o c a t i o n and d o u b l e c l u s t e r a p p e a r a n c e o f 0 1 n e u r o n s s u g g e s t e d t h a t t h e y may form t h e
e m b r y o n i c m u s h r o o m bodies. To f u r t h e r test this possibility, 01 axons were m a r k e d by p h o t o a c ­
t i v a t i o n using UAS-tauGFP e m b r y o s . These T a u G F P m a r k e d axons h a d the t y p i c a l m o r p h o l o g y
o f t h e e m b r y o n i c m u s h r o o m b o d i e s {Fig. IE,F, arrowhead).19.2o
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M i t o t i c D o m a i n 5 Produces the E m b r y o n i c A n t e n n a l S y s t e m
M i t o t i c d o m a i n 5, w h i c h is initially l o c a t e d just a n t e r i o r to the cephalic furrow near the dorsal

m i d l i n e (Fig. l A ) , p r o d u c e s four d i s t i n c t cell p o p u l a t i o n s ; one e p i d e r m a l a n d three n e u r o n a l (Fig.
I G , 2A,B). T i m e - l a p s e analysis o f p h o t o a c t i v a t e d UAS-nGFP embryos revealed the complex
m i g r a t i o n p a t t e r n o f this m i t o t i c d o m a i n (Fig. 2A). The p h o t o activated p a t c h o f cells first elon­
gated along the edge o f the cephalic furrow adjacent to the maxillary segment (Fig. 2A, frame 1,
stage 9). The most a n t e r i o r - v e n t r a l cells r e m a i n e d in the epidermis and moved to the a n t e r i o r tip
o f the embryo. As head i n v o l u t i o n began, the n o n - e p i d e r m a l ~5 progeny became i n t e r n a l i z e d at
the b o u n d a r y b e t w e e n the m a n d i b u l a r y and maxillary segments and s e p a r a t e d i n t o two popula­
tions (Fig. 2A, frames 5-6, stages 13-14). The inward m o v e m e n t o f these cells appeared to be via
i n v a g i n a t i o n . O n e p o p u l a t i o n , the p o s t e r i o r group, w h i c h ultimately forms the a n t e n n a l l o b e
o f the brain, r e m a i n e d s t a t i o n a r y at the m i d - a n t e r i o r region o f the e m b r y o n i c brain, while the
second group m i g r a t e d over the ventral surface o f the developing b r a i n (Fig. 2A, frames 6-7, stage
14-15). This was followed by a n o t h e r s p l i t t i n g o f cells from the second group, w h i c h m i g r a t e d
i n t o the p o s i t i o n o f the a n t e n n a l sensory organ (Fig. 2A, frames 7, stage 15). This c u l m i n a t e d in
p o p u l a t i o n s o f " o J 20 p o s t e r i o r group, "oJ5-6 m i d d l e group and 2-4 a n t e r i o r group cells; the n u m b e r
o f epidermal cells was n o t d e t e r m i n e d .

I m m u n o - c h e m i c a l s t a i n i n g o f ~5 p h o t o a c t i v a t e d U A S - l a c Z e m b r y o s s h o w e d t h a t the t h r e e
i n t e r n a l i z e d p o p u l a t i o n s were c o n n e c t e d by axonal fibers (Fig. I G , solid a r r o w h e a d ) . All four
groups o f cells arising from ~5 are s h o w n in Fig. 1G. The n e u r o n a l c h a r a c t e r o f cells w i t h i n
these groups was revealed by c o u n t e r - s t a i n i n g w i t h a n t i - E L A V a n t i b o d y ; a b o u t h a l f o f the
p h o t o a c t i v a t e d cells w i t h i n the a n t e r i o r a n d p o s t e r i o r groups expressed ELAV (Fig. IJ, arrow,
o p e n a r r o w h e a d ) . We f u r t h e r c o n f i r m e d the n e u r o n a l n a t u r e o f the ~5 derived b r a i n cells, as well
as those o f the a n t e r i o r g r o u p , by p h o t o a c t i v a t i n g ~5 cells in U A S - t a u G F P embryos. T a u - G F P
h i g h l i g h t e d the axons o f the p o s t e r i o r group w i t h i n the brain, the axon tracts b e t w e e n the groups
a n d the s t r u c t u r e o f the m o s t a n t e r i o r g r o u p (Fig. l K ) . The axons o f the ~5-derived b r a i n cells
can also be seen e x t e n d i n g i n t o o t h e r p a r t s o f the b r a i n (Fig. 1K). Many o f these processes appear
to t e r m i n a t e in the region o f the b r a i n p o p u l a t e d by ~ 1 m u s h r o o m b o d y p r e c u r s o r s ( c o m p a r e
Fig. l K a n d E, w h i c h c o r r e s p o n d to ~5 a n d ~1, respectively).

The p a t t e r n o f ~5 cell types was r e m i n i s c e n t o f the cell types p r o d u c e d by ~20, w h i c h will be
described later. 13 The m o r p h o g e n e t i c movements o f ~5 and ~20 were also similar; b u t n o t identi­
cal, ~20 cells form a more e l o n g a t e d p a t t e r n p r i o r to i n t e r n a l i z a t i o n . We c o n f i r m e d t h a t m i t o t i c
d o m a i n s 5 and 20 yielded different s t r u c t u r e s by p h o t o activating ~5 cells in UAS-lacZ embryos
and i m m u n o - s t a i n e d for FasII and (3-galactosidase expression. FasII is expressed in the optic lobe,
Bolwig's nerve and Bolwig's organ, b u t n o t a n t e n n a l cells." FasII was n o t expressed in any o f the
p h o t o a c t i v a t e d ~5 cells ( F i g . l H , I ) . ~5-derived brain cells (Fig. I H , I , closed arrow) were adjacent
to the optic lobe (Fig. I H a n d I, broken line); there was no overlap. Likewise, ~5 cells in the ante­
rior group (Fig. I H , open a r r o w h e a d ) were adjacent to Bolwig's organ, n o t overlapping (Fig. I H ,
asterisk). Thus, ~5-derived cells do n o t c o n t r i b u t e to any p a r t o f the visual system.

The m o r p h o l o g y and p o s i t i o n o f the ~5-derived cells i n d i c a t e t h a t this m i t o t i c d o m a i n gives
rise to the a n t e n n a l sensory system, where the a n t e r i o r group c o r r e s p o n d s to the a n t e n n a l sensory
organ and the p o s t e r i o r group, w h i c h is in the brain, c o r r e s p o n d s to the a n t e n n a l l o b e .

M i t o t i c D o m a i n 9 Produces Three A p p a r e n t l y U n r e l a t e d Cell Types
A u n i q u e feature o f ~9 is t h a t the entire cell p o p u l a t i o n divides p e r p e n d i c u l a r l y to the embry­

onic surface d u r i n g the 1 4 t h mitosis, creating two p o p u l a t i o n s o f cells, p r e d i c t e d to be epidermal
and brain.'? To ensure t h a t b o t h layers o f progeny were marked, ~9 cells were i r r a d i a t e d p r i o r to,
or during, the 1 4 t h mitosis. Three d i s t i n c t cell types were derived from ~9: p o s t e r i o r brain (Fig.
l L - N ) , dorsal m i d l i n e epidermis (Fig. 1 0 , closed a r r o w h e a d ) and an u n i d e n t i f i e d p o p u l a t i o n o f
m i g r a t o r y cells (Fig. I P ) .

To d e t e r m i n e the lineage r e l a t i o n s h i p o f these three cell p o p u l a t i o n s , different-sized patches o f
cells w i t h i n ~9 were p h o t o a c t i v a t e d in UAS-lacZ and UAS-GFP embryos (Table 1). Time-lapse
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Table 1. Distribution o f different cell types arising from {)9

Cell Type(s)*

E
B
M
E + B
E + M
B + M
E+ B + M

Single Cell
P h o t o a c t i v a t i o n
( P e r c e n t , n = 29)
10
31
7

45
o
o
7

2-4 Cell
P h o t o a c t i v a t i o n
( P e r c e n t , n = 72)
4
15
21
13
o
28
19

5-8 Cell
P h o t o a c t i v a t i o n
( P e r c e n t , n = 24)
o
o
12
13
o
29
46

*E i n d i c a t e s e p i t h e l i a l c e l l s ; B i n d i c a t e s b r a i n c e l l s ; M i n d i c a t e s m i g r a t o r y c e l l s .
D i f f e r e n t sized patches o f 69 cells w e r e p h o t o a c t i v a t e d in UAS-lacZ e m b r y o s just p r i o r to, or d u r i n g ,
the 14th m i t o s i s . The e m b r y o s w e r e aged to stage 14 t h r o u g h 16 and stained w i t h a n t i - B - g a l a c t o s i d a s e
a n t i b o d y . O n l y e m b r y o s w i t h m u l t i p l e m a r k e d cells w e r e s c o r e d . R e p r i n t e d f r o m : R o b e r t s o n K et
al. D e v B i o i 2 0 0 3 ; 2 6 0 : 1 2 4 - 1 3 7 ; © 2 0 0 3 w i t h p e r m i s s i o n f r o m Elsevier,"

r e c o r d i n g s s h o w e d t h a t all t h r e e cell types e x p e r i e n c e d s i g n i f i c a n t a m o u n t s o f cell d e a t h , m a k i n g
it extremely difficult to d r a w firm c o n c l u s i o n s a b o u t lineage r e l a t i o n s h i p s . The o r i g i n o f the migra­
t o r y cells is n o t clear. N o n e o f the clones were c o m p o s e d o f b o t h e p i t h e l i a l and m i g r a t o r y cells,
i n d i c a t i n g t h a t e p i t h e l i a l cells do n o t give rise to m i g r a t o r y cells directly. Thus, the m i g r a t o r y cells
are e i t h e r derived from b r a i n p r o g e n i t o r s or d e l a m i n a t e d directly from the b l a s t o d e r m . A significant
f r a c t i o n o f e m b r y o s had m a r k e d m i g r a t o r y - o n l y clones, p a r t i c u l a r l y w i t h 2-4 cell p h o t o a c t i v a t i o n ,
s u p p o r t i n g the d e l a m i n a t i o n h y p o t h e s i s . The b r a i n - and m i g r a t o r y - c e l l p r o g e n i t o r s a p p e a r to be
evenly d i s t r i b u t e d across ~9.

Time-lapse analysis revealed t h a t i n i t i a l l y the b r a i n a n d e p i d e r m a l p r o g e n i t o r s moved in u n i s o n
a n t e r i o r and dorsally, before s e p a r a t i n g , leaving the e p i d e r m a l cells at the dorsal m i d l i n e (Fig. 2B,
stage 12, blue h a t c h i n g ) , while the b r a i n p r o g e n i t o r s c o n t i n u e to move p o s t e r i o r l y to t h e i r final
l o c a t i o n in the b r a i n (Fig. 2B). All p h o t o activated ~9 b r a i n cells expressed ELAV (Fig. l L ) ; n o n e
expressed Repo (Fig. I N ) , i n d i c a t i n g 6 9 - d e r i v e d b r a i n cells are n e u r o n s , n o t glia. These n e u r o n s oc­
cupied the d e u t e r o - , p r o t o - a n d t r i t o c e r e b r u m (Fig. 1 C,L), thus, the f o r m a t i o n o f the three cerebral
n e u r o m e r e s does n o t appear to be specified by separate m i t o t i c d o m a i n s . In many embryos an axon
c o u l d be seen to p r o j e c t e i t h e r t h r o u g h the t r i t o c e r e b r u m t o w a r d the v e n t r a l nerve cord (Fig. l L ,
closed a r r o w h e a d ) or t o w a r d the c o n t r a l a t e r a l h e m i s p h e r e t h r o u g h the t r i t o c e r e b r a l commissure
(Fig. 1M, closed a r r o w h e a d ) . These s t r u c t u r e s are similar to those d e s c r i b e d by T h e r i a n o s et al. 2 2

M i t o t i c D o m a i n 2 0 Generates the E n t i r e V i s u a l System
M i t o t i c d o m a i n 20 is the m o s t p o s t e r i o r o f the t h r e e d o r s a l h e a d m i t o t i c d o m a i n s (Fig. 3A).

A small n u m b e r o f cells w i t h i n ~20 was m a r k e d by p h o t o a c t i v a t i n g U A S - l a c Z expression. Since
the cells in ~20 divide m u c h later t h a n s u r r o u n d i n g m i t o t i c d o m a i n s a n d m o s t o f the cells divide
inside the cephalic furrow," it was difficult to d i s t i n g u i s h ~20 cells as t h e y divide. T h e r e f o r e , ~20

cells were i d e n t i f i e d as those cells s u r r o u n d e d by the a m n i o s e r o s a and m i t o t i c d o m a i n s 5, 18 a n d
B (Fig. 3A, green circle).

P h o t o a c t i v a t i n g cells in the c e n t e r o f ~20 gave rise to a set o f b i l a t e r a l l y s y m m e t r i c a l s t r u c t u r e s
s p a n n i n g from the a n t e r i o r tip to the b r a i n (Fig. 3B), i n c l u d i n g many head sensory organs a n d
nerves o f the p e r i p h e r a l n e r v o u s system ( P N S ) , the p o s t e r i o r p a r t o f the b r a i n , and the d o r s a l
p o u c h e p i t h e l i u m above the c l y p e o l a b r u m . A c t i v a t i o n o f ~20 cells also gave rise to a s i g n i f i c a n t
a m o u n t o f cellular debris, i n d i c a t i n g t h a t some cells were dying. P h o t o a c t i v a t i o n p r o c e d u r e does
n o t affect cell d e a t h p a t t e r n s . "
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Figu re 2 . Time-lapse images and car­
toon of UAS-nCFP embr yo following
pho toact ivation. Column A) A series
of images from a time-lapse record ­
ing o f a 05 photoact ivated embryo.
The GFP fluore sc e n c e is shown in
ne gat ive s o t hat marked cells appear
black overla ying transmitted light im­
age s . Latera l view o f stages 9-16 a s
a proje cti on of seven 5 lim opt ical
s e ct ions . Column B) Diagrammatic
representation of the position of the
progeny from mitotic domains 1, 5, and
9 from sta ge 9 to 16 shown as a lat­
eral vie w. This se rie s was c o nst ruc te d
from multiple t ime-lapse experiments
(ol- red, oS-green, 09-blue, the brain
is outl ined in black). Reprinted from:
Robert son K et al. Dev Bioi 2003 ;
260 :124-137; ©20 03 w it h perm ission
from Else v ie r."
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Figure 3. Fate mapping of lI20. A) Individual cells of the dorsal head mitotic doma ins were
visualized by the express ion of nuclear GFP ( U b i- C FPn l s) by confocal microscopy. lI20 is
highlighted with a gray border. The numbers indicate mitotic domains . Interphase nuclei ap­
pear bright and have sharp edges while mitotic cells are large and a p p e a r diffuse. The white
arrows point to the cephalic furrow. The gray circle indicates a typ ical size and locat ion of the
UV photoactivation beam . All embryos are shown with anterior to the left. B) Fates of mitotic
domains were visualized by GAL4 d e p e n d e n t activation of lacZ using the photoactivated gene
expression system . Shown here is a dorsal view of a stage 17 embryo with photoactivated
lI20 cells . Cells in the posterior part o f the brain (w h it e arrow) and head PNS (incl ud ing axons
projecting to the brain; arrows) were marked as well as cellular debris (a rro w heads ). CoG )
Developmental time-course of lI20 . Dorsal (C) and lateral (D to G) images of lI20-photoactivated
embryos. The marked cells were visualized with an a n t i - f - g a l a c t o s l d a s e antibody . C) The cells
in lI20 moved away from the dorsal midline during germband extension. D) At late stage 11 ,
the cells reached the dorsal border of the gnathal segments. The first s ign of cell death was
a p p a r e n t as a small spot moving away from the group of marked c e lls (a rro w ). E) At stage 13,
the marked lI20 cells extended alon g the lateral surface. F) During stage 14, the ventral cells
cont inued to move anteriorly into the stomodeal invagination. G) At the end of embryogenesis ,
cells were distributed into three clusters (a r row he a d s); the anterior tip, dorsal pouch and the
brain, c o n n e c t e d via nerve -like projections (a r row). Reprinted from: Namba R, Minden JS .
Dev Bioi 1999; 212:465-476; '0 19 9 9 w ith permission from Elsev ier."
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(\20 s t a r t s as a single d o m a i n o n the d o r s a l m i d l i n e . D u r i n g germ b a n d e x t e n s i o n , t h e cells o f (\20
m o v e d b i l a t e r a l l y away f r o m t h e d o r s a l m i d l i n e (Fig . 3 C ) . By t w o h o u r s after p h o t o a c t i v a t i o n at
stage 7 , m o s t (\20 cells h a d m i g r a t e d l a t e r a l l y away f r o m t h e d o r s a l m i d l i n e w h e r e t h e y f o r m e d t h e
d o r s a l b o r d e r o f t h e g n a t h a l s e g m e n t s (Fig. 3 D ) . By t h e e n d o f stage 13, t h e cells f o r m e d a n a r r o w
s t r i p s p a n n i n g f r o m t h e v e n t r a l to t h e d o r s a l surface (Fig. 3E) . At t h e e n d o f e m b r y o g e n e s i s , cells
in this n a r r o w s t r i p were d i s t r i b u t e d i n t o t h r e e c l u s t e r s s p a n n i n g t h e e n t i r e l e n g t h o f t h e h e a d (Fig .
3 F ) . T h e v e n t r a l (\20 cells m o v e d a n t e r i o r l y w i t h t h e g n a t h a l s e g m e n t s d u r i n g s t o m o d e a l i n v a g i n a ­
t i o n (Fig. 3 G ) a n d e v e n t u a l l y r e a c h e d t h e a n t e r i o r tip . The m o r e d o r s a l (\20 cells f o r m e d t h e d o r s a l
ridge a n d b e c a m e a p a r t o f the d o r s a l p o u c h , w h i l e s o m e cells d e l a m i n a t e d a n d o c c u p i e d the v e n t r a l
p o s t e r i o r p a r t o f t h e b r a i n lobe. T h e cells in t h e b r a i n lobe were usually c o n n e c t e d to a cell c l u s t e r
in t h e a n t e r i o r tip o f t h e e m b r y o by l o n g n e r v e - l i k e p r o j e c t i o n s (Fig. 3 G a r r o w ) .

P h o t o a c t i v a t i o n o f ( \ 2 0 m a r k e d a p a i r o f l a t e r a l clusters o f cells in the d o r s a l p o u c h a d j a c e n t to the
p h a r y n x in t h e stage 16 e m b r y o (Fig. 4A). This c l u s t e r p r o j e c t e d a n e r v e to t h e p o s t e r i o r p a r t o f t h e
b r a i n a n d t h e e n t i r e p r o j e c t i o n p a t h was m a r k e d by t h e lacZ e x p r e s s i o n . The l o c a t i o n a n d m o r p h o l ­
ogy o f this s t r u c t u r e s u g g e s t e d t h a t it wa s t h e larval p h o t o r e c e p t o r o r g a n , B o l w i g s o r g a n , w h i c h was
c o n f i r m e d by s t a i n i n g w i t h a P N S - s p e c i f i c a n t i b o d y , m A b 2 2 C 10 . 2 3

•
24 D o u b l e s t a i n i n g (\20 a c t i v a t e d

e m b r y o s for ~-galactosidase e x p r e s s i o n a n d w i t h m A b 2 2 C 10 s h o w e d t h a t t h e p h o t o a c t i v a r e d (\20
cells c o i n c i d e d w i t h the B o l w i g 's o r g a n , fa s c i c u l a t e d axons o f t h e Bolwig 's o r g a n ( B o l w i g 's n e r v e ) ,
a n d cells at t h e t e r m i n i o f B o l w i g ' s n e r v e p r e s u m a b l y in t h e o p t i c lobe (Fig . 4B).

In a d d i t i o n to p r o d u c i n g t h e l a r v a l visual system, s o m e (\20 cells were o b s e r v e d t o form an
e p i t h e l i u m on t o p o f t h e B o l w i g 's n e r v e p r o j e c t i o n p a t h (Fig . 4, w h i t e a r r o w s ) . The Bolwig's n e r v e

c
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Figure 4 . 0 2 0 gene rates the larval visual system. A ,B) Dorsal v i e w of 020 marked embryos . A)
~-galactosidase was expressed in the B o l w i g 's organ (BO), B o l w i g 's nerve (BN) and the o p t i c
lobe (Ol.) . W h i t e arrows po int to cells i n the do rsal pouch on top of the B o l w i g 's nerve path. B)
~-galactosidase expression (blue) in the larval visual system overlaps w i t h PNS marker expres­
sion as visualized w i t h m A b 2 2 C 1 0 ( b r o w n ). C-E) Single-cell p h o t o a c t i v a t i o n of 020; marked
cells were found in the d e v e l o p i n g larval visual system at stage 14 (C) and at stage 17 (D),
both lateral views . They were c o n f i n e d to the B o l w i g 's organ (BO), the o p t i c lobe (Ol. ) and the
dorsal pouch (arrows). E) A dorsal v i e w of an e m b r y o w i t h marked cells in both o p t i c lobes .
Reprinted from : Namba R, M i n d e n JS . Dev Bioi 1999 ; 212 : 4 6 5 - 4 7 6 ; ©1999 w i t h permission
from Elsevier . " A c o l o r version of this figure is available onl ine at w w w . e u r e k a h .com .
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e x t e n d s p o s t e r i o r l y from t h e Bolwig's o r g a n l o c a t e d inside the d o r s a l p o u c h e p i t h e l i u m a n d makes
a s h a r p , v e n t r a l t u r n near the p o s t e r i o r edge o f the d o r s a l p o u c h to follow a l o n g t h e basal surface
o f the b r a i n i n t o t h e o p t i c lobe. The 620 cells t h a t f o r m e d the e p i t h e l i a l s t r u c t u r e were often f o u n d
at or near w h e r e the B o l w i g s nerve made the v e n t r a l t u r n , w h i c h c o r r e s p o n d s to the l o c a t i o n o f
t h e e y e - a n t e n n a l disc p l a c o d e .

P h o t o a c t i v a t i o n o f single cells in t h e c e n t e r o f 6 2 0 gave rise to m a r k e d cells in the o p t i c lobe,
Bolwig's o r g a n , a n d a small area o f the dorsal p o u c h , p r e s u m a b l y the e y e - a n t e n n a l disc p l a c o d e ,
exclusively (Fig. 4 C ,D). This p h o t o a c t i v a t i o n typically m a r k e d the larval visual system e i t h e r on
the left- or r i g h t - h a n d side o f the e m b r y o , while a small f r a c t i o n o f these e m b r yos had m a r k e d ,
visual system cells on b o t h sid e s o f the e m b r y o m i d l i n e (Fig. 4E) . T h e s e results show t h a t all o f the
cell-types t h a t make up the l arval visual system can be d e r i v e d from a single 620 cell.

M i t o t i c D o m a i n B G e n e r a t e s B r a i n Glia
Progeny o f m i t o t i c d o m a i n s 1, S a n d 9 p o p u l a t e d a l m o s t all o f the b r a i n volume (Fig . I B , C ) .

N o n e o f these m i t o t i c d o m a i n s g e n e r a t e d sig n i fic an t n u m b e r s o f glial cells. P h o t o a c t i v a t i o n o f the
r e m a i n i n g m i t o t i c d o m a i n , 6B , revealed a major source o f b r a i n glia . P h o t o a c t i v a t i o n o f cells in t h r e e
locations along the length o f th is e l o n g a t e d m i t o t i c d o m a i n (Fig. IA) in UAS-nGFP embr yos revealed
t h a t t h e i r p r o g e n y f o r m e d small clusters o f cells in the p r e s u m p t i v e p r o t o c e r e b r u m at stage 14 (Fig.
SA, solid arrow). The d i s t r i b u t i o n o f these clusters in the st a ge 14 e m b r y o n i c b r a i n is d i a g r a m m e d
in Figure SE ,F. These clusters were l o c a t e d deep w i t h i n the b r a i n and were variable in size. Each o f
the clusters o f m a r k e d 6B cells was s u r r o u n d e d by d i s p e r s e d cells (Fig . SA and c a r t o o n e d as dots in

Figure 5 . Brain glia o r i g i n a t e from oB. A-C) 2-4 cell p h o t o a c t i v a t i o n of oB i n a UAS -nGFP
e m b r y o stained w ith anti-GFP (green) and anti-Repo (red). A) Shows the green f l u o r e s c e n t
channel. A cluster of GFP-positive cells b e l o w the focal plane ( i n d i c a t e d b y the solid arrow)
that is surrounded by i n d i v i d u a l cells (solid arrowhead) . B) Shows the a n t i - R e p o signal reveal­
ing gl ial cells. C) Shows the s u p e r p o s i t i o n of A and B. N o t i c e the d o u b l e labeled cells (solid
arrowhead) and Repo - o n l y glial cells (o p en arrowhead) . D) 2 -4 cell p h o t o a c t i v a t i o n of oB in a
UAS-nGFP e m b r y o stained w i t h anti-GFP (green) and anti-ELAV (red). Not ice that none of the
GFP-pos i t i v e cells also express the neuronal marker, ELAV. E,F) Schematic representations of
marked oB cells w i t h i n the brain , lateral and dorsal views , r e s p e c t i v e l y . The blue o u t l i n e d areas
r ep re sent marked clusters; the blue dots represent isolated cells . Reprinted from: Robertson
K et al. De v Bioi 2003 ; 260 :124-137; ©2003 w i t h permission from Elsevier ."
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Fig. SE,F). T h r e e - q u a r t e r s o f ~B p h o t o a c t i v a t e d e m b r y o s h a d m a r k e d , d i s p e r s e d b r a i n cells t h a t also
expressed Repo, i n d i c a t i n g t h a t t h e y were glial cells (Fig. S A - C ) . N o n e o f the m a r k e d cells in bB
p h o t o a c t i v a t e d e m b r y o s expressed ELAV (Fig. SD), i n d i c a t i n g t h a t t h e y are unlikely to be n e u r o n s .
There are t w o classes o f e m b r y o n i c b r a i n glia: the s u b p e r i n e u r a l glia t h a t are m o s t l y l o c a t e d in t h e
b r a i n p e r i p h e r y a n d the n e u r o p i l glia. 16 Glial cells arising from bB were i d e n t i f i e d as s u b p e r i n e u r a l
glia by t h e i r p o s i t i o n . N e u r o p i l glia were never o b s e r v e d , suggesting t h a t this s u b t y p e o f glial cells
may arise f r o m a d i f f e r e n t source.

C o n c l u s i o n
The m o s t d i f f i c u l t a s p e c t o f fate m a p p i n g t h e h e a d r e g i o n o f the Drosophila e m b r y o is its com­

plex m o r p h o g e n e s i s . We have fate m a p p e d t h e m a j o r i t y o f m i t o t i c d o m a i n s w i t h i n t h e Drosophila
p r o c e p h a l i c b l a s t o d e r m using t h e p h o t o a c t i v a t e d gene e x p r e s s i o n system a n d d e t e r m i n e d t h a t the
e m b r y o n i c b r a i n develops f r o m five m i t o t i c d o m a i n s : b l ( p o s t e r i o r - d o r s a l p a r t ) , bS, ~9, ~20 a n d
bB. The final p o s i t i o n o f the m i t o t i c d o m a i n p r o g e n y within the b r a i n does n o t reflect t h e i r relative
b l a s t o d e r m p o s i t i o n s . Thus, the m i t o t i c d o m a i n s follow specific m o r p h o g e n e t i c t r a j e c t o r i e s . Several
d i f f e r e n t m e c h a n i s m s are e m p l o y e d to i n t e r n a l i z e b r a i n p r o g e n i t o r s : t h e p o s t e r i o r - d o r s a l p a r t o f
b l a n d bB i n v a g i n a t e en mass, ~S a n d b 2 0 also i n v a g i n a t e t o g e t h e r , a n d ~9 uses o r i e n t e d m i t o s i s
a n d p o s s i b l y d e l a m i n a t i o n . T o g e t h e r , these m i t o t i c d o m a i n s c o n s t i t u t e n o n - o v e r l a p p i n g regions
o f the b r a i n . This fate map will p r o v i d e an avenue for p e r f o r m i n g r e g i o n - s p e c i f i c e x p e r i m e n t s . The
d i s c r e t e b e h a v i o r o f t h e b r a i n - f o r m i n g m i t o t i c d o m a i n s raises several i n t e r e s t i n g q u e s t i o n s a b o u t
t h e a n c e s t r a l o r i g i n o f t h e b r a i n . O n e such q u e s t i o n is, d i d the various b r a i n c o m p a r t m e n t s evolve
f r o m a c o m m o n g r o u p o f cells a n d later specialize or d i d the c o m p a r t m e n t s evolve i n d e p e n d e n t l y
a n d l a t e r coalesce to form the b r a i n ?
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C H A P T E R S

Design of the Larval Chemosensory System
R e i n h a r d F. S t o c k e r "

A b s t r a c t

G iven t h a t smell and taste are vital senses for most a n i m a l species, it is n o t s u r p r i s i n g t h a t
c h e m o s e n s a t i o n has b e c o m e a s t r o n g focus in n e u r o b i o l o g i c a l research. M u c h o f w h a t
we k n o w today a b o u t how the b r a i n "mirrors" the chemical e n v i r o n m e n t has derived

from simple organisms like Drosophila. This is because t h e i r c h e m o s e n s o r y system includes only
a f r a c t i o n o f the cell n u m b e r o f the m a m m a l i a n system, yet often e x h i b i t s the same basic design.
R e c e n t studies aimed at e s t a b l i s h i n g fruitfly larvae as a p a r t i c u l a r l y simple m o d e l for smell and
taste have analyzed the expression p a t t e r n s o f o l f a c t o r y and g u s t a t o r y receptors, the c i r c u i t r y o f
the c h e m o s e n s o r y system and its b e h a v i o r a l o u t p u t . Surprisingly, the larval o l f a c t o r y system shares
the o r g a n i z a t i o n o f its a d u l t c o u n t e r p a r t , t h o u g h c o m p r i s i n g m u c h r e d u c e d cell n u m b e r s . It thus
i n d e e d provides a "minimal" m o d e l system o f general i m p o r t a n c e . C o m p a r i n g a d u l t and larval
c h e m o s e n s o r y systems raises i n t e r e s t i n g q u e s t i o n s a b o u t t h e i r f u n c t i o n a l capabilities and a b o u t
the processes u n d e r l y i n g its t r a n s f o r m a t i o n t h r o u g h m e t a m o r p h o s i s .

I n t r o d u c t i o n
The senses o f smell and taste create r e p r e s e n t a t i o n s o f the chemical e n v i r o n m e n t in the brain.

U n d e r s t a n d i n g how the nervous system fulfills this amazing t a s k - g i v e n the diversity o f molecules,
c o n c e n t r a t i o n s and b l e n d s - i s a major challenge in neurobiology. A b r e a k t h r o u g h in chemosensory
research was p r o m p t e d by the i d e n t i f i c a t i o n o f o d o r a n t r e c e p t o r genes in r o d e n t s , ' in C. elegans,2
and in Drosopbila.r' The expression p a t t e r n s o f these genes t u r n e d o u t to be an ideal t o o l for
dissecting the o l f a c t o r y c i r c u i t s . l " These studies allowed to c o n f i r m earlier a s s u m p t i o n s t h a t the
o l f a c t o r y systems o f mammals and insects are o r g a n i z e d a c c o r d i n g to c o m m o n p r i n c i p l e s , " ! ' even
t h o u g h the insect b r a i n comprises only a f r a c t i o n o f the cell n u m b e r s o f the m a m m a l i a n b r a i n . It is
t h e r e f o r e n o t s u r p r i s i n g t h a t insect species like Manduca sexta, Apis mellifera and D. melanogaster
have b e c o m e a t t r a c t i v e models for i n v e s t i g a t i n g the chemical senses.

Does the larval c h e m o s e n s o r y system o f flies or o t h e r h o l o m e t a b o l o u s insects offer an even
simpler alternative? A d u l t s and larvae are a n a t o m i c a l l y and behaviorally m u c h different, reflecting
t h e i r d i f f e r e n t life-styles. A d u l t flies, for example, search for food, mates, and egg-laying substrates,
all o f w h i c h requires s o p h i s t i c a t e d o d o r analysis. Fly larvae, in c o n t r a s t , live d i r e c t l y on t h e i r food,
and hence may n o t n e e d l o n g - r a n g e o d o r d e t e c t i o n . C o m p a t i b l e w i t h this n o t i o n , t h e i r o l f a c t o r y
system in terms o f cell n u m b e r s is massively reduced. Nevertheless, its basic o r g a n i z a t i o n is sur­
prisingly similar to the a d u l t design, t u r n i n g the Drosophila larva i n t o a new, " e l e m e n t a r y " m o d e l
system for s r n e l l . ! ' : "

*Dr. Reinhard F. S t o c k e r - D e p a r t m e n t of Biology, U n i v e r s i t y of F r i b o u r g , l 0, Chemin du Musee,
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C h e m o s e n s o r y Organs o f the Larval H e a d
The c h e m o s e n s o r y e q u i p m e n t o f the larval h e a d o f D. melanogaster includes t h r e e external

sense organs, dorsal organ ( D O ) , t e r m i n a l organ ( T O ) a n d v e n t r a l organ ( V O ) , as well as three
p h a r y n g e a l organs 1 6. 21 (Fig . 1). Each o f these organs consists o f several sensilla c o m p r i s i n g one to
n i n e n e u r o n s and t h r e e accessory cells, all o f w h i c h are c o l l e c t e d below a c o m m o n c u t i c u l a r hair
or t e r m i n a l pore . The D O is c o m p o s e d o f a m u l t i p o r o u s "dome" suggesting o l f a c t o r y f u n c t i o n , as
well as six p e r i p h e r a l s e n s i l l a . I n M u s c a , five o f these six p e r i p h e r a l sensilla and most o f the T O a n d
VO sensilla are c h a r a c t e r i z e d by a t e r m i n a l p o r e i n d i c a t i n g g u s t a t o r y f u n c t i o n . 22 . 24In Drosophila ,
the o l f a c t o r y f u n c t i o n o f the dome was c o n f i r m e d by e l e c t r o p h y s i o l o g i c a l r e c o r d i n g ' P ? and genetic
a b l a t i o n s t u d i e s P ·26.2 7 I n d e e d , selective b l o c k o f the 21 sensory n e u r o n s o f the dome c o n f i r m e d
t h e i r i d e n t i t y as the u n i q u e o d o r a n t r e c e p t o r n e u r o n s ( O R N s ) o f the l a r v a p ·2 7 H e n c e , the D O
seems to be a mixed o r g a n for smell a n d taste, while the T O and the VO r e s p o n d to ta s t a n t s onl y.
In a d d i t i o n , all t h r e e organs may also i n c l u d e mechanosensory . P ' " therrnosensory , " and hygro­
sensory n e u r o n s . The ganglia o f the D O , T O a n d VO comprise 36-37, 32 and 7 sensory n e u r o n s ,
respectively , " The d e n d r i t e s o f the 21 O R N s o f the D O e x t e n d as seven t r i p l e t s i n t o the dome, 12
a d d i t i o n a l D O n e u r o n s i n n e r v a t e the six p e r i p h e r a l sensilla o f the D O , a n d the r e m a i n i n g t h r e e
D O n e u r o n s atypically p r o j e c t t o w a r d one o f the T O sensilla. 20 , 29 , 30

The dorsal a n d v e n t r a l p h a r y n g e a l sense organs c o m p r i s i n g 17 a n d 16 n e u r o n s , respectivel y, are
s i t u a t e d i m m e d i a t e l y b e h i n d the m o u t h h o o k s . They i n c l u d e m u l t i p l e sensilla and may r e p r e s e n t
g u s t a t o r y a n d m e c h a n o s e n s o r y organs . 16 ,20,21 The small p o s t e r i o r p h a r y n g e a l se n se organ is l o c a t e d
f u r t h e r back on the gut a n d is c o m p o s e d o f two sensilla w i t h t h r e e n e u r o n s e a c h . "

Figure 1. The chemosensory system of the larval head. The dorsal organ (DO) comprises
the o l f a c t o r y dome (grey) and a few putative taste sensilla (small circles). The terminal organ
(TO), the ventral organ (VO), as well as the dorsal , ventral and poster ior pharyngeal sense
organs (DPS, VPS and PPS , respectively) i n c l u d e mainly taste sensilla. Neuronal cell bodies
are c o l l e c t e d in ganglia b e l o w each sense organ . Three neurons i n n e r v a t i n g the TO are lo­
cated in the ganglion of the DO . O d o r a n t receptor neurons (blue) from the dome send the ir
axon via the antennal nerve ( A N ) into the larval a n t e n n a l l o b e (LAL). Local interneurons (LN)
i n t er c o n n ec t the g l o m e r u l i of the LAL, w h i l e p r o j e c t i o n neurons (pN; green) link the LAL w i t h
the mushroom body calyx and the lateral horn (LH). An i n t r i n s i c mushroom body Kenyon
cell (KC; red) is shown. Axons from p u t a t i v e taste receptor neurons (brown) extend via four
d i f f e r e n t nerves to the CNS and end in the suboesophageal region (SOG). LBN labial nerve,
LN labral nerve , M N m a x i l l a r y nerve .
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O l f a c t o r y p r o j e c t i o n s in the e N S are s u p r a - o e s o p h a g e a l , whereas taste i n f o r m a t i o n is sent to the
s u b - o e s o p h a g e a l g a n g l i o n (Fig. 1). D i f f e r e n t f r o m a d u l t s , all o l f a c t o r y p r o j e c t i o n s r e m a i n ipsilat­
eral. N e u r o n s f r o m the D O g a n g l i o n , regardless o f t h e i r m o d a l i t y a n d i r r e s p e c t i v e o f w h e t h e r t h e y
extend to t h e D O or T O , c o n n e c t to t h e b r a i n via the a n t e n n a l nerve. 2 0,31 The s u p r a - o e s o p h a g e a l
l a b r a l n e r v e carries the afferents f r o m t h e d o r s a l a n d p o s t e r i o r p h a r y n g e a l sense o r g a n s , w h e r e a s
t h e s u b - o e s o p h a g e a l m a x i l l a r y a n d labial nerves c o m p r i s e t h o s e f r o m t h e T O a n d V O ganglia,
a n d f r o m t h e v e n t r a l p h a r y n g e a l sense o r g a n , respectively.17,18,20,21

Olfactory System

O d o r a n t Receptors a n d Their Expression P a t t e r n s
O d o r a n t r e c e p t o r s ( 0 Rs) define t h e s p e c t r u m o f d e t e c t a b l e o d o r s . T h e i r e x p r e s s i o n p a t t e r n

across the p o p u l a t i o n o f 0 RNs p r o v i d e s t h e basis for a c o m b i n a t o r i a l code in t h e i r t a r g e t areas in
t h e b r a i n w h i c h allows to i n t e r p r e t a p r a c t i c a l l y u n l i m i t e d n u m b e r o f o d o r s a n d o d o r m i x t u r e s ,
This seems to be t r u e b o t h for m a m m a l s ' V ' a n d for Drosophila. 3,4,7,8

In a d u l t Drosophila, t w o r e l a t e d s u b - f a m i l i e s o f c h e m o s e n s o r y r e c e p t o r s have b e e n i d e n t i f i e d ,
an O R family c o m p r i s i n g 62 m e m b e r s 3,4,32,33 a n d a family o f g u s t a t o r y r e c e p t o r s ( G R s ) w i t h 60
m e m b e r s (see Gustatory Receptors and Their Expression Pattern). 32-36 Similar to mammals, fly 0 RNs
express in g e n e r a l a single OR.3,4,37,38 For m a n y O R s , o d o r a n t r e s p o n s e s p e c t r a a n d e x p r e s s i o n pat­
t e r n s have b e e n s t u d i e d . F ' " A f f e r e n t s o f O R N s e x p r e s s i n g a given O R converge o n t o o n e or t w o
g l o m e r u l i in the a n t e n n a l Iobe.Y'" a n a l o g o u s to t h e m a m m a l i a n o l f a c t o r y system. H e n c e , o d o r
i n f o r m a t i o n c a r r i e d by O R N s is t r a n s l a t e d i n t o a p a t t e r n o f g l o m e r u l a r a c t i v a t i o n . v ' "

The logic o f Or gene expression in the larval o l f a c t o r y system, despite its simplicity, is surprisingly
s i m i l a r to t h e a d u l t logic. 12,13,27 For 2S Or genes, e x p r e s s i o n was s h o w n by in s i t u h y b r i d i z a t i o n a n d
via Or-Gal4 driver lines (Table 1 ).12 H o w e v e r , t h e r e is e v i d e n c e o f a few a d d i t i o n a l c a n d i d a t e larval
Or genes. 12, 13,45 Each o f the 21 larval 0 RNs expresses the atypical r e c e p t o r 0 R83b, k n o w n also from
a d u l t flies, w h i c h is i n v o l v e d in p r o p e r l o c a l i z a t i o n a n d f u n c t i o n o f " c o n v e n t i o n a l " 0 Rs. 27,46,47 The
large m a j o r i t y o f t h e O R N s express o n e c o n v e n t i o n a l O R a l o n g w i t h O R 8 3 b , while t w o O R N s
were s h o w n to coexpress t w o a d d i t i o n a l O R s a p a r t f r o m O R 8 3 b . 12 Given t h a t t h e n u m b e r o f
i d e n t i f i e d O R s exceeds the t o t a l n u m b e r o f O R N s , a few m o r e cases o f t r i p l e O R e x p r e s s i o n are
to be e x p e c t e d . Taken t o g e t h e r , the n u m b e r o f p r i m a r y o l f a c t o r y "qualities" in t h e larva, r e f l e c t e d
by the n u m b e r o f 0 Rs expressed, is c o n s i d e r a b l y smaller c o m p a r e d to t h e a p p r o x i m a t e l y 60 quali­
ties in a d u l t s . I n t e r e s t i n g l y , o f t h e 2S well c h a r a c t e r i z e d larval Or genes, 13 are larval-specific.P'"
whereas t h e r e m a i n i n g 12 Or genes are expressed in a d u l t s as well (Table 1).3,4,8,32,48

U s i n g the " e m t p y n e u r o n a p p r o a c h ' , i.e., e x p r e s s i n g single Or genes in a d u l t a n o s m i c m u t a n t
ORNS,37-39 t h e e l e c t r o p h y s i o l o g i c a l r e s p o n s e s o f 11 larval O R s to a p a n e l o f 29 k n o w n a d u l t or
larval s t i m u l a n t s 2 6,38,39,49-51 were r e c o r d e d . P ' I h e r e a c t i o n s p e c t r a o b s e r v e d were very diverse, r a n g i n g
f r o m an 0 R t h a t r e s p o n d e d o n l y to a single t e s t e d o d o r a n t , to 0 Rs w h i c h r e s p o n d e d up to n i n e
o d o r a n t s . " O d o r a n t s t h a t e l i c i t e d s t r o n g responses usually d i d so f r o m m u l t i p l e r e c e p t o r s . Some
o Rs r e s p o n d e d m o s t s t r o n g l y to a l i p h a t i c c o m p o u n d s , while o t h e r s were p r e f e r e n t i a l l y t u n e d
to a r o m a t i c c o m p o u n d s . M o s t o f t h e r e s p o n s e s were e x c i t a t o r y , b u t s o m e O R s were s t r o n g l y
i n h i b i t e d by o n e c o m p o u n d a n d e x c i t e d by a n o t h e r . R e s p o n s e d y n a m i c s a n d o d o r s e n s i t i v i t i e s
v a r i e d largely a m o n g d i f f e r e n t r e c e p t o r s . .

G l o m e r u l a r A r c h i t e c t u r e o f the L a r v a l A n t e n n a l L o b e
The larval o l f a c t o r y c i r c u i t r y is s u r p r i s i n g l y s i m i l a r to the a d u l t circuitry, t h o u g h m u c h r e d u c e d

in t e r m s o f cell n u m b e r s . O l f a c t o r y a f f e r e n t s t e r m i n a t e in the larval a n t e n n a l l o b e ( L A L ) . T h e i r
t a r g e t s are local i n t e r n e u r o n s , w h i c h p r o v i d e l a t e r a l c o n n e c t i o n s in t h e L A L , a n d p r o j e c t i o n
n e u r o n s ( P N s ) , w h i c h l i n k t h e LAL via t h e i n n e r a n t e n n o c e r e b r a l t r a c t w i t h h i g h e r o r d e r olfac­
t o r y centers, the m u s h r o o m b o d y ( M B ) calyx a n d the l a t e r a l h o r n (Fig. 1) .15,20,52 A n a l o g o u s to
the a d u l t fly, larval O R N s a n d P N s seem to be c h o l i n e r g i c , whereas m o s t or even all o f the local
i n t e r n e u r o n s may be G A B A e r g i c . 53
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Table 1. OR genes and GR genes expressed in the larva

In Situ Gal4
H y b r i d i z a t i o n D r i v e r Lines

Or1a L + +
Or2a L + A +
Or7a L + A +
Or13a L + A + +
Or22a L+A +
Or22c L + +
Or24a L + +
Or30a L + +
Or33a L + A + +
O r 3 3 b * L + A + +
Or35a L + A + +
Or42a L + A + +
Or42b L + A + +
Or45a L + +
O r 4 5 b L + +
Or47a* L + A + +
Or49a L + A +
Or59a L + +
Or63a L + +
O r 6 7 b L + A + +
Or67c L+A +
Or74a L + +
Or82a L + A + +
Or83a L + +
O r 8 3 b * * * L + A + +
O r 8 5 c L +
O r 8 5 d L+A +
O r 9 4 a * * L +
O r 9 4 b * * L +

Gr2a L + A +
Gr21a L + A +
Gr22e L + A +
Gr28be L + A +
Gr32a L + A +
Gr63a L + A +
Gr66a L + A +

L/A: expression in l a r v a l / a d u l t chemosensory neurons. O r 3 3 b / O r 4 7 a (*) and O r 9 4 a / O r 9 4 b (**) are
coexpressed in the same ORN.12 O r 8 3 b (***) encodes an atypical, u b i q u i t o u s l y expressed OR.12,27
Or data are from references 12 and 13, data in italics from reference 45, and Gr data are from refer­
ences 12 and 36.

The expression p a t t e r n s o f O R N - s p e c i f i c Gal4 driver lines revealed the presence o f glomer­
ulus-like subregions in the LAL. 2 0 F L P - o u t labeling'" applied to the O R N - s p e c i f i c Or83b-Ga14
line 2 7 ,4 2 allowed to visualize i n d i v i d u a l O R N s in the b a c k g r o u n d o f me remaining, differently
labeled O R N s . 1 s Each O R N e n d e d up invariably in a single LAL glomerulus, and F L P - o u t and
b a c k g r o u n d labels were always mutually exclusive (Fig. 2). This suggests t h a t every glomerulus is
the target o f a single O R N and t h a t each o f me 21 O R N s is unique in p r o j e c t i n g to its p r o p e r
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g l o m e r u l u s a m o n g 21 spatially i d e n t i f i a b l e LAL g l o m e r u l i . " C o m p a t i b l e w i t h the FLP - o u t data,
the axons o f 0 R N s expressing Gal4 u n d e r the c o n t r o l o f 22 d i f f e r e n t Or gene p r o m o t e r s e n d e d
up in a d i f f e r e n t g l o m e r u l u s each (Fig. 2).12.13 Moreover, c o m b i n a t i o n s o f two Or-Ga14 driver
c o n s t r u c t s n o r m a l l y l a b e l e d two O R N s each o f w h i c h p r o j e c t e d to a d i f f e r e n t g l o m e r u l u s . An
obvious e x c e p t i o n were Or genes coexpressed in the same 0 RN; these had a c o m m o n g l o m e r u l u s
as a target. H a v i n g i d e n t i f i e d ligands for some o f the O R s (see above), a map o f o d o r r e p r e s e n t a ­
t i o n in the LAL was e s t a b l i s h e d , " Accordingly, t a r g e t g l o m e r u l i o f r e c e p t o r s t u n e d to a l i p h a t i c
c o m p o u n d s and t a r g e t g l o m e r u l i o f r e c e p t o r s t u n e d to a r o m a t i c c o m p o u n d s a p p e a r e d to cluster
at d i s t i n c t sites o f the LAL.

Using the same F L P - o u t s t r a t e g y as for O R N s , b u t in the PN-specific G H 1 4 6 - G a 1 4 driver,55
the d e n d r i t e s o f larval PNs were f o u n d to be r e s t r i c t e d to single LAL g l o m e r u l i , c o m p a r a b l e to
the a d u l t a n t e n n a l l o b e (Fig. 2).15 U s i n g M A R C M l a b e l i n g , " a m i n o r i t y o f P N s were f o u n d to be
b i - g l o m e r u l a r . F M u t u a l l y exclusive F L P - o u t and b a c k g r o u n d labels suggested t h a t each g l o m e r u ­
lus is i n n e r v a t e d by a single G H l 4 6 - p o s i t i v e P N . H e n c e , the t o t a l n u m b e r o f P N s may r o u g h l y
m a t c h the t o t a l n u m b e r o f LAL g l o m e r u l i . " The g l o m e r u l i r e c o g n i z e d by PNs c o r r e s p o n d to
those i d e n t i f i e d via the 0 R N t e r m i n a l s , i n d i c a t i n g t h a t LAL g l o m e r u l i m e e t the w i r i n g c r i t e r i a
o f t y p i c a l insect g l o m e r u l i .

G l o m e r u l a r O r g a n i z a t i o n o f the M u s h r o o m B o d y Calyx
The a d u l t MB calyx comprises h u n d r e d s o f g l o m e r u l i . 57 A d u l t PNs establish I - I I t e r m i n a l

b o u t o n s in variable calyx regions, 54 each b o u t o n p r o b a b l y c o r r e s p o n d i n g to a single glomerulus. 57 In
c o n t r a s t , the larval MB calyx consists o f a small n u m b e r o f well-defined, relatively large g l o m e r u l i , "
w h i c h has allowed to establish a n n o t a t e d g l o m e r u l a r maps. By expressing G F P - a c t i n u n d e r the
c o n t r o l o f P N - s p e c i f i c a n d MB-specific G a l 4 l i n e s or based on i m m u n o r e a c t i v i t y p a t t e r n s against
c h o l i n e acetyl transferase in the t e r m i n a l s o f PNs, up to 34 calyx g l o m e r u l i were i d e n t i f i e d . " : "
Fine s t r u c t u r a l data suggest t h a t each calyx g l o m e r u l u s is filled by a large, b o u t o n - l i k e t e r m i n a l o f
a single PN.52 M o s t o f the PNs t e r m i n a t e in a single calyx g l o m e r u l u s , except a m i n o r i t y o f P N s
w h i c h t a r g e t two d i f f e r e n t glomeruli.14.15.52 Again, calyx g l o m e r u l i seem to be i n n e r v a t e d by single
G H l 4 6 - p o s i t i v e PNS.15

A c o m p a r i s o n o f the i n p u t and o u t p u t sites o f PNs revealed at least seven types o f PNs t h a t
s t e r e o t y p i c a l l y l i n k a specific LAL g l o m e r u l u s w i t h a specific calyx g l o m e r u l u s (Fig. 2).15 Thus,
the activity p a t t e r n set up in LAL g l o m e r u l i , as a result o f O R N i n p u t and m o d u l a t i o n by local
i n t e r n e u r o n s , seems to be r a t h e r f a i t h f u l l y t r a n s m i t t e d to the calyx. This s t r a i g h t f o r w a r d c i r c u i t r y
seems well s u i t e d for analyzing calyx f u n c t i o n , a l t h o u g h it remains to be shown w h e t h e r s t r i c t
i n p u t - o u t p u t c o r r e l a t i o n s apply to all larval PNs.

F L P - o u t a n d M A R C M l a b e l i n g in M B - s p e c i f i c G a l 4 l i n e s a l l o w e d to classify MB y n e u r o n s
(the o n l y type o f m a t u r e MB n e u r o n s p r e s e n t in the l a r v a ' " ] a c c o r d i n g to t h e i r d e n d r i t i c p a t t e r n s
in t h e calyx. W h i l e a m i n o r i t y o f these n e u r o n s e s t a b l i s h d e n d r i t i c p r o j e c t i o n s in a single calyx
g l o m e r u l u s , " m o s t o f t h e m have m u l t i p l e a r b o r s in up to seven g l o m e r u l i . l v " W h e n s t u d y i n g
t h e MB y n e u r o n p r o g e n i e s d e r i v i n g from the four MB n e u r o b l a s t s , specific subsets o f calyx
g l o m e r u l i a p p e a r e d to be p r e f e r e n t i a l l y t a r g e t e d to some e x t e n t . " In terms o f cell n u m b e r s ,
r o u g h l y 21 PNs (or p e r h a p s a few m o r e ) may be c o n f r o n t e d w i t h an e s t i m a t e d 6 0 0 f u n c t i o n a l
MB y n e u r o n s (L. Luo, p e r s o n a l c o m m u n i c a t i o n ) . H e n c e , the l a r v a l calyx, s i m i l a r to its a d u l t
h o m o l o g u e , is a site o f d i v e r g e n c e ; 14,15 it is in fact the o n l y such site a l o n g the l a r v a l o l f a c t o r y
p a t h w a y (see Fig. 3).

The L a r v a l O l f a c t o r y P a t h w a y : Possible R u l e s o f O d o r C o d i n g
As s h o w n above, l a r v a l O R N s express o n l y o n e or two Or genes a l o n g w i t h the u b i q u i t o u s l y

e x p r e s s e d Or83b gene.12.13.27 This is s i m i l a r to a d u l t flies a n d m a m m a l s b u t differs from C. elegans,
in w h i c h O R N s express m u l t i p l e ORS.59 By u s i n g " s u b t r a c t i v e " a n d " a d d i t i v e " O R N s t r a t e g i e s ,
p o s s i b l e rules o f o l f a c t o r y c o d i n g were i n v e s t i g a t e d in l a r v a l c h e m o t a x i s a s s a y s . " In t h e first
s t r a t e g y , in w h i c h s e l e c t e d O R N s were g e n e t i c a l l y a b l a t e d via t o x i n e x p r e s s i o n , two types o f
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results were o b t a i n e d . A n i m a l s l a c k i n g the O R I a - e x p r e s s i n g n e u r o n or the O R 4 9 a - e x p r e s s i n g
n e u r o n s h o w e d r e d u c e d c h e m o t a x i s to o n l y one o f 20 o d o r s t e s t e d . This m i l d effect is consis­
t e n t w i t h the b r o a d a n d o v e r l a p p i n g l i g a n d t u n i n g o f many O R N s in adults.'? a n d larvae.'? In
c o n t r a s t , loss o f the n e u r o n e x p r e s s i n g O R 4 2 a r e s u l t e d in b e h a v i o r a l a n o s m y to four o f the 20
o d o r s . In the a d d i t i v e a p p r o a c h , larvae w i t h one or two f u n c t i o n a l O R N s were g e n e r a t e d using
O r l a, Or42a or Or49a driver lines.'? C o n s i s t e n t w i t h the s t r o n g e r O R 4 2 a - a b l a t e d p h e n o t y p e ,
O R 4 2 a - f u n c t i o n a l l a r v a e r e s p o n d e d b e h a v i o r a l l y to 22 o f 53 o d o r s t e s t e d ( c o m p a r e d to 36 in
the w i l d t y p e ) , i n c l u d i n g t h r e e o f f o u r o d o r s to w h i c h O R 4 2 a - a b l a t e d a n i m a l s are anosmic. The
b r o a d response profile for O R 4 2 a - f u n c t i o n a l l a r v a e is in a g r e e m e n t w i t h the b r o a d l i g a n d t u n i n g
o f this r e c e p t o r . P ' " In c o n t r a s t , O R I a - a n d O R 4 9 a - f u n c t i o n a l l a r v a e did n o t e x h i b i t s i g n i f i c a n t
c h e m o t a x i s to any o f the 53 o d o r s , c o n s i s t e n t w i t h the weak p h e n o t y p e o f the c o r r e s p o n d i n g
a b l a t e d larvae a n d w i t h e l e c t r o p h y s i o l o g i c a l r e s p o n s e s . " A n i m a l s w i t h two f u n c t i o n a l O R N s
( O R I a / O R 4 2 a ) r e s p o n d e d to a s o m e w h a t d i f f e r e n t subset o f o d o r s t h a n larvae having e i t h e r
single f u n c t i o n a l n e u r o n a l o n e . F

The m i n i m a l effects on c h e m o t a x i s o b s e r v e d after a b l a t i n g the O R I a or O R 4 9 a n e u r o n s
suggest a c e r t a i n degree o f f u n c t i o n a l r e d u n d a n c y . This s o u n d s s u r p r i s i n g , given t h e small
n u m b e r o f O R N s in the larval system. Yet, subtle effects e x e r t e d by seemingly " u n i m p o r t a n t "
n e u r o n s c o u l d be crucial for c o o p e r a t i v e processes. O n the o t h e r h a n d , the O R 4 2 a n e u r o n plays
a p a r t i c u l a r l y i m p o r t a n t role; it is sufficient to i n i t i a t e c h e m o t a x i s to many o d o r s , and its loss
leads to severe b e h a v i o r a l defects. Finally, c o o p e r a t i v i t y is s u g g e s t e d by t h e m o d i f i e d responses
o f O R I a / O R 4 2 a - f u n c t i o n a l a n i m a l s c o m p a r e d to the single f u n c t i o n a l a n i m a l s . O l f a c t o r y
c o d i n g thus does n o t simply rely on a d d i t i v e a c t i v a t i o n o f 21 p a r a l l e l pathways, b u t involves
l a t e r a l i n t e r a c t i o n s as well. C r o s s - t a l k may o c c u r in p a r t i c u l a r via the local i n t e r n e u r o n s in the
LAL. 1s T r a n s f o r m a t i o n o f o l f a c t o r y signals is k n o w n from the a n t e n n a l l o b e o f a n u m b e r o f
insects i n c l u d i n g Drosophila. 6

0- 6 3 I n t e g r a t i o n o f o l f a c t o r y i n f o r m a t i o n may s h a r p e n q u a n t i t a ­
tive a n d q u a l i t a t i v e p a r a m e t e r s , such as d e t e c t i o n t h r e s h o l d a n d o d o r d i s c r i m i n a t i o n . W h i l e
c h e m o t a x i s assays do n o t answer how o d o r s are d i s t i n g u i s h e d from each o t h e r , it is r e a s o n a b l e
to assume t h a t i n t e g r a t i v e processes may be p a r t i c u l a r l y c r u c i a l i f very few c h a n n e l s have to deal
w i t h many o d o r s .

F u r t h e r processing occurs in h i g h e r b r a i n centers, such as the MBs. The d i f f e r e n t classes o f
larval MB y neurons, i n n e r v a t i n g various n u m b e r s o f calyx glomeruli, obviously allow d i f f e r e n t
modes o f signal transfer. U n i g l o m e r u l a r MB y n e u r o n s may be involved in e l e m e n t a r y c o d i n g o f
o d o r features, whereas m u l t i g l o m e r u l a r MB y n e u r o n s receiving i n p u t from several PNs may act
as c o i n c i d e n c e d e t e c t o r s . 14

, I S.64 .6 S Hence, a l t h o u g h b o t h LAL and larval calyx are glomerular, the
logic o f c o n n e c t i v i t y is different. LAL g l o m e r u l i e x h i b i t s t e r e o t y p i c c o n n e c t i v i t y b e t w e e n d e f i n e d
o RNs and PNs, whereas calyx glomeruli show stereotypic i n p u t b u t mostly n o n s t e r e o t y p i c , highly
c o m b i n a t o r i a l MB y n e u r o n o u t p u t . 14

D i s t i n c t i v e F e a t u r e s o f L a r v a l a n d A d u l t O l f a c t o r y C i r c u i t s
W h e r e a s the g e n e r a l design o f the larval o l f a c t o r y p a t h w a y is s i m i l a r to its a d u l t c o u n t e r ­

p a r t , larval 0 RNs a n d m o s t ( p e r h a p s all) l a r v a l PNs a p p e a r to be u n i q u e , l e a d i n g to an a l m o s t
c o m p l e t e lack o f cellular r e d u n d a n c y (Fig. 3). C o n s e q u e n t l y , any cell loss s h o u l d affect o l f a c t o r y
f u n c t i o n m o r e severely t h a n in the a d u l t system. M o r e o v e r , the p r e s e n c e o f no m o r e t h a n 21
O R N s a n d 21 LAL g l o m e r u l i suggests t h a t the n u m b e r o f p r i m a r y o l f a c t o r y q u a l i t i e s in the
larva is largely r e d u c e d c o m p a r e d to a d u l t s c o m p r i s i n g a b o u t SO glomeruli.r" Also, given the
u n i g l o m e r u l a r p r o j e c t i o n s o f O R N s a n d PNs and the a l m o s t e q u a l n u m b e r o f O R s , O R N s ,
LAL g l o m e r u l i , PNs a n d calyx g l o m e r u l i , the larval o l f a c t o r y p a t h w a y lacks c o n v e r g e n t a n d
d i v e r g e n t c o n n e c t i v i t y up to the calyx and is o r g a n i z e d in a 1: 1: 1: 1: 1 manner. This c o n t r a s t s w i t h
the a d u l t o l f a c t o r y pathway, in w h i c h 1,300 O R N s converge o n t o a b o u t SO g l o m e r u l i , w h i c h
diverge again to a p p r o x i m a t e l y 1 SO P N s a n d h u n d r e d s o f calyx g l o m e r u l i . 67,68 C o n v e r g e n c e and
c e l l u l a r r e d u n d a n c y in s e n s o r y systems are k n o w n to increase the s i g n a l - t o - n o i s e ratio, whereas
d i v e r g e n t c o n n e c t i v i t y very likely i m p r o v e s signal d i s c r i m i n a t i o n . In the larval o l f a c t o r y system,
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Brain D e v e l o p m e n t in D r o s o p h i l a melanogascec

11 ,300 CR Ns I I 43 AL glomeruli I 1 ~1 50 PNSI
hundr ed s o f

ca lyx g lo meru li

30 :1 c o n v e r g e n c e 1 :3 d i v e r g e n c e P N s : M B n e u r o n s : = 1 : 1 5 d i v e r g e n c e

I lat e ral h o m I
T h i rd larval Instar

I 21 C RNs I I 21 LAL glomeruli I I ~ 2 1 P Ns I
1 :1 1 :1 1 : 1 P N s : M B n e u r o n s : = 1 :30 d i v e r g e n c e

I latera l ho rn I

Figure 3 . W i r i n g diagram : adult versus larval o l f a c t o r y system. A d u l t and larval o l f a c t o r y
pathways are s i m i l a r l y organized . However, in the adult there are t w i c e as many p r i m a r y
o l f a c t o r y i d e n t i t ies, represented by the types of o d o r a n t receptor neurons (ORNs, shown in
d i f f e r e n t colors) or antennal l o b e (AL) glomeru li. Moreover, in the adult , the d i f f e r e n t types
of ORNs (open circles) and p r o j e c t i o n neurons (pNs; filled circles ) that innervate a p a r t i c u l a r
AL glomerulus exist as m u l t i p l e copies, whereas larval ORNs and PNs are unique . Thus,
the adult o l f a c t o r y pathway i s character ized b y converging and d iverging c o n n e c t i v i t y i n
the AL (ratios indicated refer to the features sh o w n in the preceding line ), w h i l e the larval
pathway i s organized as parallel channels w i t h o u t c e l l u l a r redundancy . Hence , larval ORNs,
LAL g l o m e r u l i , PNs and calyx glome ruli are related essentially in a 1 :1 :1 :1 fashion . Reprinted
from : Ramaekers A, Magnenat E, Marin EC et al. Curr Bioi 2005 ; 15:982 -992 . © 2 0 0 6 w ith
permission from Elsevier " .

the lack o f cellular r e d u n d a n c y , the low n u m b e r o f i n p u t c h a n n e l s , and the absence o f conver­
g e n t / d i v e r g e n t LAL a r c h i t e c t u r e are likely co reduce b o t h the se n si t iv i t y and the signal-co-noise
r a t i o . H o w e v e r , o l f a c t o r y p e r f o r m a n c e still seems sufficient for an a n i m a l t h a t lives d i r e c t l y on
its food s u b s t r a t e .
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G u s t a t o r y S y s t e m

G u s t a t o r y Receptors a n d Their E x p r e s s i o n P a t t e r n
In c o n t r a s t to smell, taste deals w i t h a very l i m i t e d n u m b e r o f qualities, like "sweet" or " b i t t e r "

This c h a r a c t e r i s t i c is n o t due to a smaller diversity o f existing t a s t a n t s , b u t to the specific r a t i o n a l e o f
the g u s t a t o r y system, w h i c h is d e s i g n e d for classifying substances r a t h e r t h a n i d e n t i f y i n g p a r t i c u l a r
molecules. This is p a r t i c u l a r l y t r u e for p o t e n t i a l l y h a r m f u l ( b i t t e r ) c o m p o u n d s : t h e y are chemi­
cally very diverse b u t s h o u l d trigger the same b e h a v i o r a l response, Le., aversion. It is t h e r e f o r e n o t
s u r p r i s i n g t h a t in m a m m a l s r e c e p t o r n e u r o n s t u n e d to such c o m p o u n d s express m u l t i p l e types
o f g u s t a t o r y r e c e p t o r s (GRS),69 suggesting t h a t the capacity o f these cells to d i s t i n g u i s h b e t w e e n
d i f f e r e n t b i t t e r s u b s t a n c e s is l i m i t e d .

In a d u l t Drosophila, evidence suggests t h a t the G R family (see Odorant Receptors and Their
Expression Patterns) m e d i a t e s b o t h sweet and b i t t e r responses. Yet, because o f low expression levels,
Gr expression p a t t e r n s were s t u d i e d exclusively by Gr gene p r o m o t e r - Gal4 analysis. 3 5. 36 Similar to
mammals, n e u r o n s r e s p o n d i n g to sugars a p p e a r to express o n l y o n e or a few GRs, whereas n e u r o n s
t h a t b i n d b i t t e r c o m p o u n d s express m u l t i p l e GRS.70.71 This design allows to e s t a b l i s h d i s t i n c t at­
tractive a n d aversive g u s t a t o r y pathways. Surprisingly, t h r e e G Rs are expressed on the a n t e n n a ,
suggesting t h a t GRs are n o t s t r i c t l y a s s o c i a t e d w i t h taste f u n c t i o n . " I n d e e d , the Gr21a gene is
expressed in C O 2-sensitive cells o f the a n t e n n a . "

From the few Grgenes t h a t have b e e n s t u d i e d in the larva by promoter-Gal4 analysis,I2,36 Gr2a,
Gr21a, Gr22e, Gr28be, Gr32a a n d G r 6 6 a - a l l o f w h i c h are expressed also in the a d u l t - s h o w
expression in o n e or two n e u r o n s o f the T O (Table 1). Gr2a labels in a d d i t i o n two n o n - o l f a c t o r y
n e u r o n s o f the D O . G R 2 2 e , G R 2 8 b e , G R 3 2 a a n d G R 6 6 a were s u s p e c t e d to r e p r e s e n t " b i t t e r "
r e c e p t o r s in the a d u l t , as t h e y are coexpressed in m a n y n e u r o n s . Y " However, r e p o r t e r expression
driven by the gene p r o m o t e r pairs Gr66a/Gr21 a or Gr66a/ Gr32a labeled two larval n e u r o n s each. 36
Yet, the small n u m b e r o f available d a t a does n o t allow to d r a w any c o n c l u s i o n a b o u t the n u m b e r s o f
GRs expressed by i n d i v i d u a l n e u r o n s . Interestingly, the p u t a t i v e C O r r e c e p t o r G R 2 1 a (see above),
is expressed in the T O . F u r t h e r m o r e , Gr2a a n d several Or gene m e m b e r s ( Or30a, Or42a, Or49a,
Or63a), are expressed in b o t h D O a n d T O . 12.13.36 Thus, as in adults, gene family m e m b e r s h i p a n d
site o f expression are n o t s t r i c t l y l i n k e d . Finally, salt d e t e c t i o n is m e d i a t e d by d e g e n e r i n / e p i t h e l i a l
Na + channels, w h i c h are expressed in the T O as well as in a d u l t taste b r i s t l e s . "

P r i m a r y G u s t a t o r y Centers
L i t t l e is k n o w n a b o u t the o r g a n i z a t i o n o f p r i m a r y taste centers, m a i n l y because t h e y lack

d i s c r e t e g l o m e r u l a r a r c h i t e c t u r e . In t h e a d u l t , g u s t a t o r y afferents from the p h a r y n x , l a b e l l u m
a n d legs t e r m i n a t e in d i s t i n c t regions o f the s u b o e s o p h a g e a l g a n g l i o n (SOG).70.71 N e u r o n s from
sensilla o n d i f f e r e n t b o d y regions p r o j e c t i n g to d i f f e r e n t S O G regions may express t h e same GR,
suggesting t h a t the same t a s t a n t may trigger d i f f e r e n t behaviors, d e p e n d i n g on the s t i m u l a t i o n
site. Labellar n e u r o n s expressing p u t a t i v e b i t t e r r e c e p t o r s a n d labellar n e u r o n s expressing sugar
r e c e p t o r s e s t a b l i s h d i s t i n c t b u t o v e r l a p p i n g p r o j e c t i o n s in the SOG?O.71.74

In the larva, the few e x i s t i n g d a t a do n o t allow any m e a n i n g f u l g e n e r a l i z a t i o n s . Yet, one T O
n e u r o n expressing Gr32a a n d t h r e e o t h e r n e u r o n s expressing G r 6 6 a - o n e from the T O a n d two
from p h a r y n g e a l sense o r g a n s - w e r e s h o w n to p r o j e c t to the i p s i l a t e r a l SOG.36 Gr66a a n d Gr32a
p r o j e c t i o n s are a d j a c e n t to each o t h e r b u t do n o t overlap. A t h i r d r e c e p t o r , G R 2 a t h a t is expressed
in two D O n e u r o n s a n d o n e T O n e u r o n , has two t a r g e t s in the SOG.36 This suggests again t h a t
a given t a s t a n t can elicit d i f f e r e n t behaviors d e p e n d i n g on t h e s t i m u l a t i o n site. It is also w o r t h
n o t i f y i n g t h a t the Gal41ines Or30a, Or42a, a n d Or49a (Table 1) are n o t o n l y expressed in the
D O a n d T O , b u t also label sensory t e r m i n a l s in the SOG.l3

Recently, a g e n e t i c a l l y d e f i n e d subset o f a p p r o x i m a t e l y 20 p u t a t i v e first - o r d e r g u s t a t o r y t a r g e t
n e u r o n s was i d e n t i f i e d in the larval SOG?S These n e u r o n s p r o v i d e o u t p u t to t h e p r o t o c e r e b r u m ,
the v e n t r a l nerve cord, the r i n g g l a n d a n d p h a r y n g e a l muscles. They express t h e hugin gene,
w h i c h g e n e r a t e s t w o n e u r o p e p t i d e s , a n d w h i c h a p p e a r s to be u p r e g u l a t e d in t h e a b s e n c e
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o f t h e f e e d i n g - r e g u l a t o r y t r a n s c r i p t i o n f a c t o r klumpfuss (P [9036]) a n d d o w n r e g u l a t e d by a m i n o
a c i d - d e f i c i e n t c o n d i t i o n s . Also, b l o c k i n g the o u t p u t from h u g i n - e x p r e s s i n g n e u r o n s increases feed­
ing. A p p a r e n t l y these n e u r o n s i n t e g r a t e taste p r o c e s s i n g , the e n d o c r i n e system, h i g h e r - o r d e r b r a i n
centers and m o t o r o u t p u t . The d o p a m i n e r g i c n a t u r e o f some o f the hugin-expressing n e u r o n s " ren­
ders t h e m i n t e r e s t i n g c a n d i d a t e s as r e g u l a t o r s o f feeding, the m o s t s t r i k i n g b e h a v i o r o f larvae.

The D r o s o p h i l a Larva as a M o d e l for S m e l l a n d T a s t e
The usefulness o f Drosophila flies as an o l f a c t o r y m o d e l system is obvious, given the genetic and

m o l e c u l a r tools available, the s i m p l i c i t y o f t h e i r o l f a c t o r y system in terms o f cell n u m b e r s a n d the
s t r i k i n g s i m i l a r i t i e s w i t h the m a m m a l i a n o l f a c t o r y system. Surprisingly, even the larval o l f a c t o r y
system shares the design o f the m a m m a l i a n system, in the s i m p l e s t conceivable form (Fig. 3). The
larva may t h u s t u r n i n t o a higWy a t t r a c t i v e " m i n i m a l " m o d e l for o l f a c t o r y studies, in p a r t i c u l a r
because it p e r m i t s the g e n e r a t i o n o f animals w i t h a single f u n c t i o n a l 0 RN. In such larvae, odors,
O R s , and O R N s can be d i r e c t l y c o r r e l a t e d w i t h b e h a v i o r a l o u t p u t , a l l o w i n g to t r a c k d o w n the
o l f a c t o r y code to the level o f i d e n t i f i e d r e c e p t o r n e u r o n s .

The m o d e l c h a r a c t e r o f Drosophila for the g u s t a t o r y system is less obvious, b o t h in adults
a n d larvae. A n a t o m i c a l l y , the taste systems o f m a m m a l s a n d insects are d i f f e r e n t . Yet, there are
a n u m b e r o f i n t e r e s t i n g parallels: (1) b o t h i n s e c t and m a m m a l i a n taste r e c e p t o r n e u r o n s seem
to be t u n e d to e i t h e r a t t r a c t i v e or aversive s t i m u l i ; (2) m a n y more o f the taste r e c e p t o r s may be
d e d i c a t e d to repulsive ligands t h a n to a t t r a c t i v e ones and, (3) cells r e s p o n d i n g to a t t r a c t i v e cues
seem to express o n l y o n e or a few r e c e p t o r s , whereas those r e s p o n d i n g to b i t t e r substances express
m u l t i p l e r e c e p t o r s .

The parallels in the c h e m o s e n s o r y systems o f v e r t e b r a t e s a n d insects are n o t necessarily evidence
for a c o m m o n ancestry. Rather, the similarities may reflect f u n c t i o n a l c o n s t r a i n t s for efficient smell
a n d taste systems. U n d e r s t a n d i n g these p r o p e r t i e s will surely aid u n d e r s t a n d i n g c h e m o s e n s o r y
f u n c t i o n . In this c o n t e x t , Drosophila w i t h its simple n e r v o u s system c o m b i n e d w i t h a w e a l t h o f
m o l e c u l a r tools, will c o n t r i b u t e to our c o m p r e h e n s i o n o f smell a n d taste in general.
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C H A P T E R 6

Development o f the Drosophila
Olfactory System
V e r o n i c a R o d r i g u e s a n d T h o m a s H u m m e l "

A b s t r a c t

T h e o l f a c t o r y system t h r o u g h o u t t h e a n i m a l k i n g d o m is c h a r a c t e r i z e d by a large n u m b e r o f
h i g h l y s p e c i a l i z e d n e u r o n a l cell types. O l f a c t o r y r e c e p t o r n e u r o n s ( 0 RNs) in t h e p e r i p h ­
eral s e n s o r y e p i t h e l i u m display t w o m a i n d i f f e r e n t i a t i o n features: t h e selective e x p r e s s i o n

o f a single o d o r a n t r e c e p t o r o u t o f a large g e n o m i c r e p e r t o i r e o f r e c e p t o r genes a n d t h e s y n a p t i c
c o n n e c t i o n to a single type o f relay n e u r o n in t h e p r i m a r y o l f a c t o r y C N S t a r g e t area. In t h e m o u s e
o l f a c t o r y system, o d o r a n t r e c e p t o r s themselves p l a y a c e n t r a l role in the c o o r d i n a t i o n o f b o t h types
o f 0 R N d i f f e r e n t i a t i o n . The o l f a c t o r y system o f Drosophila, a l t h o u g h similar in s t r u c t u r a l a n d
f u n c t i o n a l o r g a n i z a t i o n c o m p a r e d to m a m m a l s , does n o t seem to involve o d o r a n t r e c e p t o r s in
t h e s e l e c t i o n o f 0 R gene e x p r e s s i o n a n d t a r g e t cell r e c o g n i t i o n , s u g g e s t i n g d i s t i n c t d e v e l o p m e n t a l
c o n t r o l m e c h a n i s m s . In t h i s c h a p t e r we s u m m a r i z e r e c e n t f i n d i n g s in Drosophila o f h o w gene
n e t w o r k s r e g u l a t e O R N s p e c i f i c a t i o n a n d d i f f e r e n t i a t i o n in the p e r i p h e r a l s e n s o r y o r g a n s as well
as h o w d i f f e r e n t cellular i n t e r a c t i o n s a n d p a t t e r n i n g signals o r g a n i z e the class-specific a x o n a l a n d
d e n d r i t i c c o n n e c t i v i t y in t h e C N S t a r g e t area.

I n t r o d u c t i o n
An e s s e n t i a l f u n c t i o n o f the n e r v o u s system is to receive vital i n f o r m a t i o n a b o u t the e n v i r o n ­

m e n t t h r o u g h d i f f e r e n t s e n s o r y c h a n n e l s . To create a f a i t h f u l i n t e r n a l r e p r e s e n t a t i o n o f t h e e x t e r n a l
w o r l d in the b r a i n , the h i g h l y selective i n c o m i n g i n f o r m a t i o n m u s t be o r g a n i z e d in a m e a n i n g f u l
m a n n e r , w h i c h r e q u i r e s t h a t p r e s y n a p t i c i n p u t s be m a t c h e d to a p p r o p r i a t e p o s t s y n a p t i c o u t p u t s . '
A w e l l - s t u d i e d e x a m p l e o f n e u r o n a l s e n s o r y a n d s y n a p t i c s p e c i f i c i t y is t h e o l f a c t o r y system.
M o l e c u l a r c l o n i n g o f o l f a c t o r y r e c e p t o r s ( 0 Rs) in v e r t e b r a t e s has p r o v i d e d valuable i n s i g h t s i n t o
the f u n c t i o n a l a n d a n a t o m i c a l o r g a n i z a t i o n o f t h e o l f a c t o r y s y s t e m . ' i n c l u d i n g t h e p r o j e c t i o n o f
o l f a c t o r y r e c e p t o r n e u r o n s ( 0 RNs) from t h e o l f a c t o r y e p i t h e l i u m to the p r i m a r y s y n a p t i c t a r g e t
in the C N S , t h e o l f a c t o r y b u l b ( 0 B). In mice, the o l f a c t o r y e p i t h e l i u m c o n t a i n s a b o u t a 1 0 0 0 dif­
f e r e n t classes o f O R N s d e f i n e d by a u n i q u e O R e x p r e s s i o n . l " O R N s o f a given s e n s o r y s p e c i f i c i t y
i n t e r m i n g l e w i t h t h o s e o f d i f f e r e n t O R classes in t h e o l f a c t o r y e p i t h e l i u m , b u t s e n d t h e i r axons
to a d i s t i n c t p r i m a r y s y n a p t i c t a r g e t u n i t in the o l f a c t o r y b u l b b r a i n region. 6

,7 A l t h o u g h it is n o w
well e s t a b l i s h e d t h a t in mice O R s f u n c t i o n in O R N a x o n - a x o n s e g r e g a t i o n in a local, c o n t e x t u a l
fashion,6,g,9 t h e m e c h a n i s m u n d e r l y i n g t e r m i n a l axon s o r t i n g r e m a i n s obscure. The results o f t w o
r e c e n t studies have i n t e g r a t e d the role o f 0 Rs a n d classical n e u r o n a l a d h e s i o n molecules in explain­
ing h o w d i s c r e t e i d e n t i t i e s o f 0 RNs are c o n v e r t e d i n t o a s p a t i a l map o f axonal c o n n e c t i o n s . l " ! '

The a d u l t o l f a c t o r y system o f Drosophila displays t h e same degree o f s e n s o r y a n d s y n a p t i c
s p e c i f i c i t y c o m p a r e d to v e r t e b r a t e s (Fig. 1), b u t w i t h a r e d u c e d n u m e r i c a l c o m p l e x i t y m a k i n g it

* C o r r e s p o n d i n g A u t h o r : Thomas H u m m e l - I n s t i t u t fuer N e u r o b i o l o g i e , U n i v e r s i t a e t Muenster,
Badestrasse 9, D - 4 8 1 4 9 Muenster, Germany. Email: h u r n m e l w u n i - m u e n s t e r . d e
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an e x c e l l e n t e x p e r i m e n t a l m o d e l to d e t e r m i n e d e v e l o p m e n t a l c o n t r o l m e c h a n i sms.P ' P Th e r e c e n t
flurr y o f research on Dro sophil a olfa c t o r y syst e m d e v e l o p m e n t and f u n c t i o n has b e e n catal yzed b y
the disco ver y a n d anal y sis o f o d or a nt r e c e p t o r gene s b y th e l a b o r a t o r i e s o f Le slie Vosshall , J o h n
C a r l s o n a n d A n d r e w C h e ss (revie wed in La i ssue a n d Vosshall , this issue a n d r eferences t h e r e - i n ).

Fi gure 1. O r g a n i z a t ion of the Drosophila adult o l f a c t o r y system. A ) W h o l e m o u n t prepara­
t ion of the d e v e l o p i n g adult Drosophila bra in , s h o w i n g the p r o j e c t ions o f o l f a c t o r y receptor
neurons (O RN s) from the antenna (A N T ) through the an tenn al ner ve (A N) int o the antennal
lobe (A L), w h i c h i s l o c a l i z e d just ventr all y to the mushroom bod y (M B) n e u r o p i l . The po si ­
t ion of the lateral horn (LH) an d the opti c lobe (O L) is indicated . The i n se t i n d i c at e s the
posit ion o f the two o l f a c t o r y append ages, the antenna (A N T) an d the ma x i l l a r y palp (M P).
( B, B' ) Schematic d r a w i n g of the neuronal ci r c ui t r y in the o lf actor y system : 1) Antennal ORN
pro je ct their axons, associated w i t h d i f f erent types of gl ial c ell s (G C s), into the i p si - Iat era l
AL and axons converge into gl o me r u l i accord ing to t h e OR expr ession (r ed and green ORN
cl ass). B' ) Inside each glomerulus , ORN axon terminal bran ches interact w i t h dendr ites of
Proje c t i o n Neurons (PNs, mostl y u n i - g l o m e r u l a r proje ctions ) an d Local Interneurons (LN s,
m u l t i - g l o m e r u l a r proje ctions ). 2) Most ORN classes send a p r o j e c t i o n across the comm is­
sure to innervate the corr espond in g glomerulus in the c o n t r a - l a t e r a l AL . 3) PNs transm it th e
olf actor y i n f o r m a t ion along their axo ns onto the MBs and neurons of the LH. Glial cells (G C s)
c o ver the surface of the AL a n d send pro ces ses into th e synapt ic AL . C ) Org aniz ation of ORN
pro je ctions into three main fascicle s in the th ird antennal segmen t. D ) Subdi vision of the AL
n e u r o p i l i n t o glom erular syn ap t i c units (G l o), w h i c h can be i n d iv i d u al ly rec o g ni z ed based
on the ir p o s i t i o n , size an d shape . E) D i s t r i b u t i o n of t w o ORN classes (47 b an d 88a) across
the antennal surface . ORN4 7b an d ORN88a are lo ca lized to gether in the same sensillum (F)
and pro je ct to n e i g h b o r i n g g l o m er u li i n the AL (G). H , I) M u l t i - g l o m e rul ar innervat ion of LN
dend r i tes (red) i n the AL (d o t t e d l ine ). ORN a xon termin als (g reen) occup y a region i n sid e
t h e gl o m e r ul us d ifferent f ro m LN dendr iti c branches (red) . J) A g ro u p o f three g l o m e r u l i i s
sh ow n, occup ied b y t w o classes o f PNs (red , d o t t e d l ine s) an d a n o n - o verlapp ing i n n e r va­
t ion b y an ORN class (g reen). Red l ab elin g : N- Cad h eri n (A , D), C 0 2 (E- J) , 22C10 (C); Green
labelin g : GFP (A -J).



84 B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r

The G - c o u p l e d O R s are e n c o d e d by a family o f - 6 0 genes each o f w h i c h is expressed in a subset
o f ORNS. 2 0,21 Unlike the m a m m a l i a n O R N s , where O R choice is believed to be s t o c h a s t i c . F ex­
p r e s s i o n in Drosophila n e u r o n s is d e f i n e d by a c o m b i n a t o r i a l code o f t r a n s c r i p t i o n factors some
o f w h i c h also p l a y a role in d e t e r m i n a t i o n o f sense o r g a n - t y p e . " It t h e r e f o r e b e c o m e s necessary
to u n d e r s t a n d h o w gene n e t w o r k s act to specify sense organs and d e t e r m i n e cell fate in the ol­
f a c t o r y system; this will be discussed in the first p a r t o f this review. F u r t h e r , we n o w k n o w t h a t
t a r g e t i n g o f the 0 RNs is ' r e c e p t o r - t o p i c ' where n e u r o n s expressing a given r e c e p t o r wire to the
same g l o m e r u l u s ( i) in the a n t e n n a l l o b e thus f o r m i n g the basis o f o d o r e n c o d i n g (reviewed in ref.
17). The m e c h a n i s m s t h a t c o n t r o l this p r o j e c t i o n p a t t e r n a n d the d e v e l o p m e n t o f the o l f a c t o r y
c i r c u i t s are the subject o f the s e c o n d p a r t o f this review. For a more c o m p r e h e n s i v e view o n olfac­
t o r y system m o r p h o l o g i c a l a n d f u n c t i o n a l o r g a n i z a t i o n in the a d u l t Drosophila see a c c o m p a n i e d
c h a p t e r by Laissue and Vosshall. The c h a r a c t e r i s t i c s o f the Drosophila larval o l f a c t o r y system are
discussed in the c h a p t e r by R. Stocker.

O r g a n i z a t i o n o f the D r o s o p h i l a A d u l t O l f a c t o r y System
In a d u l t Drosophila melanogaster, two types o f b i l a t e r a l l y s y m m e t r i c , p e r i p h e r a l sensory ap­

p e n d a g e s , the a n t e n n a and m a x i l l a r y palpus, carry a b o u t 1200 a n d 120 O R N s respectively (Figs.
lA,2A).13.14 Th e O R N s send t h e i r axons, a s s o c i a t e d w i t h d i f f e r e n t types o f p e r i p h e r a l glial cells
( G C s ) , via the a n t e n n a l a n d labial nerve t o w a r d s the a n t e n n a l l o b e (AL; Fig. l A - C ) . Here, all
axons o f a single 0 RN class t h a t express the same 0 R send t e r m i n a l synaptic b r a n c h e s i n t o one
o u t o f a b o u t 50 glomeruli,16.24-26 i n d i v i d u a l l y r e c o g n i z a b l e by a c h a r a c t e r i s t i c size, shape and posi­
t i o n inside the AL (Fig. ID,G).27 Axons o f m o s t O R N classes show, in a d d i t i o n to the ipsi-Iateral
i n n e r v a t i o n , an e x t e n s i o n across the dorsal c o m m i s s u r e to c o n t a c t the i d e n t i c a l g l o m e r u l u s in the
c o n t r a - l a t e r a l A L (Fig.1B).28 Beside the t e r m i n a l branches o f O R N axons, each o f the 50 g l o m e r u l a r
u n i t s in the a d u l t a n t e n n a l l o b e c o n t a i n s the processes o f t h r e e a d d i t i o n a l cell types: the d e n d r i t i c
a r b o r i z a t i o n s o f P r o j e c t i o n s N e u r o n s (PNs) and Local I n t e r n e u r o n s (LNs) as well as d i f f e r e n t
glial cells (G Cs), w h i c h i n s u l a t e i n d i v i d u a l g l o m e r u l i a n d also send processes i n t o the g l o m e r u l u s
c o m p a r t m e n r ' f " (Fig. IB,B ' ) . T h e c h o l i n e r g i c PNs are the main relay n e u r o n s in the AL, w h i c h
t r a n s d u c e o l f a c t o r y i n f o r m a t i o n to the M u s h r o o m Bodies (MBs) and the L a t e r a l H o r n ( L H ) .
W h i l e most o f the r o u g h l y 200 PNs display u n i - g l o m e r u l a r d e n d r i t i c p r o j e c t i o n s (Fig. 11), a g r o u p
o f m u l t i - g l o m e r u l a r PNs in the v e n t r a l cluster has been d e s c r i b e d . P ' " In c o n t r a s t , m u l t i - g l o m e r u l a r
d e n d r i t i c i n n e r v a t i o n is the m a i n feature o f the LNs to m o d u l a t e the t r a n s m i s s i o n o f o l f a c t o r y
i n f o r m a t i o n b e t w e e n O R N s and PNs (Fig. IB ' , H , I ) . A l t h o u g h the o r g a n i z a t i o n o f L N s in the
a d u l t AL is less well c h a r a c t e r i z e d c o m p a r e d to PNs, d i s t i n c t m o r p h o l o g i c a l and f u n c t i o n a l (e.g.,
e x c i t a t o r y a n d i n h i b i t o r y ) classes have been i d e n t i f i e d . 3 4- 37 Studies in o t h e r insects have s h o w n
t h a t these d i f f e r e n t axonal and d e n d r i t i c e l e m e n t s establish a c o m p l e x synaptic n e t w o r k in w h i c h
a l m o s t any c o n n e c t i v i t y p e r m u t a t i o n is possible (Fig. IB ').38-40

S p e c i f i c a t i o n o f the O l f a c t o r y S e n s e Organs
O l f a c t o r y sense organs are sensilla b e a r i n g 4-20 urn c u t i c u l a r p r o t u b e r a n c e s w i t h m i c r o s c o p i c

pores or grooves p r e s u m a b l y a l l o w i n g e n t r y o f o d o r a n t s i n t o the sensillar lymph." There are - 4 5 0
sensilla ( - 4 1 9 in males a n d - 4 5 7 in females), l o c a t e d on the t h i r d s e g m e n t o f the a n t e n n a w i t h
- 6 0 on the m a x i l l a r y palp.13,42 These are o f t h r e e main m o r p h o l o g i c a l t y p e s - t h e t r i c h o i d e a ,
b a s i c o n i c a , c o l e o c o n i c a - a n d a less w e l l - d e f i n e d i n t e r m e d i a t e type (Fig. 2 A - D ) . Sensilla basi­
c o n i c a are i n n e r v a t e d by e i t h e r two or four n e u r o n s , c o e l o c o n i c a by two or t h r e e a n d t r i c h o i d e a
by b e t w e e n one and three n e u r o n s . E l e c t r o p h y s i o l o g i c a l responses from single sense organs have
classified O R N s i n t o f u n c t i o n a l types based on t h e i r response to c h e m i c a l c o m p o n e n t s o f food
a n d p h e r o m o n e s as well as C O 2 and humidity.43-48The n e u r o n a l c o m p o s i t i o n a n d p r o p e r t i e s o f a
sense o r g a n at a p a r t i c u l a r p o s i t i o n on the a n t e n n a l surface is c o n s e r v e d b e t w e e n d i f f e r e n t animals
suggesting a l i n k b e t w e e n m e c h a n i s m s t h a t d e t e r m i n e sense o r g a n s p e c i f i c a t i o n a n d p o s i t i o n a l
cues t h a t form the a n t e n n a .
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Figure 2, v i e w e d on p r e v i o u s page. O r g a n i z a t i o n and d e v e l o p m e n t of Drosophila o l f a c t o r y
sensilla. (A-D) C u t i c u l a r m o u n t s of the t h i r d segment of the antenna s h o w i n g the l o c a t i o n
of B a s i c o n i c sensilla (BS), C o e l o c o n i c sensilla (CS) and T r i c h o i d sensilla (TS). A p p r o p r i a t e
regions are enlarged in (B-O) to show the m o r p h o l o g y of these sensilla (arrowheads). The
regions d e m a r c a t e d in (A) are e n r i c h e d in s p e c i f i c sensilla w h i l e all kinds are f o u n d in the
m i x e d region (M). Large m e c h a n o s e n s o r y bristles are f o u n d on the second segment (II) and
the arista (Ar) is b e l i e v e d to be i n v o l v e d in h u m i d i t y and sound d e t e c t i o n . E) A n t e n n a l disc at
8 hours APF ( A f t e r Pupae F o r m a t i o n ) from a neuA 101 animal stained w i t h a n t i b o d i e s against
~-galactosidase. The l o c a t i o n of sensory p r o g e n i t o r s is d e t e c t e d . F) S c h e m a t i c diagram of a
single sense organ. The sense organ is c o m p o s e d of a socket and shaft cell and is i n n e r v a t e d
by up to f o u r neurons. Processes of the sheath cell w r a p a r o u n d the n e u r o n a l cell b o d i e s at
the base of the s e n s i l l u m . G) Lineage of a single o l f a c t o r y sense organ based on data from
Endo et al (2006) and Sen et al (2003). The glial cell o r i g i n a t e s in all lineages but survives o n l y
w h e n it o r i g i n a t e s in the c o e l o c o n i c lineage. N e u r o n n u m b e r is regulated by p r o g r a m m e d
cell death and can range b e t w e e n one and f o u r neurons.

The a d u l t a n t e n n a and m a x i l l a r y palp develop from the e y e - a n t e n n a l disc; a n t e n n a l i d e n t i t y is
specified by the c o m b i n a t o r i a l a c t i o n o f the h o m e o d o m a i n p r o t e i n s H o m o t h o r a x , E x t r a d e n t i c l e
a n d Distalless a n d the basic h e l i x - l o o p - h e l i x ( b H L H ) p r o t e i n Spineless (reviewed in r e f 49). The
c o - o r d i n a t e s o f the disc are e s t a b l i s h e d t h r o u g h the action o f a hierarchy o f p a t t e r n i n g genes n o t a b l y
engrailed, wingless, decapentaplegic a n d hedgehog (reviewed in ref. 50). The i n t e r p l a y o f these genes
w i t h the e p i d e r m a l g r o w t h factor (EG F) s i g n a l i n g p a t h w a y leads to s e t t i n g up a p r e p a t t e r n u p o n
w h i c h the p r o n e u r a l genes act to select sense o r g a n p r o g e n i t o r s " (reviewed in refs. 5 2 , 5 3 ) .

O l f a c t o r y p r o g e n i t o r s are specified by two t r a n s c r i p t i o n f a c t o r s - A t o n a l (At 0 ) and A m o s ­
w h i c h possess b H L H d o m a i n s for d i m e r i z a t i o n and D N A b i n d i n g . 5 4's5 N u l l alleles o f ato lack
c o e l o c o n i c a , while m u t a t i o n s in amos affect the t r i c h o i d and basi conic sensilla on the a n t e n n a ;
the o l f a c t o r y sensilla on the maxillary palp are specified by ato. The s e l e c t i o n o f a single sensory
p r o g e n i t o r from an u n d i f f e r e n t i a t e d field o f e p i d e r m a l cells in the a n t e n n a l disc shares similarities
w i t h m e c h a n i s m s used in o t h e r well d e s c r i b e d sense organs in the p e r i p h e r a l n e r v o u s system. 56 The
spatial expression o f A t o and Amos in p r o n e u r a l d o m a i n s is r e g u l a t e d by early genes t h a t p a t t e r n
the disc e p i d e r m i s . " as well as negative r e g u l a t o r s like E x t r a m a c r o c h a e t e . " Ato and Amos func­
t i o n r e q u i r e the activity o f an a d d i t i o n a l b H L H p r o t e i n D a u g h t e r l e s s and the p r o n e u r a l d o m a i n
is refined to single cell t h r o u g h N o t c h signaling.54.55.5?

The f o r m a t i o n o f sense organs w i t h i n the disc e p i d e r m i s has been s t u d i e d by following r e p o r t e r
expression in the neuralised/r" (neu A l Ol

) line, w h i c h labels p r o g e n i t o r cells a n d t h e i r p r o g e n y
(Fig. 2£)58 and the expression o f Senseless, w h i c h is a f a i t h f u l i n d i c a t o r o f p r o n e u r a l f u n c t l o n . "
P r o g e n i t o r s are specified in t h r e e t e m p o r a l waves w i t h i n the a n t e n n a l disc first a p p e a r i n g a few
h o u r s before f o r m a t i o n o f the p u p a . Early a p p e a r i n g p r o g e n i t o r s are specified b y a t o and m u t a ­
t i o n s result in an absence o f these p r o g e n i t o r s c o m b i n e d w i t h defects in fascicle f o r m a t i o n o f
the r e m a i n i n g ORNS.30 Amos expression is d e t e c t e d in p r o g e n i t o r s t h a t arise in the t h i r d wave
o f sensillogenesis. In s t r o n g amos m u t a n t s sensilla t r i c h o i d e a and b a s i c o n i c a are absent and the
surface bears e c t o p i c m e c h a n o s e n s o r y b r i s t l e s . " A c h a e t e (Ac) a n d Scute (Sc), w h i c h specifies the
sense organ p r o g e n i t o r s o f m e c h a n o s e n s o r y bristles, becomes e c t o p i c a l l y expressed in m u t a n t discs
suggesting t h a t Amos acts to suppress acl sc in the a n t e n n a .

The R u n t family t r a n s c r i p t i o n f a c t o r Lozenge (Lz) activates the expression o f amos. 54 D o u b l e
m u t a n t s o f amos and lz do n o t form e c t o p i c m e c h a n o s e n s o r y bristles suggesting t h a t Lz p a r t i c i p a t e s
in the r e g u l a t i o n o f ac/sc e x p r e s s i o n . " L o s s - o f - f u n c t i o n and g a i n - o f - f u n c t i o n analysis led to the
m o d e l t h a t s p e c i f i c a t i o n o f sensilla b a s i c o n i c a requires h i g h levels o f Lz while lower levels form
sensilla t r i c h o i d e a . " Lz has recently been s h o w n to be an i m p o r t a n t r e g u l a t o r o f O r gene expres­
sion in subsets o f O R N s , thus p r o v i d i n g a l i n k b e t w e e n m e c h a n i s m s t h a t d e t e r m i n e sense o r g a n
specificity a n d r e c e p t o r gene s e l e c t i o n . f
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O l f a c t o r y L i n e a g e s R e v i s i t e d
A typical o l f a c t o r y sense o r g a n is c o m p o s e d o f three s u p p o r t c e l l s - s h a f t ( t r i c h o g e n ) , socket

( t o r m o g e n ) and s h e a t h ( t h e c o g e n ) - a n d is i n n e r v a t e d by up to four n e u r o n s (Fig. 2F). Serial
r e c o n s t r u c t i o n o f sections t h r o u g h a single sensillum often revealed the presence o f an a d d i t i o n a l
s u p p o r t cell, w h i c h p r o b a b l y is a s e c o n d s h e a t h cell." The lineage o f the cells w i t h i n the o l f a c t o r y
sensillum has been difficult to d e c i p h e r since a large n u m b e r o f sense organs develop asynchronously
w i t h i n the relatively small area o f the a n t e n n a l disc. M o s t o f the early studies had e x a m i n e d the
lineage o f the o l f a c t o r y sensilla by m a r k i n g sensory cells using cellular r e p o r t e r s and a n t i b o d i e s . 5 8. 62

~-galactosidase expression in the neu A 101 e n h a n c e r - t r a p line marks i s o l a t e d p r o g e n i t o r cells, w h i c h
are recognizable by their large apically placed nuclei. 58 The numbers o f these cells increased i n t o early
p u p a t i o n suggesting c o n t i n u a l s p e c i f i c a t i o n o f p r e c u r s o r s . 5 - b r o m o d e o x y u r i d i n e w h e n i n j e c t e d
i n t o the h a e m o l y m p h o f animals aged b e t w e e n 0 and 12 h o u r s after p u p a f o r m a t i o n (APF) was
n o t i n c o r p o r a t e d i n t o the sensory cells. O n the o t h e r h a n d , this m e t h o d as well as o b s e r v a t i o n o f
d i v i d i n g c h r o m o s o m e s w i t h D A P I a n d p h o s p h o r y l a t e d h i s t o n e i m m u n o c y t o c h e m i s t r y p r o v i d e d
evidence for a high level o f p r o l i f e r a t i o n a m o n g the d i v i d i n g sensory cells at 14 and 16 hours A P E A
m o d e l to explain these results suggested t h a t sensory organ p r o g e n i t o r s (also t e r m e d f o u n d e r cells)
d i d n o t divide b u t t h a t a cluster o f t h r e e or four cells ( t e r m e d the p r e s e n s i l l u m cluster) d i v i d e d to
form the cells c o m p o s i n g a single sense organ. 57,58,63 These c o n c l u s i o n s are s u b j e c t to errors since it
was n o t possible to follow cells w i t h i n a single cluster w i t h i n a c r o w d e d e p i d e r m a l field.

This difficulty has been solved recently by E n d o and his colleagues'? by e x p l o i t i n g the M A R C M
m e t h o d 6 5,66 to mark p r o g e n i t o r s and follow t h e m d u r i n g d e v e l o p m e n t . H e a t - s h o c k i n d u c t i o n o f
Flipase activity at a b o u t 30 h o u r s before p u p a t i o n g e n e r a t e d clones in all cells o f a sense organ
suggesting t h a t these cells arise from a single p r o g e n i t o r cell (Fig. 2G). E x a m i n a t i o n o f four-cell
clones revealed two apical cells r e c o g n i z e d by the external cell marker C u t and two basal cells, which
express Senseless ( S e n s ) . T h e external, C u t positive cells d e n o t e d p O a and p O b arise by division o f
the s e c o n d a r y p r o g e n i t o r pIIa, while the Sens positive p N a and p N b arise from pIIb.

Sen et al 63 d e s c r i b e d clusters o f 3 cells in the - 1 2 h o u r APF a n t e n n a labeled w i t h neu A 10 1 o f
w h i c h two expressed the n e u r o n a l marker Elav and Pro spero (Pros). This can be e x p l a i n e d in the
light o f the findings o f En do et al,64 by p r o p o s i n g t h a t the s e c o n d a r y p r o g e n i t o r s , like those in the
m e c h a n o s e n s o r y lineages on the Drosophila n o t u m , divide o u t o f sync. 67.68 W h e n t h r e e - c e l l clones
were o b s e r v e d by E n d o and his colleagues ( p e r s o n a l c o m m u n i c a t i o n ) , these c o n s i s t e d o f a large
cell ( - 4 . 0 urn in d i a m e t e r ) l a b e l e d weakly by anti-Sens a n d two smaller cells ( - 3 . 5 urn in diam­
eter) b o t h s t r o n g l y labeled w i t h anti-Sens, only one o f w h i c h expressed p a r t n e r o f N u m b (Pon).
The large cell is possibly pIIa while the smaller cells are likely to be the p r o g e n y o f p I I b - p N a a n d
p N b - b o t h o f w h i c h express Elav a n d Pros. O n e o f the two Pros expressing cells, w h i c h we d e n o t e
as pNa, also expresses the o r p h a n r e c e p t o r Seven-up (Svp). A s y m m e t r i c s e g r e g a t i o n o f Pros was
o b s e r v e d in some clusters and a d a u g h t e r cell i n h e r i t e d Svp and Pros t r a n s i e n t l y before s t a i n i n g
w i t h a n t i b o d i e s against the glial marker Reverse P o l a r i t y ( R e p o ) . "

This leads us to p r o p o s e t h a t p N a divides p r i o r to p N b to form a glial cell and an a d d i t i o n a l
p r o g e n i t o r pNa' w h i c h in t u r n s divides to form two n e u r o n s , one o f w h i c h c o n t i n u e s to express
Svp. This a d d i t i o n a l division has been p r o p o s e d to explain o b s e r v a t i o n s by Sen et al ( 2 0 0 3 ) t h a t
a cell t h a t expresses P r o s / E l a v / S v p divides to form a n o t h e r cell t h a t expresses these markers and a
sibling t h a t expresses Repo (Fig. 2 G ) . T h e m o d e l explains the f o r m a t i o n o f f o u r n e u r o n s w h i c h is
the m a x i m u m n u m b e r i n n e r v a t i n g a single o l f a c t o r y sense o r g a n . In s e n s o r y clusters w i t h a small
n u m b e r o f n e u r o n s (one, two or t h r e e ) a d d i t i o n a l cells are p r e s u m a b l y r e m o v e d by p r o g r a m m e d
cell d e a t h w h i c h has been o b s e r v e d at time p o i n t s c o r r e s p o n d i n g to the d i f f e r e n t i a t i o n o f olfac­
t o r y n e u r o n s . "

The d i s t i n c t i o n b e t w e e n the n e u r o n a l ( p I I b ) and n o n n e u r o n a l ( p I I a ) lineages is d e t e r m i n e d
by N o t c h signaling. N o t c h l o s s - o f - f u n c t i o n , g e n e r a t e d e i t h e r by m u t a t i o n s in the d o w n s t r e a m
a c t i v a t o r mastermind,64 a h y p o m o r p h i c allele o f N o t c b - N " or e c t o p i c e x p r e s s i o n o f N u m b ' "
r e s u l t e d in a pIIa to p I I b c o n v e r s i o n l e a d i n g to a d d i t i o n a l n e u r a l cells at the expense o f e x t e r n a l
cells. In nb m u t a n t clones two n e u r o n s expressing Svp were o b s e r v e d i n d i c a t i n g a c o n v e r s i o n o f
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Figure 3 . G lial cells in the antenna . At 36 hours APF, the sense organs in the antenna ap­
pear fully differentiated and ORNs can be identified by mAb22C10 staining (A,C,D). Axon
bundles transit the third segment in distinct fascicles (long arrows). Prospero is expressed in
two non neuronal cells in each sensory cluster (blue in B). Glial cells stained with antibodies
against Repo line the axonal bundles in the third segment (A; small arrows in B) . The glial
cells are of two subt ypes : those labeled with Mz317-Ga/4 (C) and the G H I 4 6 - G a / 4 subset
(D). Ar-Arista .

p N b t o pNa. 64 This implies that n e u r o n a l cells g e n e r a t e d from pNa experience high N signaling
while those from pNb are low in N levels. This b i n a r y switch in N signaling levels could act in
d i f f e r e n t i a t i o n o f two p o p u l a t i o n s o f n e u r o n s w i t h i n a single sensillum . This has i m p o r t a n c e in
r e g u l a t i o n o f the wiring o f O R N s t o t h e i r g l o m e r u l a r targets and will be discussed later . 6 4 T h e
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role o f Pros in p N a a n d p N b is u n c l e a r a l t h o u g h its ab sence in the p I l a lineage is e x p e c t e d since
T r a m t r a ck , o n e o f the targ ets o f N sig n ali n g is k n o w n to su p p r ess Pro s e xpre ssion. P'?' E c t o p i c
expr ession o f Pros i n all p r o g e n i t o r s lead s to an ab sence o f e x t e r n a l sens o ry st r u c t u re s s u g g e s t i n g
d e f e c t s i n the p I l a l i n e a g e o f cells. In diffe r e n t i a t e d se ns e organ s, Pro s expre sses in nuclei o f two
o f th e su p p o r t cells a n d los s-o f-fun c t i o n clones p r o d u c e t w i n n e d se ns ory shaft s a n d soc ke ts ."
Svp expr ession is d et e c t e d in p N a and rni s-expre ssion a lso affe c t s the f o r m a t i o n o f the e x t e r n al
se ns o ry s t r u c t u r e s. E x p re ssio n per sists in o ne n e u r o n in mo st se ns o ry clu ster s. the fun ct ion o f
w h i c h is n o t k n o w n (F ig. 2G ).

O r i g i n o f G l i a l Cells
At 36 h o u r s A P F , the a n t e n n a appears to be full y d i f f e r e n t i a t e d and sh o ws the presence o f

O R N s . w h ich exit the a n t e n n a tow ards the b r a i n in t h r e e di st inct fascicle s (Fig . l C , 3A) . There are
- 1 0 0 glial cells t h a t lie along the O R N s as they exit the a n t e n n a (Fig . 3B -D) . In si tua t i o n s where
N si gn a li n g is r e d u c e d d u r i n g p u p a l d e v e l o p m e n t , the n u m b e r o f glial cells w i t h i n the a n t e n n a was
greatly inc re a se d . Since R epo tcell s o r i g i n a t e after div ision o f a Pro s / E l av/ Sv p expre ssing p r o g e n i ­
tor, we p r o p o s e t h a t th ese o r i g i n a t e from the p N a cell sh o wn in Fig. 2G. This a d d i t i o n a l div ision
in the gliogenic lineage is r e m i n i scent o f the d e s c r i b e d divi sion p a t t e r n s in the m e c h a n o s e n s o r y
lineage s on the a d u l t n o t u m . 68 • 7 1

In the a d u l t a n t e n n a , t o t a l lo ss o f ato f u n c t i o n lead s to an ab senc e o f c o e l o c o n i c se n silla and
a co n co m it a nt r e d u c t i o n i n a b o u t 7 0 o f the 100 glial ce lls. Th e se glial pr e sumabl y arise from the
lineages sp e ci fie d b y a t o a n d i n flu e n ce the f a s c i c u l a t i o n o f th e o l f a c t o r y r e c e p t o r n e u r o n s ." The
o t h e r lineage s sp e ci fied b y th e p r o n eural gene A m o s al so p r o d u ce glial cells but th ese u n d e r g o
a p o p t o sis soo n after bi rth. " The Aro -dep e n d e n t glial cells are labeled b y the M z 31 7 -GaI4>GFP
sto ck ( Fig. 3 C ) . G H 1 4 6 - G a I 4 I a b e l s an i n d e p en de n t su bse t o f glia ( Fig. 3 D ) ; i n d irec t ev i d en ce
su ggests t h a t the se glial ce lls ari se o u t side the a n t e n n a a n d m i g r a t e i nt o th e t h i r d a n t ennal se gme nt
l at er i n de velopm ent ." Th e f u n c t ion o f the se cells is n o t yet k n o w n (see b elo w ) .

D e v e l o p m e n t o f O R N C o n n e c t i v i t y
Th e 0 RN a xo ns p r o j e c t i n g a lo n g the a n t e n n a l nerve rea ch th e d eveloping AL at a b o u t 18-20 h

aft er p u p ae form at ion (A P F) Y At th e ve n t ro -lat er al AL e n t r y p o i n t ( Fi g. 4 A), O R N a xon s so rt

ORN Axon
Ingrowth

I n l t l a l O R N
Axon t a r g e t i n g

L o c a l O R N
Axon Sortlng

D

45-100h rs
APF

Glomerulus
Maturation

Figur e 4 . D e v e l o p m e n t o f ORN c o n n e c t i vit y in the A L. A ) Antenn al ORN a xons first reach
th e AL at ab o u t 18 hours APF and sort into a l ateral an d a med ial pathwa y at the antennal
nerve (A N ) ex it po int. B) ORN axo ns b yp ass the ir prospect ive tar get area (w h i t e circles ) as
the y pro j ect to wards and across the dors al commissure (c o m), but ex t end spatiall y restricted
col ateral processes. C) At ab o u t 30 -35 hours APF, t h e f i rst m a xillar y ORN axo n s reach the
AL throu gh the labial nerve ( LaN ), wh ile t h e antenn al ORN axo ns start to conver ge i n t o
p r o t o g l o merul i an d shortl y af t e rwa rd s fuse w ith the d e n d r i t i c f i el d . D ) In the seco n d half o f
pupal dev e l o p m e n t (45 - 100 hours APF), ORNs establ ish synapt i c c o n tact s and g lia l pro cesses
i so l at e ind iv idual gl o m er u li.
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o u t , t u r n e i t h e r i n t o a m e d i a l or a lateral d i r e c t i o n a n d c o n t i n u e to p r o j e c t in two b r o a d pathways
across the surface o f the AL t o w a r d s the d o r s o - m e d i a l c o r n e r , " (TH, u n p u b l i s h e d o b s e r v a t i o n ) .
Inside these axon tracks, 0 R N axons i n i t i a l l y bypass t h e i r p r o s p e c t i v e g l o m e r u l a r t a r g e t area to
p r o j e c t across the d o r s a l commissure, b u t i n d i v i d u a l axons e x t e n d small c o l l a t e r a l processes in the
r e g i o n o f t h e i r class-specific convergence (Fig. 4B)?4 The first axons cross the m i d l i n e and e x t e n d
i n t o the c o n t r a - l a t e r a l AL by a b o u t 20 h o u r s APF. O R N axons stay w i t h i n the p e r i p h e r a l nerve
fiber layer over the next 15 h o u r s (Fig. 4 C ) . D u r i n g this p e r i o d , the c o l l a t e r a l axonal e x t e n s i o n
elongate followed by a sequential, spatially r e s t r i c t e d process o f axon c o n d e n s a t i o n i n t o increasingly
discrete p r o t o g l o m e r u l i t h a t spreads across the d e v e l o p i n g AL?4 These axonal p r o t o g l o m e r u l i t h e n
b e g i n to merge w i t h the d e n d r i t i c field o f p r o j e c t i o n n e u r o n s so t h a t by a r o u n d 35 h o u r s the first
g l o m e r u l i can be d i s t i n g u i s h e d and by 50 h o u r s APF m o s t g l o m e r u l i have f o r m e d (Fig. 4D).31.74
C o m p a r e d to the a n t e n n a , O R N s from the maxillary palps develop later a n d maxillary axons
r e a c h i n g the AL a r o u n d 30 h APF at a v e n t r a l p o s i t i o n to i n t e g r a t e i n t o the a n t e n n a l g l o m e r u l a r
field (Fig. 4 C ) ? 5 F o l l o w i n g the assembly o f O R N axons and P N d e n d r i t e s i n t o g l o m e r u l i d u r i n g
the first h a l f o f p u p a l d e v e l o p m e n t , g l o m e r u l u s m a t u r a t i o n occurs in the r e m a i n i n g two days o f
the p u p a l phase, in w h i c h O R genes are t u r n e d on in the a n t e n n a a n d 0 RN axons form synapses
in the a n t e n n a l l o b e (Fig. 4 D ) . 76,77

O l f a c t o r y Map O r g a n i z a t i o n
The h i g h l y specific Drosophila o l f a c t o r y circuit, c o m p o s e d o f 50 i n d i v i d u a l channels, each

o f w h i c h is o r g a n i z e d by the convergence o f a b o u t 30 0 RN axons, p r e s e n t s a f a s c i n a t i n g w i r i n g
p r o b l e m . A l t h o u g h the 0 RN p r o j e c t i o n s from the p e r i p h e r y o n t o the g l o m e r u l a r array follow
the p r i n c i p l e o f a discrete sensory m a p , " in w h i c h axons from spatially d i s p e r s e d n e u r o n s w i t h t h e
same sensory i d e n t i t y p r o j e c t o n t o one l o c a t i o n in the t a r g e t field, some more global o r g a n i z a t i o n
d o m a i n s have been n o t i c e d .

As the d i f f e r e n t sensilla classes o c c u p y d i s t i n c t areas on the a n t e n n a , w i t h the b a s i c o n i c sensilla
b r o a d l y l o c a t e d along the m e d i a l a n t e n n a l surface and the t r i c h o i d s more r e s t r i c t e d to the l a t e r a l
a n t e n n a l areas (Fig. 2A), the t o p o g r a p h y o f O R N s in the p e r i p h e r a l e p i t h e l i u m is a p p r o x i m a t e l y
m a i n t a i n e d in t h e i r p r o j e c t i o n i n t o the b r a i n (Fig. 5).25 A l t h o u g h O R N axons do n o t fasciculate in
the a n t e n n a strictly a c c o r d i n g to sensillum type, the 3 main fascicles d e s c r i b e d above c o n t a i n 0 RN
axons from the sensillum type e n r i c h e d regions on the a n t e n n a ! surface (Fig. 5A, TH u n p u b l i s h e d ) .
W h e n 0 R N axons reach the b r a i n t h e y d e f a s c i c u l a t e and b e c o m e r e o r g a n i z e d i n t o several axon
pathways w i t h d i f f e r e n t m e d i o - I a t e r a l p o s i t i o n s across the AL surface: basiconic O R N s accumulate
in the m e d i a l tracts a n d t r i c h o i d O R N s in the l a t e r a l tracts (Fig. 5B).25 In Manduca, a special class
o f glial cells, i m p o r t a n t for 0 RN axon p r o j e c t i o n , has been i d e n t i f i e d t h a t are l o c a t e d where the
a n t e n n a l n e r v e enters theAL?9,80 It is t e m p t i n g to speculate that, in Drosophila, the G H 1 4 6 - p o s i t i v e
glial cells d e s c r i b e d above, are involved in this r e o r g a n i z a t i o n o f 0 RN axon p r o j e c t i o n . "

I n s i d e these sensilla-specific AL d o m a i n s , t h e s p a t i a l o r g a n i z a t i o n o f 0 R N classes in t h e
p e r i p h e r y is n o t m a i n t a i n e d a n d O R N classes w h i c h are h o u s e d in the same s e n s i l l u m often
p r o j e c t to g l o m e r u l i w h i c h are l o c a l i z e d q u i t e some d i s t a n c e apart. 2 5,26 Nevertheless, the 0 RN
class specific axon c o n v e r g e n c e in the AL seem to be l i n k e d to cell fate s p e c i f i c a t i o n in the course
o f d i f f e r e n t i a l divisions by the S O P progeny. The d i v e r s i f i c a t i o n o f 0 RN p r e c u r s o r s in the S O P
lineage t h r o u g h the d i f f e r e n t i a l a c t i v a t i o n o f the N o t c h signalling p a t h w a y (see above) does n o t
only lead to a d i f f e r e n t i a l 0 R expression b u t also c o r r e l a t e w i t h the global o r g a n i z a t i o n o f 0 R N
axon p r o j e c t i o n / " E n d o a n d c o l l a b o r a t o r s s h o w e d t h a t axonal p r o j e c t i o n s o f " h i g h - N o t c h " a n d
" l o w - N o t c h " O R N classes segregate i n t o a few m u l t i - g l o m e r u l a r d o m a i n s along the d o r s o - v e n t r a l
AL axis (Fig. 5 C ) . The s u b d i v i s i o n o f 0 RN class c o n n e c t i v i t y i n t o d i f f e r e n t global d o m a i n s a l o n g
the d o r s o - v e n t r a l and m e d i a l - l a t e r a l axis suggest t h a t a series o f h i e r a r c h i c a l decisions are made by
o R N axons on t h e i r way from the p e r i p h e r a l sensory e p i t h e l i u m to the synaptic t a r g e t region (see
below). These s e q u e n t i a l l y a c t i n g s i g n a l l i n g m e c h a n i s m s w o u l d reduce the c o m p l e x i t y to g e n e r a t e
o R N s y n a p t i c specificity, l e a d i n g to the p o s i t i o n i n g o f 0 RN axons i n t o a selected AL area, where
local cues o r g a n i z e s the 0 R N class specific convergence.
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Figure 5 . Global o r g a n i z a t i o n of ORN p r o j e c t ions into the A L. A) ORNs housed in basiconic
sensilla are enriched on the medial antennal surface and p r o j e c t into two main fascicles (blue
and green) towards the AL. Trichoid sensilla neuronal p r o j e c t i o n s from the lateral antennal
surface are enriched in the third main fascicle (yellow) . The ORNs of each sensillum can be
s u b d i v i d e d into one " N o t c h OFF" neuron and one to three " N o t c h ON " neurons based on
the p o s i t i o n w i t h i n the SOP lineage (see text) . The axonal p r o j e c t i o n s of " N o t c h OFF"- and
" N o t c h O N " - t y p e ORNs are i n t e r m i n g l e d w i t h i n each of the three fascicles . B) The overall
t o p o g r a p h i c o r g a n i z a t i o n of basiconic and t r i c h o i d ORNs is m a i n t a i n e d in the ORN axon
p r o j e c t i o n s in the AL. C) " N o t c h OFF"- and " N o t c h O N " - t y p e ORNs segregate into broad
g l o m e r u l a r domains along the dorso-ventral ax is. Red staining in A : 2 2 C l O - p o s itive ORNs .

C e l l u l a r and M o l e c u l a r M e c h a n i s m s o f O R N W i r i n g S p e c i f i c i t y
Recent progress in u n d e r s t a n d i n g the m o l e c u l a r basis o f O R N wiring specificity has been

achieved t h r o u g h the systematic use o f an i n d u c i b l e genetic mosaic system ( M A R C M ) ,65 .66 in
w h i c h gene f u n c t i o n s can be specifically removed from p r o j e c t i n g O R N s (Fig. SA-C). The in­
d u c t i o n o f M A R C M clones u n d e r the c o n t r o l o f t h e eyeless p r o m o t o r generates large regions o f
homozygous 0 RNs in the a n t e n n a l e p i t h e l i u m b u t does n o t affect the p r e c u r s o r s o f the PNs and
LNs in the d e v e l o p i n g AL. 81 In a d d i t i o n , the expression o f F l i p a s e u n d e r heat - s h o c k (hs) p r o m o ­
t o r c o n t r o l enables the g e n e r a t i o n o f single h o m o z y g o u s O R N s as well the i n d u c t i o n o f genetic
mosaics in different p o p u l a t i o n s o f AL n e u r o n s . " This mosaic system has been used to address
many aspects o f o l f a c t o r y system d e v e l o p m e n t , e.g., the origin o f the d i f f e r e n t cell types and t h e i r
clonal r e l a t i o n s h i p in the a n t e n n a and AL,64 .83 the f u n c t i o n a l i n t e r p l a y o f a x o n s and d e n d r i t e s dur­
ing axonal and d e n d r i t i c wiring82 .84 . 85 and the c h a r a c t e r i z a t i o n o f c a n d i d a t e genes in this cell-cell
c o m m u n i c a t i o n process , " Axonal c o n n e c t i v i t y p h e n o t y p e s o f c a n d i d a t e molecules (see below)
and a large-scale h i s t o l o g i c a l screen ( T H u n p u b l i s h e d ) f u r t h e r s u p p o r t the idea t h a t h i e r a r c h i c a l
m e c h a n i s m s c o n t r o l O R N axon t a r g e t i n g in the AL. Most m u t a n t p h e n o t y p e s can be classified as
global or local m i s p r o j e c t i o n (Fig. 6 D- I), suggesting t h a t there are d i s t i n c t and s e q u e n t i a l l y acting
signalling m e c h a n i s m s in which initial axon g u i d a n c e to a coarse region o f the AL is followed by
local i n t e r a c t i o n s t h a t c o n t r o l the final r e f i n e m e n t and precise m a t c h i n g o f p r e - a n d p o s t s y n a p t i c
n e u r o n a l processes.

The first n e u r o n a l g u i d a n c e molecules t h a t have been shown to be r e q u i r e d w i t h i n O R N s are
Dscam, a m e m b e r o f the I g - d o m a i n superfamily and two Dscam d o w n s t r e a m effectors, the SHU
SH3 a d a p t e r D o c k and the s e r i n e / t h r e o n i n e kinase Pak. 81 . 87 All three genes are broadly expressed
in the d e v e l o p i n g p e r i p h e r a l and c e n t r a l o l f a c t o r y system. In eyFlp mosaics, Dscam m u t a n t O R N
axons still follow an approximately n o r m a l p a t h across the a n t e n n a l lobe, b u t converge p r e m a t u r e l y
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at ectopic locations. Interestingly, they do n o t integrate i n t o existing glomeruli at these ectopic sites;
r a t h e r m u l t i p l e Dscam m u t a n t O R N axons converge to form novel glomerulus-like s t r u c t u r e s . "
Labeling o f m u l t i p l e 0 RN classes revealed t h a t Dscam m u t a n t 0 RN axons segregate at ectopic
sites, even o u t s i d e the AL, in an O R N class specific m a n n e r (Fig. 6 F - G ' ) i n d i c a t i n g the existence
o f a u n i q u e axonal i d e n t i t y i n d e p e n d e n t o f the t a r g e t area, w h i c h is c o u n t e r a c t e d by the Dscam
activity (Fig. 6J; T . H . u n p u b l i s h e d o b s e r v a t i o n s ) . dock andPak m u t a n t O R N axons show a more
severe p h e n o t y p e in w h i c h they grow along i n a p p r o p r i a t e pathways and t h e r e f o r e form e c t o p i c
t e r m i n a t i o n s all over the AL. The Robo receptors are a second class o f guidance molecules involved
in the i n i t i a l coarse t a r g e t i n g o f 0 RN axons. Robo, R o b 0 2 and R o b 0 3 are expressed in discrete
subsets o f 0 RN axons t h a t segregate from one a n o t h e r and take d i f f e r e n t medial versus lateral
pathways across the d e v e l o p i n g AL.29 W i d e s p r e a d m i s t a r g e t i n g defects when Robo r e c e p t o r s are
removed from O R N s or e c t o p i c a l l y expressed suggest a crucial role for Robo signalling in O R N
axon p o s i t i o n i n g .

Following the crude and o v e r l a p p i n g p o s i t i o n i n g o f 0 RN axon t e r m i n a l s o f d i f f e r e n t classes
w i t h i n a r e s t r i c t e d AL d o m a i n , local s h o r t - r a n g e inter and intra-class i n t e r a c t i o n s lead to the
c l a s s - s p e c i f i c axon s o r t i n g i n t o p r o t o g l o m e r u l i (Fig. 4 C ) . C o m p a r e d to the m u t a t i o n s described
above, removal o f the t r a n s m e m b r a n e molecule S e m a p h o r i n - l a and the C a - d e p e n d e n t cell adhe­
sion molecule N - C a d h e r i n leads to more local axon t a r g e t i n g defects (Fig. 6 H - I '). Ncad m u t a n t
O R N axons reach the v i c i n i t y o f t h e i r AL t a r g e t area, b u t the i n i t i a l axonal convergence i n t o
p r o t o g l o m e r u l i is d i s r u p t e d ; this in t u r n affects all s u b s e q u e n t steps o f g l o m e r u l u s m a t u r a t i o n
and a x o n - d e n d r i t e i n t e r a c t i o n finally results in a severe d i s o r g a n i s a t i o n o f the a d u l t AL n e u r o p i l . "
However, N - C a d h e r i n does n o t appear to m e d i a t e class-specific i n t e r a c t i o n s b e t w e e n d i f f e r e n t
O R N axons; r a t h e r it seems to be a permissive factor for axonal i n t e r a c t i o n s a m o n g all ORNS.74
In c o n t r a s t to N - C a d h e r i n , S e m a - l a m u t a n t O R N axons are able to i n d u c e local convergence,
b u t axons o f the same class split i n t o m u l t i p l e adjacent g l o m e r u l i or co converge w i t h O R N axons
o f n e i g h b o r i n g g l o m e r u l i (Fig. 6 H - I ').1 5 • 88 W h e r e a s N - C a d h e r i n is u b i q u i t o u s l y expressed on
p r o j e c t i n g 0 RN axons, 0 RN axons converging i n t o n e i g h b o u r i n g g l o m e r u l i display d i f f e r e n t
levels o f S e m a p h o r i n - I a . " C l o n a l analysis i n d i c a t e s a n o n - a u t o n o m o u s S e m a - l a f u n c t i o n , medi­
ated t h r o u g h the Plexin A receptor, o n t o n e i g h b o u r i n g classes, most likely in a repulsive fashion.
In summary, d i f f e r e n t types o f i n t e r - a x o n a l attractive (via N - C a d h e r i n ) and repulsive (via Dscam
and S e m a - l a / P l e x i n A) i n t e r a c t i o n s , lead to a final coalescence o f O R N axons in O R type specific
p r o t o g l o m e r u l i (Fig. 6J).

S p e c i f i c a t i o n o f P r o j e c t i o n N e u r o n s
In c o n t r a s t to 0 R N f o r m a t i o n d u r i n g p u p a l d e v e l o p m e n t , the g e n e r a t i o n o f the o l f a c t o r y

C N S n e u r o n s starts already d u r i n g e m b r y o n i c and larval stages, e n s u r i n g t h a t a p r e p a t t e r n e d
d e n d r i t i c t a r g e t field is e s t a b l i s h e d by the time O R N axons p r o j e c t i n t o the a n t e n n a l lobe."
P r o j e c t i o n n e u r o n s (PNs) a n d local i n t e r n e u r o n s (LNs) o r i g i n a t e from asymmetrically d i v i d i n g
n e u r a l p r e c u r s o r cells called n e u r o b l a s t s (Fig. 7).89 At each division n e u r o b l a s t s p r o d u c e serially a
new n e u r o b l a s t and a ganglion m o t h e r cell, w h i c h divides once more to generate two t e r m i n a l l y
d i f f e r e n t i a t e d n e u r o n s (Fig. 7). PNs are derived from three neuroblasts: an a n t e r o - d o r s a l (ad), a
lateral (la) and a ventral (ve) n e u r o b l a s t , c o r r e s p o n d i n g to the three groups o f cell b o d i e s . " It has
been shown t h a t the ad and la P N lineages send d e n d r i t e s to s t e r e o t y p e d and m u t u a l l y exclusive
sets o f glomeruli. 12 Using the M A R C M m e t h o d to p e r f o r m a systematic fate m a p p i n g analysis o f
PNs, Jefferis et al could d e m o n s t r a t e a d i r e c t c o r r e l a t i o n b e t w e e n the larval P N lineage and b i r t h
time w i t h t h e i r d e n d r i t i c t a r g e t i n g o n t o d i s t i n c t g l o m e r u l i . " In a d d i t i o n , e m b r y o n i c - b o r n PNs
p a r t i c i p a t e in b o t h the larval and a d u l t o l f a c t o r y c i r c u i t s . " In the larva, these n e u r o n s generally
i n n e r v a t e a single g l o m e r u l u s in the a n t e n n a l l o b e and persist in the adult o l f a c t o r y circuit, also
p r e s p e c i f i e d by b i r t h o r d e r to i n n e r v a t e a subset o f g l o m e r u l i d i s t i n c t from l a r v a l - b o r n P N s.
D e v e l o p m e n t a l studies i n d i c a t e t h a t these n e u r o n s u n d e r g o s t e r e o t y p e d p r u n i n g o f their d e n d r i t e s
and axon t e r m i n a l b r a n c h e s locally d u r i n g early m e t a m o r p h o s i s , w h i c h requires c e l l - a u t o n o m o u s
r e c e p t i o n o f the nuclear h o r m o n e e c d y s o n e . ? "
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Figure 6 . Analysis of gene f u n c t i o n s involved in ORN conne c t i v i t y d e v e l o p m e n t . A-C) Mosaic
analysis in d e v e l o p i n g ORNs using the M A R C M system. I n d u c t i o n of M A R C M clones under
eyFlp control leads to homoz ygous (G FP- p o si t i v e) ORNs in the m a x i l l a r y palps A ) and an ­
tenna (n o t shown ) and allows to f o ll o w their axonal p r o j e c t i o n s into the AL (B), whereas the
AL target neurons (LN s and PNs) next to the AL rema in unaffected (r ed, GFP-negative). C)
Schematic i l l u s t r a t i n g the segregation o f the d i f f e r e n t chromosomes (ast e r i sk indicates the
mut ation ) from the heterozy gous ORN precursor cell into the di ffe rent dau ghter cells . Due
to the lo ss of the GalBO insert ion after m i t o t ic recomb in at ion at th e FRT sites (b lac k bo x ), th e
homoz ygou s mutant ORN s start to e xpr ess GFP in a G aI4 / U A S-dep endent manner, wherea s
in h o m o z y gous w i l d ty p e or hetero z y gou s ORNs the expr ess ion of GFP remains repressed
du e to the presence o f GalBO. D , E, E / ) The pro ject ion o f two ORN cla sses (g reen and red )
onto ne ighbor ing g l o m er uli i s shown . F, G , G ' ) Loss o f D scam in ORN - speci fic MARCM
clon es lead to a prematu re con vergence i n si d e and outsid e t h e A L, but mut ant axon s sort
out acc or di ng to the ir OR cl ass i d en t i t y. H , I, I ' ) F o l l o w i n g t h e remov al of Sema p ho ri n - Ia
(Se me - l e), mutant ORN axo ns pro je ct to the ta rge t region bu t f ail to sor t into class-speci fic
g l o me r uli. J) M o d e l of the i n te r-ax o na l i n t erac ti o n s med i ated b y d i ff erent ne u ro na l cell surf ace
mol ecule s (see te xt ).
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Figure 7. Generat ion of P r o j e c t i o n Neurons dur ing AL d e v e l o p m e n t . P r o j e c t i o n Neurons (PNs)
in each of the three PN clusters , the a n t e r i o r - d o r s a l (ad), lateral (la) and ventral (ve) cluster ,
d e r i v e from a d i s t i n c t neuroblast (NB). The d i f f e r e n t PN classes i n si d e each cluster (e.g., PN1 ,
PN2, etc .) are generated at d e f i n e d time points from the d i v i d i n g NB though an i n t e r m e d i a t e
gangl ion m o t h e r cell (GMC) . Recent data i n d i c a t e that the level of the P O U - d o m a i n type
t r a n s c r i p t i o n factor C h i n m o i n the d i v i d i n g NB defines a c r i t i c a l d e t e r m i n a n t in the c o n t r o l of
PN i d en t i t y, w i t h h igh levels g i v i n g rises to e a r l y - b o r n PNs and l o w levels to l a t e - b o r n PNs.

H o w is P N diversity g e n e r a t e d t h r o u g h the series o f NB divisions? F irst i n s i g h t s i n t o the
m o l e c u l a r m e c h a n i s m t h a t lead to P N d i v e r s i f i c a t i o n came t h r o u g h the i d e n t i f i c a t i o n o f the
p u t a t i v e t r a n s c r i p t i o n factor C h i n m o t h a t confers t e m p o r a l i d e n t i t y on the n e u r a l p r o g e n y o f
m u s h r o o m b o d y a n d p r o j e c t i o n n e u r o n s n e u r o b l a s t s (Fig . 7).91 In the P N lineage, loss o f C h i n m o
a u t o n o m o u s l y causes e a r l y - b o r n n e u r o n s to a d o p t the fates o f l a t e -born n e u r o n s from the same
lineages. A l t h o u g h the m o l e c u l a r m e c h a n i s m s t h a t c o n t r o l P N fate i d e n t i t y is n o t clear yet, studies
in m u s h r o o m bodies i n d i c a t e the g e n e r a t i o n o f a t e m p o r a l g r a d i e n t o f C h i n m o (Fig. 7) t h r o u g h
p r i m a r i l y po s t t r a n s c r i p t i o n a l r e g u l a t i o n w h i c h helps t o specify d i s t i n c t b i r t h o r d e r - d e p e n d e n t cell
fates in an e x t e n d e d n e u r o n a l l i n e a g e , "
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Figure 8 . D e v e l o p m e n t o f PN c o n n e c t i v it y. (A - C) Schemati c dr aw ings o f the three ma in steps
i n PN ax o n and d e n d r i te d e v e l o p m e n t . A) A d u l t PNs f i r st sen d out ax o na l processes toward s
the mushroom bod ies an d l ater al horn . B) PNs de velop d endr it ic br anches wh ich pro j e c t to
d i ffe r ent regions , ac co rd in g to their later g l o m e r u l ar pos it ion i n the A L. C ) D i fferent t ype s
of i n te r- d e n d ri ti c i nt er ac ti o ns f u r t h er r estr i c t PN dend r ite s t o t h ei r f i nal AL pos it ion . D ) Th e
lev el of Sem ap h ori n - l a i n de v e l o p i n g PNs determines t h ei r dendr ite pos it ion ing al o n g th e
dorso - v entral AL a x i s; h i gh l ev els l ead to a d o r s o - I a t e ral l o c a t i o n whe reas PNs e xpressin g
l o w Sema- l a le vels proj ect to ve nt ro - me d ia l pos it ion s. E) PN d e n d r i t es havin g reached their
cr u d e p o s i t i o n in the AL p er form di ffer ent t ypes o f i n t e r ac t i o n s (m e dia te d by N - C a d h e r in and
Dscam ) to el aborate and r e s t r i c t their d end r itic branches .

D e v e l o p m e n t o f P N D e n d r i t e s
S h o r t l y after b i r t h d u r i n g larval d e v e l o p m e n t , PNs e x t e n d axon s along the main tracts c o n n e c t ­

i n g the a n t e n n a l l o b e to h igh er o lf ac to ry centres. the MB a n d L H . howe ver no axonal a r b o r i za­
ti ons are form ed w ith in t h o se C N S r egions ( F ig . 8A) .Jl At the time o f l a r v a l / p u p a l t r a n s i t i o n , P N
d e n d r i t e d e v e l o p m e n t s t a r t s w i t h th e ext e ns i o n o f d e n d r i t i c proc esses int o differ e n t regions o f the
AL (Fig. 8B ) , so t h a t b y ab o u t 20 h APF sp at i ally restr icted but st ill o verl a p p i n g d e n d r i t i c a r b o u r s
oc cup y the earl y AL .Jl At th e same tim e , O R N a xo ns h ave ju st rea ched th e d e v e l o p i n g ant ennal
l ob e. Th e d ir e ct ional o u t g r o w t h is followed b y a p e r i o d o f int er - d e n d r i t ic i n t e r a c t i o n ( Fi g. 8 C ) .
resulting in a f u r t h e r refin em ent o f arboriz at ion a c c o r d i n g to thei r PN class id enti ry," Cla ss-sp ecific
br an c h i n g o f P N axons is evi d e nt in the lat eral h o r n b y 24-3 0 h A P F . J l T h u s the P N a xo n al de vel­
o p me nt r elevant to w iri n g oc cur s relati vely syn ch ro n o usly w i th d e n d r i t ic de v e l o p m e n t .

R e c e n t l y, seve r al mole cular d et e r m i n ate s, e .g.• t r a n scr ipti on f ac t o r s and cell sur f a ce m o l e c u l es.
h ave been i d e n t i f i e d th at a re in vol ved in the t wo main ste ps o f P N d e n d r ite d ev e l o p m e n t . d i rec ­
tio nal o ut g row t h and cla ss-specifi c so rt i n g .84-8 6.9 2. 93 I n t e re st ingl y. the same molecule s de scribed
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above to c o n t r o l O R N a x o n - a x o n i n t e r a c t i o n , S e m a p h o r i n - l a , N - C a d h e r i n a n d Dscam, also have
an i n d e p e n d e n t f u n c t i o n d u r i n g P N d e n d r i t e p a t t e r n i n g . S o m e w h a t s u r p r i s i n g came the observa­
t i o n t h a t S e m a - l a levels c e l l - a u t o n o m o u s l y d i r e c t i n i t i a l P N t a r g e t i n g in the a n t e n n a l l o b e along
the d o r s a l - I a t e r a l / v e n t r a l - m e d i a l axis (Fig. 8 0 ) . 86 This f u n c t i o n requires the c y t o p l a s m i c d o m a i n ,
w h i c h c o u l d m e d i a t e signalling u p o n b i n d i n g to a yet u n k n o w n ligand, d i s t r i b u t e d in a g r a d i e n t
a l o n g in the early AL to specify d e n d r i t e p o s i t i o n i n g . "

Mosaic analyses suggest t h a t N - C a d h e r i n m e d i a t e s d e n d r o - d e n d r i t i c i n t e r a c t i o n s b e t w e e n
PNs a n d thus c o n t r i b u t e s to spatial r e s t r i c t i o n o f P N d e n d r i t e s t h e r e b y s h a r p e n i n g the b o u n d a r i e s
b e t w e e n g l o m e r u l i (Fig. 8E).84 D e v e l o p m e n t a l studies reveal t h a t the d e n d r i t e s o f N-Cadherin
m u t a n t PNs o c c u p y the same global p o s i t i o n s as t h e i r w i l d - t y p e c o u n t e r p a r t s d u r i n g early p u p a l
d e v e l o p m e n t b u t fail to s o r t in a P N class specific p a t t e r n . A possible e x p l a n a t i o n for the d e n d r i t i c
d e f e c t is t h a t N - C a d h e r i n expressed on the surface o f P N d e n d r i t e s confers p r o p e r adhesiveness
to the d e n d r i t e d u r i n g and after the i n i t i a l t a r g e t i n g event. Loss o f N - C a d h e r i n results in r e d u c e d
cell a d h e s i o n , allowing d e n d r i t e s to more easily invade the n e i g h b o r i n g g l o m e r u l i . In c o n t r a s t to
the i n h i b i t i o n o f d e n d r i t i c extensions, D s c a m acts in p r o j e c t i o n n e u r o n s and local i n t e r n e u r o n s to
c o n t r o l the e l a b o r a t i o n o f d e n d r i t i c fields (Fig. 8E). 8S The removal o f Ds cam selectivelyfrom P N s or
LNs leads to a m a r k e d r e d u c t i o n in t h e i r d e n d r i t i c field size whereas D s c a m overexpression causes
d e n d r i t e s to shift t h e i r relative local p o s i t i o n . Thus, similar to the O R N axon p a t t e r i n g , s e q u e n t i a l
a t t r a c t i v e a n d repulsive i n t e r a c t i o n s seem to m e d i a t e the final p o s i t i o n i n g o f P N d e n d r i t e s .

Beside the cell surface m o l e c u l e s d i r e c t l y i n v o l v e d in i n t e r - d e n d r i t i c c o m m u n i c a t i o n , the
f u n c t i o n a l analysis o f P N - i n t r i n s i c m e c h a n i s m s has led to the i d e n t i f i c a t i o n o f several t r a n s c r i p ­
t i o n factors ( T F s ) t h a t c o n t r o l d e n d r i t i c targetingS 6

,92 M e m b e r s o f d i f f e r e n t T F families, e.g.,
L I M - h o m e o d o m a i n TFs (Islet and Lim l ), h o m e o d o m a i n TFs ( C u t ) , zinc-finger TFs (Squeeze)
a n d P O U - d o m a i n TFs (Acj6 and D r i f t e r ) lead in P N - s p e c i f i c l o s s - o f - f u n c t i o n mosaic clones to
e i t h e r coarse or local d e n d r i t e t a r g e t i n g defects, suggesting t h a t t h e y have q u a l i t a t i v e l y d i f f e r e n t
i n s t r u c t i v e i n f o r m a t i o n . M o s t o f these TFs show a spatially r e s t r i c t e d expression p a t t e r n , e.g., Acj6
a n d Drifter, are expressed in a d P N s a n d laPNs respectively (Fig. 8E).92 M i s e x p r e s s i o n e x p e r i m e n t s
i n d u c e s specific changes o f t a r g e t i n g specificity suggest t h a t P N classes are at least p a r t i a l l y d e f i n e d
by c o m b i n a t o r i a l expression o f T F s t h a t r e g u l a t e d i f f e r e n t steps o f d e n d r i t i c t a r g e t i n g , some speci­
fying the coarse area (e.g., C u t ) , followed by o t h e r s c o n t r o l l i n g local g l o m e r u l a r choice w i t h i n the
area (e.g., D r i f t e r a n d Acj6).

C o n c l u d i n g Remarks
I n i t i a l studies in o t h e r insects and m a m m a l s have e m p h a s i z e d the o r g a n i z i n g role o f O R N s

in AL d e v e l o p m e n t . For i n s t a n c e in Manduca surgical removal o f the a n t e n n a p r e v e n t s n o r m a l
g l o m e r u l a r f o r m a t i o n 9 4,9s and a n t e n n a l disc t r a n s p l a n t a t i o n b e t w e e n d i f f e r e n t sexes results in the
f o r m a t i o n o f g l o m e r u l i w i t h a m o r p h o l o g y t h a t is m o s t typical o f the d o n o r s e x . " The results in
Drosophila p r e s e n t e d here suggested t h a t b o t h O R N s and PNs have s u b s t a n t i a l a u t o n o m o u s pat­
t e r n i n g ability in w h i c h b o t h n e u r o n a l types t a r g e t coarsely w i t h o u t i n t e r a c t i n g w i t h t h e i r p a r t n e r s .
E x p e r i m e n t s in w h i c h 0 R N axon and P N d e n d r i t e t a r g e t i n g are d i f f e r e n t i a l l y affected provide
first insights i n t o the relative c o n t r i b u t i o n o f b o t h synaptic p a r t n e r s in d e t e r m i n i n g c o n n e c t i o n
specificity. C e l l - t y p e specific removal o f N - C a d h e r i n from P N d e n d r i t e s does n o t affect the site
specific convergence o f the p a r t n e r 0 RN s. 84 In a d d i t i o n , the local shift in 0 R N axon convergence
or P N d e n d r i t e p o s i t i o n i n g leads to the c o r r e s p o n d i n g d i s p l a c e m e n t o f the synaptic p a r t n e r , w h i c h
so far is the s t r o n g e s t i n d i c a t i o n for a cell-type specific r e c o g n i t i o n c o d e . "

Based on the cellular i n t e r a c t i o n s d u r i n g p u p a l AL d e v e l o p m e n t and the r e s u l t i n g c o n n e c t i v i t y
d e f e c t f o l l o w i n g the cell-type specific m u t a n t analysis d e s c r i b e d above we suggest the following
m o d e l for O R N - P N m a t c h i n g (Fig. 9). The first cellular event seems to be the g e n e r a t i o n o f a
coarse map o f P N d e n d r i t e s in the d e v e l o p i n g A L (Step 1). I n i t i a l O R N axon t a r g e t i n g is equally
imprecise. The axons o f a p a r t i c u l a r 0 RN class reach t h e i r t a r g e t area a n d i n t e r m i n g l e w i t h axons
o f spatially r e l a t e d targets. Intra-class axonal a t t r a c t i o n c o m b i n e d w i t h inter-class axonal retrac­
t i o n forces this local b l e n d o f d i f f e r e n t axon classes to segregate from one a n o t h e r (Step 2). W h e n
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Figure 9 . M o d e l of neuronal c o n n e c t i v i t y d e v e l o p m e n t in the Drosophila o l f a c t o r y system.
The development of neuronal connections in the Drosophila AL can be d i v i d e d i n t o three
consecutive steps. First, PN dendrite p r o j e c t i o n and d e n d r o - d e n d r itic interact ions lead to
prepatterned target field befo re ORN axons reach the AL. In a second step, ORN axons
of the same OR class grow into the AL and target to the approximate posit ion f o l l o w e d by
axon -axon inte ractions in to converge i nt o OR class specific p r o t o g l o m e r u l i . In the final step
of glomerulus formation, class-specific ORN-PN r e c o g n i t i o n leads to the restriction o f a x o n s
and dendrites i n t o single g l o m e r u l a r units, in which the d i f f e r e n t neuronal processes assemble
into f u n c t i o n a l circuits .
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a critical c o n c e n t r a t i o n o f similar axons is reached, axonal p r o t o g l o m e r u l i begin to form at the
p e r i p h e r y o f the a n t e n n a l l o b e (Step 2). In the final step, class-specific O R N - P N r e c o g n i t i o n
i n i t i a t e s the g l o m e r u l u s assembly followed by synaptogenesis and glial m e d i a t e d isolation o f new
e m e r g i n g synaptic units. O n c e e s t a b l i s h e d these synaptic units are r a t h e r stable, m a n i p u l a t i o n s
in the a d u l t fly, e.g., the selective cell a b l a t i o n or d i f f e r e n t i a l o l f a c t o r y experience leads to only
m i n o r i n t r a - g l o m e r u l a r changes?6.97 Based on this model 0 RN axon and P N d e n d r i t e t a r g e t i n g
are i n i t i a l l y two separate p a t t e r n i n g events and s u b s e q u e n t a x o n - d e n d r i t e m a t c h i n g is the final
step by w h i c h two p r e p a t t e r n e d fields are merged.

H o w the d i f f e r e n t i a t i o n o f a b o u t SO d i s t i n c t synaptic p a r t n e r s is c o o r d i n a t e d remains one o f
the c h a l l e n g i n g q u e s t i o n s in o l f a c t o r y system research. In the p e r i p h e r a l o l f a c t o r y system, d i s t i n c t
types o f 0 RNs have to become specified and the s u b s e q u e n t d i f f e r e n t i a t i o n has to be c o u p l e d to
the neurogenesis w i t h i n d e v e l o p i n g sensilla, the d e v e l o p m e n t o f axon p r o j e c t i o n p a t t e r n s and the
e v e n t u a l expression o f i n d i v i d u a l o d o r a n t receptors. In the c e n t r a l o l f a c t o r y system, the develop­
m e n t o f the d e n d r i t i c p r o j e c t i o n has to be c o o r d i n a t e d w i t h the d i s t i n c t axonal b r a n c h i n g p a t t e r n
in the h i g h e r brain c e n r e r s . P : " The Drosophila o l f a c t o r y system provides a p o w e r f u l m o d e l to
address these f u n d a m e n t a l issues o f neuroscience research.
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The Olfactory Sensory Map in Drosophila
P h i l i p p e P. L a i s s u e a n d L e s l i e B. Vosshall*

A b s t r a c t

T h e fruit fly (Drosophila melanogaster) exhibits robust o d o r - e v o k e d behaviors in response to
cues from diverse host plants and p h e r o m o n a l cues from o t h e r flies. U n d e r s t a n d i n g how the
a d u l t o l f a c t o r y system s u p p o r t s the p e r c e p t i o n o f these o d o r o u s chemicals and translates

t h e m i n t o a p p r o p r i a t e a t t r a c t i o n or avoidance behaviors is an i m p o r t a n t goal in c o n t e m p o r a r y
sensory neuroscience. R e c e n t advances in genomics and m o l e c u l a r n e u r o b i o l o g y have p r o v i d e d
an u n p r e c e d e n t e d level o f detail i n t o h o w the a d u l t Drosophila o l f a c t o r y system is o r g a n i z e d .
Volatile o d o r a n t s are sensed by two bilaterally symmetric o l f a c t o r y sensory appendages, the t h i r d
segment o f the a n t e n n a a n d the maxillary palps, w h i c h respectively c o n t a i n a p p r o x i m a t e l y 1200
and 120 o l f a c t o r y sensory n e u r o n s ( O S N s ) each. These O S N s express a divergent family o f seven
t r a n s m e m b r a n e d o m a i n o d o r a n t r e c e p t o r s ( 0 Rs) w i t h no h o m o l o g y to v e r t e b r a t e 0 Rs, w h i c h
d e t e r m i n e the o d o r specificity o f a given O S N . Drosophila was the first animal for w h i c h all O R
genes were cloned, t h e i r p a t t e r n s o f gene expression d e t e r m i n e d a n d axonal p r o j e c t i o n s o f most
O S N s e l u c i d a t e d . In vivo e l e c t r o p h y s i o l o g y has been used to decode the ligand response profiles
o f most o f the 0 Rs, p r o v i d i n g i n s i g h t i n t o the i n i t i a l logic o f o l f a c t o r y c o d i n g in the fly. This
c h a p t e r will review the m o l e c u l a r biology, n e u r o a n a t o m y and f u n c t i o n o f the p e r i p h e r a l o l f a c t o r y
system o f Drosophila.

I n t r o d u c t i o n
Sensory s y s t e m s - t o u c h , hearing, vision, taste, s m e l l - m a p features o f the external w o r l d i n t o

i n t e r n a l r e p r e s e n t a t i o n s in the b r a i n t h a t u l t i m a t e l y allow all animals to navigate t h e i r environ­
ments. The physical senses o f t o u c h and vision use t o p o g r a p h i c m a p p i n g approaches to represent
discrete d i m e n s i o n s o f the external world. For example, the visual system uses r e t i n o t o p i c m a p p i n g
to o r g a n i z e the field o f view in the lateral g e n i c u l a t e nucleus, such t h a t there is an orderly repre­
s e n t a t i o n o f the visual field in the b r a i n . ' The s o m a t o s e n s o r y system uses s o m a t o t o p i c m a p p i n g
to p r o j e c t n o t the e x t e r n a l w o r l d b u t the b o d y plan o n t o the s o m a t o s e n s o r y c o r t e x . P Thus it is
n o t the e n v i r o n m e n t per se t h a t is m a p p e d , b u t the various p a r t s o f the body, allowing an a n i m a l
to d e t e r m i n e w i t h p r e c i s i o n where it is being t o u c h e d by a physical stimulus. The a u d i t o r y system
maps s o u n d frequencies along a t o n o t o p i c axis in the cochlea a n d the a u d i t o r y cortex, allowing
s o u n d to be b r o k e n i n t o its c o m p o n e n t p a r t s and later synthesized i n t o a c o h e r e n t representa­
t i o n o f what was heard.v' An i m p o r t a n t feature o f the a u d i t o r y system is the p r e c i s i o n by w h i c h
it p e r m i t s animals to localize s o u n d in space. This is a c c o m p l i s h e d by c e n t r a l b r a i n c o m p a r i s o n s
o f i n p u t i n t o the left and right ears. These m a p p i n g approaches allow visual, s o m a t o s e n s o r y and
a u d i t o r y c o r t e x to r e p r e s e n t i m p o r t a n t features o f visual, m e c h a n i c a l and a u d i t o r y stimuli and
relate t h e m to physical space in the external world.

* C o r r e s p o n d i n g Author: Leslie B. V o s s h a l l - L a b o r a t o r y of Neurogenetics and Behavior,
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The c h e m i c a l s e n s e s - t a s t e a n d s m e l l - a r e less well u n d e r s t o o d t h a n t h e p h y s i c a l senses b u t
a p p e a r to use a d i f f e r e n t s t r a t e g y to r e p r e s e n t g u s t a t o r y a n d o l f a c t o r y cues e n c o u n t e r e d in t h e
e n v i r o n m e n t . I n s t e a d o f m a p p i n g p r i m a r i l y t h e p o s i t i o n o f t h e e x t e r n a l s t i m u l u s a n d its r e l a t i o n ­
s h i p to t h e i n d i v i d u a l , t h e g u s t a t o r y a n d o l f a c t o r y systems c a t e g o r i z e t h e i d e n t i t y a n d q u a l i t y o f
t h e s t i m u l u s . The t o n g u e can d e t e c t at least five d i f f e r e n t t a s t e q u a l i t i e s - b i t t e r , sweet, sour, salty
a n d u m a m i , t h e t a s t e o f m o n o s o d i u m g l u t a m a t e . I n s e c t s a p p e a r to have all o f t h e s e t a s t e q u a l i t i e s ,
w i t h t h e p o s s i b l e e x c e p t i o n o f u m a m i a n d t h e a d d i t i o n o f a " w a t e r " s e n s e . Y E a c h o f these t a s t e
q u a l i t i e s is p e r c e i v e d by s t r u c t u r a l l y a n d f u n c t i o n a l l y d i s c r e t e g u s t a t o r y n e u r o n s in t h e t o n g u e o f
v e r t e b r a t e s ' a n d labial palps o f i n s e c t s . s " It is still u n c l e a r in the field w h e t h e r these t a s t e q u a l i t i e s re­
m a i n s e g r e g a t e d i n t o s t i m u l u s - s p e c i f i c l a b e l e d lines f r o m t h e p e r i p h e r y to h i g h e r b r a i n centers,8.10.11
or w h e t h e r d i s t r i b u t e d c o d i n g across g r o u p s o f s e n s o r y a n d c e n t r a l b r a i n n e u r o n s allows a n i m a l s
to d i s t i n g u i s h t a s t e s o f d i f f e r e n t m o d a l i t i e s s u c h as b i t t e r a n d sweet. 1 2. 13 T h e r e is clear e v i d e n c e in
Drosophila t h a t p a t h w a y s for b i t t e r a n d sweet t a s t e s are a n a t o m i c a l l y a n d f u n c t i o n a l l y s e p a r a t e
senses t h a t e l i c i t i n n a t e aversive a n d a p p e t i t i v e r e s p o n s e s , r e s p e c t i v e l y . " ! '

The o l f a c t o r y s y s t e m is c a p a b l e o f d e t e c t i n g an e x t r e m e l y large n u m b e r o f v o l a t i l e c h e m i c a l
s t i m u l i , p o s s i b l y e x c e e d i n g tens o f t h o u s a n d s , a l t h o u g h t h e t o t a l o l f a c t o r y c o d i n g c a p a c i t y o f any
a n i m a l has n e v e r b e e n e x h a u s t i v e l y c a t a l o g u e d . " The a b i l i t y to r e c o g n i z e s u c h a vast n u m b e r
o f o d o r o u s l i g a n d s is t h o u g h t to be due to t h e s p e c i a l p r o p e r t i e s o f t h e 0 Rs, t h e large family o f
m e m b r a n e p r o t e i n s t h a t is selectively e x p r e s s e d in O S N s in t h e o l f a c t o r y e p i t h e l i u m o f v e r t e b r a t e s
a n d a n t e n n a e o f i n s e c t s . O R s have selective b u t b r o a d l i g a n d - b i n d i n g p r o p e r t i e s , s u c h t h a t a given
O R is a c t i v a t e d by m u l t i p l e o d o r s a n d a given o d o r a c t i v a t e s m u l t i p l e ORS. 1S- 18 This c o m b i n a t o ­
rial c o d i n g s t r a t e g y b a s e d o n a large f a m i l y o f 0 Rs w i t h b r o a d b u t selective l i g a n d p h a r m a c o l o g y
in p a r t a c c o u n t s for t h e a b i l i t y o f a n i m a l s to d e t e c t a n d d i s c r i m i n a t e a n u m b e r o f o d o r s t h a t far
exceeds t h e n u m b e r o f 0 Rs t h e y possess.

In all a r t h r o p o d s a n d v e r t e b r a t e s s t u d i e d to d a t e , t h e early o l f a c t o r y s y s t e m is o r g a n i z e d i n t o a
large n u m b e r o f s p h e r i c a l n e u r o p i l e l e m e n t s , c a l l e d g l o m e r u l i . P r " O l f a c t o r y g l o m e r u l i r e p r e s e n t
p o i n t s o f c o n v e r g e n c e w h e r e O S N s e x p r e s s i n g t h e same O R synapse w i t h i n h i b i t o r y l o c a l i n t e r ­
n e u r o n s a n d s e c o n d a r y n e u r o n s t h a t relay o l f a c t o r y i n f o r m a t i o n to h i g h e r b r a i n c e n t e r s . 21.2S T h e r e
is some e v i d e n c e in m a m m a l s t h a t t h e o l f a c t o r y s y s t e m maps o d o r s t i m u l i a l o n g a c h e m o t o p i c axis
in the v e r t e b r a t e o l f a c t o r y b u l b . 2 6- 28 Thus n e u r o n s r e s p o n s i v e to o d o r s s h a r i n g an a l c o h o l f u n c t i o n a l
g r o u p will t e n d to i n n e r v a t e a d j a c e n t r e g i o n s in t h e b u l b a n d t h e s e r e g i o n s a p p e a r to be o r g a n i z e d
by c a r b o n c h a i n l e n g t h . 2 6. 27 This t y p e o f c h e m o t o p y is less a p p a r e n t in i n s e c t systems. 2 9- 32

This c h a p t e r will review r e c e n t progress in o u r u n d e r s t a n d i n g o f the o r g a n i z a t i o n a n d f u n c t i o n o f
the a d u l t Drosophila o l f a c t o r y system. The a c c o m p a n y i n g c h a p t e r by Veronica R o d r i g u e s a n d T h o m a s
H u m m e l will address the d e v e l o p m e n t and early p a t t e r n i n g o f the o l f a c t o r y system. The a c c o m p a n y i n g
c h a p t e r by R e i n h a r d S t o c k e r c o n c e r n s t h e u n i q u e o r g a n i z a t i o n o f the larval o l f a c t o r y system.

O l f a c t o r y Organs and O l f a c t o r y S e n s o r y N e u r o n s o f D r o s o p h i l a
F r u i t flies d e t e c t o d o r s t h r o u g h t w o o l f a c t o r y s e n s o r y o r g a n s o n t h e h e a d , t h e a n t e n n a a n d

m a x i l l a r y p a l p (Fig. 1). These o l f a c t o r y a p p e n d a g e s are c o v e r e d w i t h a large n u m b e r o f s e n s o r y
hairs, c a l l e d sensilla, w h i c h h o u s e a n d p r o t e c t t h e u n d e r l y i n g O S N s t h a t are s p e c i a l i z e d to d e t e c t
o d o r s . O l f a c t o r y sensilla can be d i s t i n g u i s h e d m o r p h o l o g i c a l l y f r o m t h e r m o - a n d h y g r o - s e n s i t i v e
sensilla by t h e p r e s e n c e o f a large n u m b e r o f small p o r e s t h a t p e r f o r a t e t h e shaft: o f t h e s e n s i l l u m
a n d w h i c h are b e l i e v e d to allow access to o d o r s ( r e v i e w e d in r e f 33). A t o t a l o f a b o u t 4 1 0 o l f a c t o r y
sensilla cover t h e a n t e n n a , w h i l e t h e m a x i l l a r y p a l p has a b o u t 60 o l f a c t o r y sensilla. These h a i r s can
be d i v i d e d i n t o t h r e e d i s t i n c t m o r p h o l o g i c a l a n d f u n c t i o n a l classes: C l u b - s h a p e d b a s i c o n i c sensilla,
l o n g a n d p o i n t e d t r i c h o i d sensilla a n d s h o r t , p e g - s h a p e d c o e l o c o n i c s e n s i l l a (Fig. 1).

F u r t h e r m o r p h o l o g i c a l a n d f u n c t i o n a l d i s t i n c t i o n s s u b d i v i d e b o t h b a s i c o n i c a n d t r i c h o i d
sensilla i n t o a d d i t i o n a l subclasses, w h i c h d i f f e r by t h e size a n d d e n s i t y o f o d o r p o r e s , t h e n u m b e r
o f n e u r o n s h o u s e d in e a c h s e n s i l l u m a n d t h e i r d i s t r i b u t i o n o n t h e a n t e n n a (Fig. 1)29.33-36 The dif­
f e r e n t s e n s i l l a t y p e s are d i s t r i b u t e d in a h i g h l y s t e r e o t y p e d f a s h i o n over t h e surface o f t h e a n t e n n a .
Large b a s i c o n i c s e n s i l l a are c l u s t e r e d at t h e m e d i a l face o f t h e a n t e n n a , w h i l e t h e t h r e e t y p e s o f
t r i c h o i d sensilla are a r r a n g e d in d i a g o n a l b a n d s across t h e l a t e r a l face o f t h e a n t e n n a (Fig. 1).
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Figure 1. Peripheral organization of the Drosophila olfactory system. Scanning electron micro­
graph of a Drosoph ila head indicating the two major sensory organs, the third segment of the
antenna and the maxillary palp . At right is a schematic of sensilla types and relative locations
on both organs . Abbreviations: LB , large basiconic sensilla; TB, thin basiconic sensilla; SB ,
small basiconic sensilla; Tl-T3, three different types of trichoid sensilla. SEM image by j .Scott
and R.Bhatnagar, AMF , Biological Sciences, University of Alberta. Reprinted w ith permission
from l . Scott ©2006 Biological Sciences . Cartoons adapted with perm ission from: Couto A,
Alenius M, Dickson B. Curr Bioi 2005 ; 15 :1535-1547 . ©2005 Elsevier Press.

C o e l o c o n i c sensilla are i n t e r s p e r s e d w i t h o t h e r sensilla types, b u t are c o n c e n t r a t e d at the c e n t r a l
face o f th e a n t e n n a . The relative pos i t i o n o f these sensilla is well c o n s e r v e d as are the n u m b e r o f
n e u r o n s i n n e r v a t i n g a given s e n s i l l u m . T r i c h o i d sensilla are n a m e d T I , T 2 and T 3 a n d c o n t a i n
one, two , or t h r e e O S N s , respectively. M o s t b a s i c o n i c sensilla h o u s e two n e u r o n s , a l t h o u g h t h e r e
are several cases o f four n e u r o n s per basi conic sensillum. 29 .33 .36 C o e l o c o n i c sensilla typically have
two or t h r e e n e u r o n s . T h u s the t h i r d s e g m e n t o f the a n t e n n a is m a r k e d by a r e p r o d u c i b l y o r d e r e d
array o f o l f a c t o r y sensilla t h a t h o u s e d e f i n e d a n d s t e r e o t y p e d n u m b e r s o f O S N s . Thi s p a t t e r n i n g
arises t h r o u g h the i n t e r p l a y o f a cascade o f p a t t e r n i n g genes t h a t act early in d e v e l o p m e n t a n d i s
d i s c u s s e d in the a c c o m p a n y i n g c h a p t e r by H u m m e l a n d Rodrigues.F ' "

The m a x i l l a r y palp is a s i m p l e r o l f a c t o r y o r g a n , c o n t a i n i n g fewer O S N s h o u s e d in a smaller
n u m b e r o f bas i c o n i c sensilla. A p p r o x i m a t e l y sixty b a s i c o n i c sensilla each h o u s i n g two O S N s can
be f o u n d in this organ . A l t h o u g h these sensilla are e x t e r n a l l y s i m i l a r , S h a n b h a g ec al used e l e c t r o n
m i c r o s c o p i c analysis o f O S N t e r m i n a l d e n d r i t e b r a n c h i n g in the maxillary palp to f u r t h e r subdiv ide
palp sensilla i n t o t h r e e s u b t y p e s , P B · I , P B - I I a n d PB-IIl,36 PB-I O S N s c o n t a i n h i g h l y b r a n c h e d
t e r m i n a l d e n d r i t e s , while P B - I I O S N s are c h a r a c t e r i z e d by r i b b o n - s h a p e d d e n d r i t e s . P B - I I I O S N s
are rarer on the palp and have an u n u s u a l t h i c k , h o l l o w d e n d r i t i c s e g m e n t . The e x t e n t to w h i c h
these u l t r a s t r u c t u r a l differences in a n t e n n a l a n d m a x i l l a r y palp sensilla and O S N s have f u n c t i o n a l
i m p l i c a t i o n s will be discussed below .

O d o r a n t R e c e p t o r G e n e E x p r e s s i o n
In vertebrates, 0 Rs were first id en ti fie d in 1991 as a very large family o f related genes e n c o d i n g

m e m b e r s o f the G p r o t e i n - c o u p l e d r e c e p t o r ( G P C R ) s u p e r f a m i l y , w h i c h couples l i g a n d b i n d ­
ing to p r o d u c t i o n o f c A M P second messenger s i g n a l i n g . " D u r i n g the 1990s , efforts by m u l t i p l e
investigators to find h o m o l o g u e s o f v e r t e b r a t e O R s in insect genomes failed . In 1999 three groups
used a c o m b i n a t i o n o f difference c l o n i n g " and m i n i n g o f genome databases for multi - t r a n s m e m b r a n e
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d o m a i n p r o t e i n s ' < " t o i d e n t i f y c a n d i d a t e Drosophila 0 Rs. T h e r e are a t o t a l o f 62 0 Rs, e n c o d e d
by a f a m i l y o f 60 genes t h r o u g h a l t e r n a t i v e s p l i c i n g . " T h e fly O R genes e n c o d e a h i g h l y d i v e r g e n t
f a m i l y o f m e m b r a n e - a s s o c i a t e d p r o t e i n s t h a t are s e l e c t i v e l y e x p r e s s e d in Drosophila O S N S . 42

-44 T h e s e
p r o t e i n s are p r e d i c t e d t o c o n t a i n seven t r a n s m e m b r a n e d o m a i n s , b u t c o n t a i n n o o b v i o u s h o m o l o g y
t o v e r t e b r a t e 0 Rs o r t h e G P C R superfamily.42,46,47 T w o r e c e n t r e p o r t s t h a t l o o k e d at t h e m e m b r a n e

t o p o l o g y o f t h e fly 0 R gene f a m i l y s u g g e s t e d t h a t t h e s e p r o t e i n s a d o p t an o r i e n t a t i o n in t h e m e m ­
b r a n e t h a t is i n v e r t e d relative t o G P C R s , s u c h t h a t t h e N - t e r m i n u s faces t h e cytosol.46.47 B e n t o n et al 46

p r o v i d e d e x p e r i m e n t a l e v i d e n c e t o s u p p o r t t h i s a t y p i c a l t o p o l o g y , c a l l i n g i n t o q u e s t i o n t h e g e n e r a l
a s s u m p t i o n t h a t fly O R s are classic G P C R s . F u r t h e r m o r e , d i f f e r e n t m e m b e r s o f t h e fly O R f a m i l y
s h o w c o n s i d e r a b l y less h o m o l o g y t o e a c h o t h e r t h a n m o s t v e r t e b r a t e 0 Rs, l e a d i n g t o t h e h y p o t h e s i s
t h a t t h i s is a r a p i d l y e v o l v i n g g e n e family,"

D e t a i l e d i n f o r m a t i o n a b o u t t h e e x p r e s s i o n o f e a c h Drosophila 0 R g e n e is n o w available. Initially,
R N A in s i t u h y b r i d i z a t i o n was u s e d t o e x a m i n e in w h i c h t i s s u e a n d in w h i c h O S N s a g i v e n O R i s
e x p r e s s e d . v " In t h e s e e a r l y p a p e r s , it was a l r e a d y o b v i o u s t h a t t h e r e is a s e g r e g a t i o n o f g e n e e x p r e s ­
s i o n b e t w e e n t h e t w o m a j o r a p p e n d a g e s : O R s e x p r e s s e d in t h e a n t e n n a are n o t e x p r e s s e d in t h e
m a x i l l a r y p a l p a n d vice versa. A l a t e r s t u d y t h a t e x a m i n e d a g r o u p o f 5 7 fly 0 Rs c o n f i r m e d t h i s
i n i t i a l i m p r e s s i o n o f s e g r e g a t i o n i n O R r e p e r t o i r e b e t w e e n a n t e n n a ( T a b l e 1) a n d p a l p ( T a b l e 2).
T h e s e a p p e n d a g e s express n o n - o v e r l a p p i n g s u b s e t s o f 3 2 a n d seven O R genes, r e s p e c t i v e l y (Fig. 2).25
T w o r e c e n t p a p e r s 2 9,30 t h a t m o n i t o r e d O R g e n e e x p r e s s i o n w i t h t r a n s g e n i c r e p o r t e r t e c h n i q u e s
b r i n g t h e t o t a l n u m b e r o f a n t e n n a l - s p e c i f i c g e n e s t o 4 0 a n d m a x i l l a r y p a l p - s p e c i f i c g e n e s t o seven.
T h e r e m a i n i n g 0 R g e n e s are n o t detectably e x p r e s s e d in t h e a d u l t a n d are n o w k n o w n t o e n c o d e
t h e l a r v a l O R s , as d i s c u s s e d i n t h e a c c o m p a n y i n g c h a p t e r by R e i n h a r d S t o c k e r . 4 8,49

E a c h O R g e n e is e x p r e s s e d in a s m a l l s u b s e t o f t h e O S N s i n e i t h e r o l f a c t o r y o r g a n , w h i c h
varies f r o m t w o t o 50 O S N s p e r O R . T h e r e l a t i v e p o s i t i o n a n d n u m b e r o f O R - e x p r e s s i n g O S N s
is b i l a t e r a l l y s y m m e t r i c in t h e t w o a p p e n d a g e s a n d h i g h l y s t e r e o t y p e d b e t w e e n i n d i v i d u a l flies.
E a r l y r e p o r t s d i s c u s s e d t h e e x i s t e n c e o f " z o n e s " o f 0 R g e n e e x p r e s s i o n , r e m i n i s c e n t o f t h e z o n e s
o f 0 R g e n e e x p r e s s i o n o n t h e o l f a c t o r y t u r b i n a t e s o f t h e r o d e n t . 5 0,51 C a r e f u l e x a m i n a t i o n o f t h e
r e l a t i o n s h i p b e t w e e n 0 R g e n e e x p r e s s i o n a n d s e n s i l l a t y p e has r e v e a l e d t h a t t h e r e is a n e a r l y p e r f e c t
c o r r e l a t i o n b e t w e e n t h e e x p r e s s i o n o f 0 R g e n e s a n d s u b s e t s o f m o r p h o l o g i c a l l y d i s t i n c t b a s i c o n i c ,
t r i c h o i d a n d c o e l o c o n i c s e n s i l l a ( T a b l e 1). 29,52 T h u s t h e s a m e d e v e l o p m e n t a l p a t h w a y s t h a t s p e c i f y
t h e m o r p h o l o g y o f t h e s e n s i l l a m u s t also d i c t a t e t h e n u m b e r s a n d f u n c t i o n a l p r o p e r t i e s o f t h e
O S N s a n d t h e s p e c i f i c 0 Rs t h e y e x p r e s s .

T h e r e are t w o u n u s u a l f e a t u r e s o f 0 R g e n e e x p r e s s i o n in Drosophila t h a t set t h i s s y s t e m a p a r t
f r o m t h e v e r t e b r a t e p a r a d i g m , in w h i c h e a c h O S N e x p r e s s e s o n l y a s i n g l e 0 R g e n e . 16,53 F i r s t , e a c h
Drosophila O S N e x p r e s s e s a b r o a d l y e x p r e s s e d m e m b e r o f t h e O R g e n e f a m i l y c a l l e d Or83b,
w h i c h a s s o c i a t e s w i t h 0 Rs a n d is n e c e s s a r y for t h e p r o p e r c i l i a r y t a r g e t i n g a n d f u n c t i o n o f all 0 R
g e n e s . 46,54,55 S e c o n d , a g i v e n O S N c a n c o - e x p r e s s up t o t h r e e c o n v e n t i o n a l 0 Rs m e d i a t i n g l i g a n d
s e l e c t i v i t y a l o n g w i t h t h e Or83b c o - r e c e p t o r . 29.30,56 T h u s m e c h a n i s m s o f 0 R g e n e c h o i c e are l i k e l y
t o be d i f f e r e n t in t h e fly c o m p a r e d t o t h e m o u s e a n d t h e f e e d b a c k s y s t e m t h a t l i m i t s v e r t e b r a t e
O S N s t o e x p r e s s o n l y a s i n g l e O R allele d o e s n o t o p e r a t e i n Drosophila.

Ligand Tuning Profiles
W h a t t y p e s o f o d o r s a c t i v a t e fly 0 Rs a n d O S N s ? E x t r a c e l l u l a r e l e c t r o p h y s i o l o g i c a l r e c o r d i n g s

t h a t t a k e a d v a n t a g e o f t h e e l e c t r i c a l i s o l a t i o n o f n e u r o n s h o u s e d in a g i v e n s e n s i l l u m have b e e n a
p o w e r f u l t o o l t o a n s w e r t h i s q u e s t i o n . S u c h s i n g l e s e n s i l l u m r e c o r d i n g s w e r e u s e d t o d e f i n e t h e
c o m p l e t e o l f a c t o r y p r o f i l e o f t h e m a x i l l a r y p a l p ? a n d t h e m a j o r i t y o f b a s i c o n i c " a n d c o e l o c o n i c ' ?
s e n s i l l a o n t h e a n t e n n a . T h e t u n i n g o f t r i c h o i d s e n s i l l a is less w e l l s t u d i e d , b u t T 1 s e n s i l l a are
t h o u g h t t o r e s p o n d t o t h e a g g r e g a t i o n p h e r o m o n e c i s - v a c c e n y l a c e t a t e . 34,60

F r o m t h e s e i n i t i a l e l e c t r o p h y s i o l o g i c a l e x p e r i m e n t s , it b e c a m e c l e a r t h a t t h e m o r p h o l o g i c a l
d i f f e r e n c e s in t h e o l f a c t o r y s e n s i l l a are r e f l e c t e d in f u n c t i o n a l d i f f e r e n c e s o f t h e O S N s t h a t are
h o u s e d in t h e s e n s i l l a (Fig. 2). T h e r e is n o w e x c e l l e n t e v i d e n c e t h a t b a s i c o n i c s e n s i l l a are s p e c i a l ­
i z e d t o d e t e c t f o o d o d o r s , b o t h in t h e a n t e n n a a n d m a x i l l a r y p a l p (Fig. 2, T a b l e s 1 a n d 2). T r i c h o i d
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Table 1. Molecular and functional organization o f the D r o s o p h i l a antenna

A n t e n n a

O d o r s Evoking Responses (of 110 T e s t e d ) "

OR N e u r o n G l o m e r u l u s + ( - ) S t r o n g e s t Ligand

Or2a at3 DA4m 0 ( 5 ) no strong ligand
Or7a ab4A DL5 19 (30) E2-hexenal
Or9a abB VM3 21 (0) 2 - p e n t a n o l
C r l 0 a a b l D DL1
O r l 0 a a b l D DLl 9 (27) ethyl benzoate
Or13a ail DC2
Or19a at3 D C l 6 (26) t - o c t e n - S - o l
Or19b at3 D C l
Cr21a a b l C V carbon d i o x i d e
Or22a ab3A D M 2 29 (0) methyl hexanoate
Or22b ab3A D M 2
Or23a at2 DA3 0 ( 2 2 ) no strong ligand
Or33a DA2
Or33b ab5B+ab2B D M 3 + D M 5 0 ( 6 ) no strong ligand
Or35a acl VC31 2B (14) l - h e x a n o l

Or42b abl D M l
Or43 a at3 DA41 1 (34) l - h e x a n o l
Or43b abBA VM2 14 (0) ethyl butyrate
Or47a ab5B D M 3 11 (0) p r o p y l acetate
Or47b at4 VAlm+1 0 ( 3 7 ) no strong ligand
Or49a a b l 0 DL4
Or49b ab6B VAS 3 (19) 2 - m e t h y l p h e n o l
Or56a ab4B DA2
Or59b ab2A D M 4 6 (0) methyl acetate
Or65a at4 DL3 0 ( 3 ) no strong ligand
O r 6 5 b at4 DL3
Or65e at4 DL3
Or67a a b l 0 D M 6 31 (6) p h e n y l e t h y l a l c o h o l
Or67b ab9 VA3
Or67e ab7 VC3m B (9) ethyl lactate
Or67d atl D A l
Or69aA ab9 D
Or69aB ab9 D
OrB2a ab5A VA6 1 (5) gera nyl acetate
OrB3e at2 DC3
OrB5a ab2B D M 5 4 (31) ethyl 3 - h y d r o x y b u t y r a t e

OrBSb ab3B V M 5 d * 22 (1) 6 - m e t h y l - 5 - h e p t e n - 2 - o n e

OrBSf ab10 DL4 0 ( 4 ) no strong ligand

OrB8a at4 VA1d a (11) no strong ligand

Or92a abl VA2
Or9Ba ab7A V M 5 v 21 (B) ethyl benzoate

Or9Bb ab6B* V M 5 d *

* t e n t a t i v e ; J\from H a l l e m and Carlson 2006; + =# odors e l i c i t i n g a c t i v a t i o n of > 100 spikes/second
of 110 tested; - =# odors e l i c i t i n g i n h i b i t i o n of > - 1 0 spikes/second of 110 tested. Data from refer-
e n c e s 2 9 , 3 0 , 3 2 , 5 B .
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Table 2. M o l e c u l a r and f u n c t i o n a l o r g a n i z a t i o n o f the D r o s o p h i l a maxillary palp

M a x i l l a r y Palp

OR N e u r o n G l o m e r u l u s O d o r s Evoking Strong Responses (of 10 odors)

Or33c

Or42a

Or46aA

O r 5 9 c

Or71a

O r 8 5 d

Or85e

pb2A

p b l A

pb2B

pb3A

p b l B

pb3B
pb2A

VCl

VM7

VA71
1

VC2

VA4
VCl

ethyl acetate, cyclohexanone , (-) fenchone

ethyl acetate, isoamyl acetate, E2-hexenal,

cyclohexanone, 2-heptanone

4-methyl phenol

< no ne>

4-methyl phenol
isoamyl acetate, 2-heptanone

ethyl acetate, cyclohexanone, (-) fenchone

Data from references 29, 30, 56.

A n t e n n a Palp

I
B a s i c o n i c I
s e n s i l l a

Food
o d o r s

OrXlOR83b

~ltilrU
Or83b

Or33c
Or42a
Or46aA
Or59c
Or71a
Or85d
0 r 8 5 e

I

?

U n k n o w n
recep t o r s

? ?

water v a p o r
ammonia
p u t r e s c i n e

C o e l o c o n i c
s e n s i l l a

Food
o d o r s

Or83b

0 r 3 5 a

Or83 b

Or2a
0 r 1 9 a
Or19b
0 r 2 3 a
Or43a
Or47b
0r65a
0 r 6 5 b
Or6Se
0 r 6 7 d
0r88a

Pheromones

Gr21a

Gr63a

B a s i c o n i c
s e n s i l l a

Food
o d o r s

OrXlOR83bGr21a/Gr63a OrXlOR83b Or35a10r83b

O r8 3b

Or7a Or56a
Or9a Or59b
0 r 1 0 a 0 r 6 7 a
Gr10a 0 r 6 7 b
Or13a 0 r 6 7 c
0 r 2 2 a 0 r 6 9 a A
0 r 2 2 b 0 r 6 9 a B
Or33a Or82a
Or33b Or83c
Or42b 0 r 8 5 a
Or43b 0 r 8 5 b
Or47a Or85f
Or49a 0 r 9 2 a
Or49b 0 r 9 8 a

0 r 9 8 b

II :r~~~~:= II
' - - - - - - - - - - ' ' - - - - - - - - - - - 'I

Figure 2. M o l e c u l a r o r g a n i z a t i o n of the Drosophila o l f a c t o r y system. G e n e e x p r e s s i o n of c h e ­
m o s e n s o r y r e c e p t o r s r e s p o n d i n g to d i f f e r e n t classes of l i g a n d s is i n d i c a t e d . C o - r e c e p t o r s are
listed in gray. Cr21a and Cr63a c o m p r i s e the CO 2 r e c e p t o r ; it is n o t clear if e i t h e r or b o t h serve
a co - r e c e p t o r f u n c t ion. W i t h the e x c e p t i o n of O r 3 5 a / O r 8 3 b the c o e l o c o n i c c h e m o s e n s o r y
r e c e p t o r s are still u n k n o w n . Data f r o m r e f e r e n c e s 30, 54, 56, 5 8 - 6 0 and 6 5 - 6 7 .
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sensilla, as o b s e r v e d for o t h e r insects, a p p e a r to be s p e c i a l i z e d for d e t e c t i n g p h e r o m o n e s (Fig. 2,
Table 1).34.60-63 The c o e l o c o n i c sensilla a p p e a r to d e t e c t special c h e m i c a l ligands, i n c l u d i n g water
vapor, a m m o n i a a n d p u t r e s c i n e (Fig. 2, Table 2).59 Thus the m o r p h o l o g i c a l differences b e t w e e n
these sensilla types c a t a l o g u e d by n e u r o a n a t o m i s t s relate d i r e c t l y to the ligands t h a t the underly­
ing O S N s d e t e c t .

To d e t e r m i n e the explicit r e l a t i o n s h i p b e t w e e n an 0 R a n d the ligands t h a t activate it, C a r l s o n
a n d c o - w o r k e r s d e v e l o p e d an in vivo p r e p a r a t i o n t h a t allows t h e m to screen large n u m b e r o f 0 Rs
for t h e i r l i g a n d response p r o p e r t i e s . 1 7. 32,56.64 This p r e p a r a t i o n involves the L\halo m u t a n t , w h i c h
lacks Or22a/b b u t retains expression o f the Or83b c o - r e c e p t o r / " D i f f e r e n t O R s can be expressed
by t r a n s g e n i c t e c h n i q u e s in this " e m p t y n e u r o n " a n d the O R response profile m e a s u r e d d i r e c t l y
w i t h o u t i n t e r f e r e n c e from the r e s i d e n t O R . This t e c h n i q u e has b e e n used successfully to deor­
p h a n i z e all six classes o f m a x i l l a r y palp O S N s a n d assign specific O R s to f u n c t i o n a l l y i d e n t i f i e d
O S N s (Table 2) .56.57 T w e n t y four a n t e n n a l 0 Rs were similarly e x a m i n e d for t h e i r l i g a n d specificity
a n d m o s t were l i n k e d to i d e n t i f i e d sensilla types.17.29.32 A d i v e r s i t y o f d i f f e r e n t response types for
d i f f e r e n t 0 Rs was u n c o v e r e d in this work. First, some 0 Rs are very n a r r o w l y t u n e d to a small
n u m b e r o f odors, while o t h e r s are b r o a d l y t u n e d a n d r e s p o n d to a large n u m b e r o f t h e o d o r a n t s
t e s t e d (Tables 1 and 2). Second, 0 Rs can show b o t h e x c i t a t o r y and i n h i b i t o r y responses to a p a n e l
o f o d o r s . T h i r d , t r i c h o i d sensilla t e n d to show s t r o n g i n h i b i t o r y responses a n d negligible e x c i t a t o r y
responses to a large p a n e l o f general o d o r s (Table 1),17.32 p e r h a p s because the native ligands for these
o Rs are u n i d e n t i f i e d Drosophila p h e r o m o n e s . In s u p p o r t o f this h y p o t h e s i s , Or67 d expressed in
T I sensilla has r e c e n t l y been p r o p o s e d as a c a n d i d a t e cis-vaccenyl acetate r e c e p t o r . "

There is one c o n s p i c u o u s case in the a n t e n n a o f a very n a r r o w l y t u n e d n e u r o n , d e f i n e d as ab 1C.
This 0 SN is a c t i v a t e d selectively by a n d is extremely sensitive to c a r b o n dioxide ( C 0 2). 58.65 These
C O 2-responsive n e u r o n s co-express Gr21a a n d Gr63a, two o f t h r e e g u s t a t o r y r e c e p t o r ( G R )
genes expressed in the a n t e n n a t h a t may subserve an o l f a c t o r y i n s t e a d o f a g u s t a t o r y f u n c t i o n 6 6. 67

(Fig. 2). In fact, these two c h e m o s e n s o r y r e c e p t o r s have r e c e n t l y been s h o w n to m e d i a t e C 0 2
d e t e c t i o n in Drosophila."

These d e o r p h a n i z a t i o n efforts have lead to the c o n c l u s i o n t h a t Drosophila 0 Rs m e d i a t e all
aspects o f the o d o r responses in a given O S N . T h e y d e t e r m i n e the l i g a n d specificity, the level o f
s p o n t a n e o u s firing o f the O S N , w h e t h e r an o d o r a n t will elicit e x c i t a t o r y or i n h i b i t o r y firing pat­
terns and the o d o r - e v o k e d response dynamics.

A Receptor-Based Map o f G l o m e m l a r P r o j e c t i o n s
H o w are axonal p r o j e c t i o n s from t h o u s a n d s o f O S N s expressing c o m b i n a t o r i a l s o f 47 0 Rs

a n d 2 GRs o r g a n i z e d in t h e a n t e n n a l l o b e , the i n s e c t h o m o l o g u e o f the v e r t e b r a t e o l f a c t o r y bulb?
The Drosophila a n t e n n a l l o b e is c o m p o s e d o f well over 40 m o r p h o l o g i c a l l y i d e n t i f i a b l e g l o m e r u l i
whose sizes, shapes a n d p o s i t i o n s are s t r o n g l y c o n s e r v e d b e t w e e n d i f f e r e n t animals." G e n e t i c
tools in Drosophila have p e r m i t t e d the e l u c i d a t i o n o f a nearly c o m p l e t e map o f p r o j e c t i o n s from
p e r i p h e r a l o l f a c t o r y organs to these g l o m e r u l i (Figs. 3 a n d 4; Tables 1 a n d 2).21,25.29.30 This was
achieved by expression o f the O R genes to m a r k d i s t i n c t s u b p o p u l a t i o n s o f O S N s w i t h green
f l u o r e s c e n t p r o t e i n , w h i c h c o u l d be followed from the p e r i p h e r a l sensory a p p e n d a g e s to the first
o l f a c t o r y synapse in the a n t e n n a l l o b e (Fig. 3).

A n u m b e r o f i m p o r t a n t conclusions c o n c e r n i n g this o l f a c t o r y sensory map were reached in these
studies. All O S N s expressing a u n i q u e c o m b i n a t o r i a l o f O R s t a r g e t a single a n t e n n a l l o b e glom­
erulus. This i n n e r v a t i o n p a t t e r n is b i l a t e r a l l y s y m m e t r i c a n d i n v a r i a n t b e t w e e n d i f f e r e n t animals.
There is b r o a d a g r e e m e n t on the a s s i g n m e n t o f 0 R-expressing O S N s to g l o m e r u l i n a m e d solely
by n e u r o a n a t o m i c a l c r i t e r i a in an earlier study.68 A few e x c e p t i o n s are w o r t h n o t i n g . C o u t o et aF9
r e f e r r e d to the g l o m e r u l u s receiving p r o j e c t i o n s from Or47b n e u r o n s as VAlv, while Fishilevich
a n d Vosshall'" r e f e r r e d to the o r i g i n a l name for this c o m p a r t m e n t a l i z e d g l o m e r u l u s , VAlm+1,68
w h i c h we also use in this chapter. Or67cwas previously m a p p e d to V C 4 , w h i c h we suggest is more
correctly m a p p e d to V C 3 m . Fishilevich and Vosshall were unable to assign the Or46a glomerulus, 30
while C o u t o et al assigned this as VA7!. 29 Finally, OrS9c was assigned to a g l o m e r u l u s n a m e d " 1 ~ 29
w h i c h appears to be a new g l o m e r u l u s t h a t was never formally n a m e d (Fig. 4).68
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Figure 4. Molecular and anatomical map of the D r o s o p h i l a antennal lobe. Schematic of the
antennal lobe presented as frontal sect ions from anterior to posterior, organized clockwise
from top left. Glomeruli are d e p t h - c o d e d with black for deep, gray for intermediate and white
for superficial sections . Glomeruli are coded according to sensillum type, chemosensory organ
and whether or not they are innervated by f r u i t l e s s - p o s i t i v e neurons . Data from references
29, 3D, 63, 66 and 68 . Adapted with perm ission from: Fishilevich E, Vosshall LB . Curr Bioi
2 0 0 5 ; 15:1548-1553 . ©2005 Elsevier Press.
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We synthesize the c o n c l u s i o n s r e a c h e d in these d i s p a r a t e studies a n d p r e s e n t a c o m p l e t e map o f
the a n t e n n a l l o b e , i n d i c a t i n g b o t h the n e u r o a n a t o m i c a l and m o l e c u l a r name for each g l o m e r u l u s
in Figure 4. The a n t e n n a l l o b e comprises a t o t a l o f 42 g l o m e r u l i , o f w h i c h seven are s u b d i v i d e d
i n t o two c o m p a r t m e n t s a n d one i n t o t h r e e . W h i l e c o m p a r t m e n t s were d i s c o v e r e d on a p u r e l y
m o r p h o l o g i c a l b a s i s , " many have since been s h o w n to express a single O R a n d due to these find­
ings, c o m p a r t m e n t s have b e e n revealed in f o r m e r l y u n d i v i d e d g l o m e r u l i . O n a f u n c t i o n a l level,
the a n t e n n a l l o b e can thus be said to have a t o t a l o f 5 1 g l o m e r u l i . By i n c l u d i n g g l o m e r u l i VP 1-3,
the t o t a l n u m b e r o f g l o m e r u l i in t h e AL o f Drosophila a m o u n t s to 54 g l o m e r u l i . W h i l e VP 1-3 are
visible in s t a i n i n g using s y n a p t o t a g m i n antibody." t h e y are n o t d i s c e r n i b l e w i t h the m o n o c l o n a l
a n t i b o d y nc82. 2 5,29.30.68 This may be due at least p a r t l y to t h e i r p o s t e r i o r - m o s t l o c a t i o n deep i n t o
the b r a i n , where also the o t h e r g l o m e r u l i u n a s s i g n e d to 0 Rs lie. G l o m e r u l i in the a n t e n n a l l o b e
are c l u s t e r e d i n t o arrays, r e f l e c t i n g the b u n d l i n g o f sensilla types on the a n t e n n a a n d the m a x i l l a r y
palp. The g l o m e r u l i b e i n g c o n n e c t e d w i t h the m a x i l l a r y palp are f o u n d p r e d o m i n a n t l y in c e n t r a l
p o s i t i o n s , d i s t i n c t f r o m the g l o m e r u l i c o n n e c t e d to the a n t e n n a . A n t e n n a l c o e l o c o n i c O S N s
p r o j e c t m a i n l y to the p o s t e r i o r face o f the a n t e n n a l l o b e , while a n t e n n a l b a s i c o n i c O S N s p r o j e c t to
m e d i a l a n t e r i o r regions o f the a n t e n n a l l o b e . T r i c h o i d O S N s p r o j e c t to the g r o u p o f large g l o m e r u l i
t h a t lie at the e x t r e m e lateral regions o f the a n t e n n a l l o b e . W h i l e these arrays have a fairly fixed
design, t h e r e is no evidence for a t o p o g r a p h i c p o i n t - t o - p o i n t m a p p i n g from the a n t e n n a to the
a n t e n n a l l o b e . A d i r e c t c o r r e l a t i o n exists t h o u g h b e t w e e n the size o f a g l o m e r u l u s a n d the n u m b e r
o f O S N s p r o j e c t i n g to it. For i n s t a n c e , Or47b is expressed in a p p r o x i m a t e l y 50 O S N s a n d marks
a large g l o m e r u l u s , V A l m + l , while Or22a is expressed in a p p r o x i m a t e l y 25 O S N s and marks a
small g l o m e r u l u s , D M 2 .

H o w accurate is this o l f a c t o r y sensory map? Because these maps were g e n e r a t e d w i t h genetic
reagents, it is i m p o r t a n t t h a t the t r a n s g e n i c marker expression r e c a p i t u l a t e s the expression p a t t e r n s
o f the e n d o g e n o u s genes. In m o s t cases, this has been verified. Expression o f the t r a n s g e n e , closely
m a t c h i n g R N A in situ h y b r i d i z a t i o n o f the e n d o g e n o u s 0 R has been d e m o n s t r a t e d for m o s t p u b ­
lished 0 R - G a l 4 transgenes. 2 1,25,29,30 Nevertheless, the transgenic a p p r o a c h has led to some variability
in g l o m e r u l a r m a p p i n g t h a t a l m o s t c e r t a i n l y reflects artefacts o f the t r a n s g e n i c lines themselves. For
i n s t a n c e , b o t h early r e p o r t s o f O r 2 3 a - e x p r e s s i n g O S N s s h o w e d t h a t these t a r g e t two g l o m e r u l i in
the a n t e n n a l l o b e . 21.25 S u b s e q u e n t analysis o f these same t r a n s genes s h o w e d t h a t O S N s expressing
Or23a i n n e r v a t e o n l y o n e o f the two o r i g i n a l g l o m e r u l i . 2 9. 30 E c t o p i c expression o f b o t h Or59c
a n d Or67d was o b s e r v e d , such t h a t b o t h t r a n s g e n i c reagents label o n e a u t h e n t i c a n d one e c t o p i c
g l o m e r u l u s . 2 1. 25 S p o r a d i c cases o f these t r a n s g e n i c reagents l a b e l i n g m u l t i p l e g l o m e r u l i have also
been r e p o r t e d a n d these are a l m o s t c e r t a i n l y due to e c t o p i c expression o f the t r a n s g e n e s i n d u c e d
by p o s i t i o n a n d o t h e r genetic b a c k g r o u n d effects. 52 A n o t h e r possible e x p l a n a t i o n for v a r i a t i o n in
the o l f a c t o r y map is t h a t d e s p i t e the h i g h l y c o n s e r v e d a n a t o m y o f the a n t e n n a l lobe, a d d i t i o n a l or
missing g l o m e r u l i a n d c o m p a r t m e n t s are o b s e r v e d b e t w e e n i n d i v i d u a l flies, suggesting a m o d e r a t e
p l a s t i c i t y o f the o l f a c t o r y system on the i n d i v i d u a l level. 29.68 D e s p i t e this i n h e r e n t l i m i t a t i o n o f
the genetic reagents, t h e y have p r o v e n to be p o w e r f u l tools t h a t a l l o w e d i n v e s t i g a t o r s to describe
the m o l e c u l a r n e u r o a n a t o m y o f the a n t e n n a l l o b e in u n p r e c e d e n t e d detail.

Sexual D i m o r p h i s m in the D r o s o p h i l a O l f a c t o r y System
O n e f u r t h e r o u t c o m e o f t h e m o l e c u l a r m a p p i n g o f t h e a n t e n n a l l o b e was t h a t it a l l o w e d the

i d e n t i f i c a t i o n o f p u t a t i v e p h e r o m o n e r e c e p t o r s . P r e v i o u s r e p o r t s t h a t e x a m i n e d sexual d i m o r ­
p h i s m in the a n t e n n a l l o b e o f H a w a i i a n Drosophila species i d e n t i f i e d several p r o m i n e n t l a t e r a l
g l o m e r u l i t h a t are l a r g e r in male t h a n female flies. 61 B o t h D L 3 a n d D A I are c o n s i d e r a b l y l a r g e r
in male H a w a i i a n species t h a n females. The same analysis in Drosophila melanogaster i n d i c a t e s
t h a t c o m p a r e d to t h e female, the male D A I a n d V A l m + 1 are 62% a n d 33% larger, respectively,
w h i l e D L 3 a n d V A l d are i s o m o r p h i c in b o t h sexes." These g l o m e r u l i receive i n p u t f r o m O S N s
e x p r e s s i n g Or67d ( D A 1 ) a n d Or47b (VAlm+I),29.30 b o t h o f w h i c h are h o u s e d in t r i c h o i d
s e n s i l l a . " The basis for t h i s size i n c r e a s e in males is u n k n o w n , b u t e a r l i e r i n v e s t i g a t o r s n o t i c e d
t h a t t h e r e is also a sexual d i m o r p h i s m in sensilla n u m b e r . Y " Males have m o r e t r i c h o i d sensilla
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a n d fewer b a s i c o n i c sensilla t h a n females. 3 3
•
36 Finally, n e u r o n s expressingfruitless, the m a s t e r

t r a n s c r i p t i o n a l r e g u l a t o r o f sex-specific d e v e l o p m e n t and b e h a v i o r p r o j e c t to these large lateral,
sexually d i m o r p h i c g l o m e r u l i (Fig. 4, p i n k h a t c h e d g l o m e r u l i ) . 62.69 Thus the h y p o t h e s i s t h a t
male a n t e n n a e are more sensitive to p h e r o m o n e s , as has been shown for a large n u m b e r o f o t h e r
insects a n d t h a t this s e n s i t i v i t y is m e d i a t e d by s p e c i a l i z e d p h e r o m o n e - s e n s i n g OSN s h o u s e d in
t r i c h o i d sensilla is well s u p p o r t e d by the available data.

C o n c l u d i n g Remarks
The advanced state o f knowledge c o n c e r n i n g gene expression and synaptic o r g a n i z a t i o n o f the

early o l f a c t o r y system o f the fly makes this a compelling system to address questions in o d o r cod­
ing. For instance, it is n o t yet clear in any species how and where o d o r c o n c e n t r a t i o n is e n c o d e d ;
how the brain solves o d o r mixture problems, by far the most likely physiological stimulus an
animal will e n c o u n t e r ; and how d i s c r i m i n a t i o n b e t w e e n p e r c e p t u a l l y similar odors is a c h i e v e d . "
F u n c t i o n a l calcium imaging 7 1

-
7 3 and e l e c t r o p h y s i o l o g y ' S " will be i m p o r t a n t tools in future re­

search t h a t seeks to answer these i m p o r t a n t q u e s t i o n s at the cellular level. Finally, little is k n o w n
a b o u t how the o l f a c t o r y system processes odors to p r o d u c e s t e r e o t y p e d behavioral o u t p u t s . The
small size, genetic m a n i p u l a b i l i t y and availability o f r o b u s t o l f a c t o r y behavior p a r a d i g m s for
Drosophila o l f a c t i o n s t r e n g t h e n the role o f this little insect as a powerful genetic model system
for the foreseeable future.

R e f e r e n c e s
1. Roskies A, Friedman GC, O'Leary DD. Mechanisms and molecules controlling the development of

retinal maps. Perspect Dev N e u r o b i o l 1 9 9 5 ; 3(1):63-75.
2. Schieber MH. C o n s t r a i n t s on somatotopic organization in the primary motor cortex. J Neurophysiol

2001; 86(5):2125-2143.
3. Frostig RD. Functional organization and plasticity in the adult rat barrel cortex: moving out-of-the-box.

Curr O p i n N e u r o b i o l 2 0 0 6 ; 16(4):445-450.
4. Shamma SA. Topographic organization is essential for pitch perception. Proc Nat! Acad Sci USA 2004;

101(5):1114-1115.
5. Rubsamen R. Postnatal development of central auditory frequency maps. J Comp Physiol [A] 1992;

170(2):129-143.
6. D e t h i e r VG. The Hungry Fly: A Physiological Study of the Behavior Associated with Feeding. Cam­

bridge: Harvard University Press, 1976.
7. Arora K, Rodrigues V, Joshi S et ale A gene affecting the specificity of the chemosensory neurons of

Drosophila. Nature 1987; 330(6143):62-63.
8. Zhang Y, H o o n MA, Chandrashekar J e t al. Coding of sweet, bitter and umami tastes: different receptor

cells sharing similar signaling pathways. Cell 2003; 112(3):293-301.
9. Marella S, Fischler ~ Kong P et al. Imaging taste responses in the fly brain reveals a functional map

of taste category and behavior. Neuron 2006; 49(2):285-295.
10. Wang Z, Singhvi A, Kong P et al. Taste r e p r e s e n t a t i o n s in the D r o s o p h i l a brain. Cell 2004;

117(7):981-991.
11. Thorne N, Chromey C, Bray S et al. Taste perception and coding in Drosophila. Curr Biol 2004;

14(12):1065-1079.
12. Jones LM, F o n t a n i n i A, Katz DB. G u s t a t o r y processing: a dynamic systems approach. Curr O p i n

N e u r o b i o l 2 0 0 6 ; 16(4):420-428.
13. G l e n d i n n i n g Jl, Davis A, Rai M. Temporal coding mediates discrimination of " b i t t e r " taste stimuli by

an insect. J Neurosci 2006; 2 6 ( 3 5 ) : 8 9 0 0 - 8 9 0 8 .
14. Firestein S. How the olfactory system makes sense of scents. Nature 2001; 4 1 3 ( 6 8 5 2 ) : 2 1 1 - 2 1 8 .
15. Araneda RC, Kini AD, Firestein S. The molecular receptive range of an o d o r a n t receptor. Nat Neurosci

2000; 3 ( 1 2 ) : 1 2 4 8 - 1 2 5 5 .
16. Malnic B, H i r o n o J, Sato T et al. C o m b i n a t o r i a l receptor codes for odors. Cell 1999; 96(5):713-723.
17. Hallem EA, Ho MG, Carlson JR. The molecular basis of odor coding in the Drosophila antenna. Cell

2004; 117(7):965-979.
18. Katada S, Hirokawa T, Oka Y et ale Structural basis for a broad but selective ligand spectrum of a mouse

olfactory receptor: mapping the o d o r a n t - b i n d i n g site. J Neurosci 2005; 25(7):1806-1815.
19. H i l d e b r a n d JG, Shepherd GM. Mechanisms of olfactory discrimination: converging evidence for com­

mon principles across phyla. Annu Rev Neurosci 1997; 20:595-631.



The Olfactory Sensory Map in D r o s o p h i l a 113

20. Strausfeld NJ, H i l d e b r a n d JG. Olfactory systems: common design, u n c o m m o n origins? Curr O p i n
Neurobiol 1999; 9(5):634-639.

21. Gao Q Yuan B, Chess A. Convergent projections of Drosophila olfactory neurons to specific glomeruli
in the a n t e n n a l l o b e . Nat Neurosci 2000; 3(8):780-785.

22. M o m b a e r t s P, Wang F, D u l a c C et al. V i s u a l i z i n g an o l f a c t o r y s e n s o r y map. C e l l 1 9 9 6 ;
87(4):675-686.

23. Ressler KJ, Sullivan SL, Buck LB. Information coding in the olfactory system: evidence for a stereotyped
and highly organized epitope map in the olfactory bulb. Cell 1994; 7 9 ( 7 ) : 1 2 4 5 - 1 2 5 5 .

24. Vassar R, Chao SK, Sitcheran R et al. Topographic organization of sensory projections to the olfactory
bulb. Cell 1994; 79(6):981-991.

25. Vosshall LB, Wong AM, Axel R. An olfactory sensory map in the By brain. Cell 2000; 102:147-159.
26. Uchida N, Takahashi YK, Tanifuji M et al. O d o r maps in the mammalian olfactory bulb: domain

organization and o d o r a n t s t r u c t u r a l features. Nat Neurosci 2000; 3 ( 1 0 ) : 1 0 3 5 - 1 0 4 3 .
27. Mori K, Nagao H, Yoshihara Y. The olfactory bulb: coding and processing of odor molecule informa­

tion. Science 1999; 2 8 6 ( 5 4 4 0 ) : 7 1 1 - 7 1 5 .
28. Friedrich R~ Korsching SI. C o m b i n a t o r i a l and chemotopic o d o r a n t coding in the zebrafish olfactory

bulb visualized by optical imaging. Neuron 1997; 18(5):737-752.
29. C o u t o A, Alenius M, Dickson B]. Molecular, anatomical and functional organization of the Drosophila

olfactory system. Curr Bioi 2005; 15(17):1535-1547.
30. Fishilevich E, Vosshall LB. Genetic and functional subdivision of the D r o s o p h i l a a n t e n n a l l o b e . Curr

Bioi 2005; 15(17):1548-1553.
31. Galizia CG, Sachse S, R a p p e n A et al. The glomerular code for odor representation is species specific

in the honeybee Apis mellifera. Nat Neurosci 1999; 2(5):473-478.
32. Hallem EA, Carlson JR. C o d i n g o f odors by a receptor repertoire. Cell 2006; 125(1):143-160.
33. Stocker RF. The organization of the chemosensory system in Drosophila melanogaster: a review. Cell

Tissue Res 1994; 275(1):3-26.
34. Clyne P, Grant A, O ' C o n n e l l R et al. O d o r a n t response of individual sensilla on the Drosophila antenna.

Invert Neurosci 1997; 3:127-135.
35. Shanbhag SR, Mueller B, Sreinbrecht RA. Atlas of olfactory organs of Drosophila melanogaster. 2. In­

ternal organization and cellular architecture of olfactory sensilla. A r t h r Struct Dev 2000; 29:211-229.
36. Shanbhag SR, Mueller B, Steinbrecht RA. Atlas of olfactory organs of Drosophila melanogaster. 1.

Types, external organization, innervation and d i s t r i b u t i o n of olfactory sensilla. Int J Insect Morphol
E m b r y o l 1 9 9 9 ; 28(4):377-397.

37. Reddy G~ Gupta B, Ray K et al. Development of the Drosophila olfactory sense organs utilizes cell-cell
interactions as well as lineage. Development 1997; 124(3):703-712.

38. Gupta BP, Rodrigues V. Atonal is a proneural gene for a subset of olfactory sense organs in Drosophila.
Genes Cells 1997; 2(3):225-233.

39. Sen A, Reddy GV, Rodrigues V. C o m b i n a t o r i a l expression of Prospero, Seven-up and Elav identifies
p r o g e n i t o r cell types during sense-organ differentiation in the Drosophila antenna. Dev Biol 2003;
254( 1):79-92.

40. Goulding SE, zur Lage P, Jarman AP. amos, a proneural gene for Drosophila olfactory sense organs that
is regulated by lozenge. Neuron 2000; 25:69-78.

41. Buck L, Axel R. A novel multigene family may encode o d o r a n t receptors: a molecular basis for odor
recognition. Cell 1991; 6 5 ( 1 ) : 1 7 5 - 1 8 7 .

42. Vosshall LB, Amrein H, Morozov PS et al. A spatial map of olfactory receptor expression in the Dro­
sophila antenna. Cell 1999; 96(5):725-736.

43. Clyne PJ, Warr CG, Freeman MR et al. A novel family of divergent seven-transmembrane proteins:
candidate o d o r a n t receptors in Drosophila. Neuron 1999; 22(2):327-338.

44. Gao Q Chess A. Identification of candidate Drosophila olfactory receptors from genomic DNA sequence.
Genomics 1999; 60(1):31-39.

45. Robertson HM, Warr CG, Carlson JR. Molecular evolution of the insect chemoreceptor gene superfamily
in D r o s o p h i l a melanogaster. Proc Natl Acad Sci USA 2003; 100 S u p p I 2 : 1 4 5 3 7 - 1 4 5 4 2 .

46. Benton R, Sachse S, Michnick SW et al. Atypical membrane topology and heteromeric function of
D r o s o p h i l a o d o r a n t receptors in vivo. PLoS Bioi 2006; 4(2):e20.

47. W i s t r a n d M, Kall L, Sonnhammer EL. A general model of G p r o t e i n - c o u p l e d receptor sequences and
its application to detect remote homologs. Protein Sci 2006; 15(3):509-521.

48. Fishilevich E, Domingos AI, Asahina K et al. Chemotaxis behavior mediated by single larval olfactory
neurons in Drosophila. Curr Biol 2005; 1 5 ( 2 3 ) : 2 0 8 6 - 2 0 9 6 .

49. Kreher SA, Kwon ~ Carlson JR. The molecular basis of odor coding in the Drosophila larva. Neuron
2005; 46:445-456.



114 B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r

50. Ressler KJ, Sullivan SL, Buck LB. A zonal organization of o d o r a n t receptor gene expression in the
olfactory epithelium. Cell 1993; 73(3):597-609.

51. Vassar R, Ngai J, Axel R. Spatial segregation of o d o r a n t receptor expression in the mammalian olfactory
epithelium. Cell 1993; 74(2):309-318.

52. Bhalerao S, Sen A, Stocker R et al. Olfactory neurons expressing identified receptor genes project
to subsets of glomeruli w i t h i n the a n t e n n a l lobe o f D r o s o p h i l a melanogaster. J N e u r o b i o l 2003;
54(4):577 -592.

53. Serizawa S, Miyamichi K, Nakatani H et al. Negative feedback regulation ensures the one receptor-one
olfactory neuron rule in mouse. Science 2003; 3 0 2 ( 5 6 5 3 ) : 2 0 8 8 - 2 0 9 4 .

54. Larsson MC, Domingos AI, Jones WD et al. Or83b encodes a broadly expressed o d o r a n t receptor es­
sential for Drosophila olfaction. Neuron 2004; 43:703-714.

55. Neuhaus EM, Gisselmann G, Zhang W et al. O d o r a n t receptor h e t e r o d i m e r i z a t i o n in the olfactory
system of Drosophila melanogaster. Nat Neurosci 2004; 8:15-17.

56. Goldman AL, Van der Goes van Naters ~ Lessing D et al. Co expression of two functional odor recep­
tors in one neuron. Neuron 2005; 4 5 ( 5 ) : 6 6 1 - 6 6 6 .

57. de Bruyne M, Clyne PJ, Carlson JR. O d o r coding in a model olfactory organ: the Drosophila maxillary
palp, J Neurosci 1999; 19(11):4520-4532.

58. de Bruyne M, Foster K, C a r l s o n JR. O d o r c o d i n g in the D r o s o p h i l a a n t e n n a . N e u r o n 2001;
30(2):537-552.

59. Yao CA, Ignell R, Carlson JR. Chemosensory coding by neurons in the coeloconic sensilla of the
Drosophila antenna. J Neurosci 2005; 2 5 ( 3 7 ) : 8 3 5 9 - 8 3 6 7 .

60. Ha TS, Smith DP. A pheromone receptor mediates l l - c i s - v a c c e n y l acetate-induced responses in Dro­
sophila. J Neurosci 2006; 2 6 ( 3 4 ) : 8 7 2 7 - 8 7 3 3 .

61. Kondoh Y, Kaneshiro ~ Kimura K et al. Evolution of sexual dimorphism in the olfactory brain of
Hawaiian Drosophila. Proc R Soc Lond B 2003; 2 7 0 ( 1 5 1 9 ) : 1 0 0 5 - 1 0 1 3 .

62. Manoli DS, Foss M, Villella A et al. Male-specific fruitless specifies the neural substrates of Drosophila
courtship behaviour. Nature 2005; 436:395-400.

63. Stockinger P, Kvitsiani D, R o t k o p f S et al. Neural circuitry that governs Drosophila male courtship
behavior. Cell 2005; 121(5):795-807.

64. D o b r i t s a AA, van der Goes van Naters ~ Warr CG et al. Integrating the molecular and cellular basis
of odor coding in the Drosophila antenna. Neuron 2003; 37(5):827-841.

65. Suh GS, Wong AM, Hergarden AC et al. A single p o p u l a t i o n of olfactory sensory neurons mediates
an innate avoidance behaviour in Drosophila. Nature 2004; 4 3 1 ( 7 0 1 0 ) : 8 5 4 - 8 5 9 .

66. Scott K, Brady R, jr., Cravchik A et al. A chemosensory gene family encoding candidate gustatory and
olfactory receptors in Drosophila. Cell 2001; 104(5):661-673.

67. Jones WD, Cayirlioglu P, Kadow IG et al. Two chemosensory receptors together mediate carbon dioxide
detection in Drosophila. Nature 2007; 445:86-90.

68. Laissue PP, Reiter C, Hiesinger PR et al. Three-dimensional r e c o n s t r u c t i o n of the a n t e n n a l l o b e in
Drosophila melanogaster. J Comp Neuro11999; 4 0 5 ( 4 ) : 5 4 3 - 5 5 2 .

69. Sachse S, Galizia CG. Role of inhibition for temporal and spatial odor representation in olfactory o u t p u t
neurons: A calcium imaging study. J N e u r o p h y s i o l 2 0 0 2 ; 87:1106-1117.

70. Wilson RI, Mainen ZE Early events in olfactory processing. Annu Rev Neurosci 2006; 29:163-201.
71. Fiala A, Spall T, Diegelmann S et al. Genetically expressed cameleon in Drosophila melanogaster is used

to visualize olfactory information in projection neurons. Curr Bioi 2002; 12(21):1877-1884.
72. Ng M, Roorda RD, Lima S Q et al. Transmission of olfactory information between three populations

of neurons in the a n t e n n a l l o b e of the fly. Neuron 2002; 36(3):463-474.
73. Wang~ Wong AM, Flores J et al. Two-photon calcium imaging reveals an odor-evoked map of activity

in the fly brain. Cell 2003; 112(2):271-282.
74. Wilson RI, Laurent G. Role of GABAergic i n h i b i t i o n in shaping odor-evoked spatiotemporal patterns

in the Drosophila a n t e n n a l l o b e . J Neurosci 2005; 25(40):9069-9079.
75. Wilson RI, Turner GC, Laurent G. T r a n s f o r m a t i o n of olfactory representations in the D r o s o p h i l a

a n t e n n a l l o b e . Science 2004; 3 0 3 ( 5 6 5 6 ) : 3 6 6 - 3 7 0 .



C H A P T E R 8

Optic Lobe Development
K a r l - F r i e d r i c h F i s c h b a c h " and Peter R o b i n H i e s i n g e r

A b s t r a c t

T h e o p t i c lobes c o m p r i s e a p p r o x i m a t e l y h a l f o f the fly's b r a i n . In four m a j o r s y n a p t i c ganglia,
or n e u r o p i l s , t h e visual i n p u t f r o m t h e c o m p o u n d eyes is r e c e i v e d a n d p r o c e s s e d for h i g h e r
o r d e r visual f u n c t i o n s like m o t i o n d e t e c t i o n a n d c o l o r v i s i o n . A c o m m o n c h a r a c t e r i s t i c

o f v e r t e b r a t e a n d i n v e r t e b r a t e visual systems is t h e p o i n t - t o - p o i n t m a p p i n g o f t h e visual w o r l d
to s y n a p t i c layers in the b r a i n , r e f e r r e d to as v i s u o t o p y . V i s i o n r e q u i r e s t h e p a r a l l e l e x t r a c t i o n o f
n u m e r o u s p a r a m e t e r s in a v i s u o t o p i c m a n n e r . C o n s e q u e n t l y , t h e o p t i c n e u r o p i l s are a r r a n g e d in
c o l u m n s a n d p e r p e n d i c u l a r l y o r i e n t e d s y n a p t i c layers t h a t allow for t h e selective e s t a b l i s h m e n t o f
synapses b e t w e e n c o l u m n a r n e u r o n s . H o w this e x q u i s i t e s y n a p t i c s p e c i f i c i t y is e s t a b l i s h e d d u r i n g
a p p r o x i m a t e l y 100 h o u r s o f b r a i n d e v e l o p m e n t is still p o o r l y u n d e r s t o o d . H o w e v e r , the o p t i c lobe
c o n t a i n s o n e o f t h e b e s t c h a r a c t e r i z e d b r a i n s t r u c t u r e s in any o r g a n i s m - b o t h a n a t o m i c a l l y a n d
d e v e l o p m e n t a l l y . M o r e o v e r , n u m e r o u s m o l e c u l e s a n d t h e i r f u n c t i o n i l l u m i n a t e some o f t h e basic
m e c h a n i s m s i n v o l v e d in b r a i n w i r i n g . The e m e r g i n g p i c t u r e is t h a t the d e v e l o p m e n t o f t h e visual
system o f Drosophila is (epi- ) g e n e t i c a l l y h a r d - w i r e d ; it s u p p l i e s t h e e m e r g i n g fly w i t h vision w i t h ­
o u t r e q u i r i n g n e u r o n a l a c t i v i t y for fine t u n i n g o f n e u r o n a l c o n n e c t i v i t y . E l u c i d a t i n g the g e n e t i c
a n d c e l l u l a r p r i n c i p l e s by w h i c h gene a c t i v i t y d i r e c t s the assembly o f t h e o p t i c lobe is t h e r e f o r e a
f a s c i n a t i n g task a n d t h e focus o f t h i s c h a p t e r .

I n t r o d u c t i o n
Several c o m p r e h e n s i v e w o r k s cover the d e s c r i p t i o n o f early events d u r i n g o p t i c lobe d e v e l o p ­

m e n t in Drosophila, 1-3 w h e r e a s m o s t r e c e n t reviews focus o n the m o l e c u l e s a n d m e c h a n i s m s d u r i n g
the e s t a b l i s h m e n t o f s y n a p t i c c o n n e c t i v i t y in t h e visual s y s t e r n . t f The p r e s e n t c h a p t e r focuses on
o p t i c lobe d e v e l o p m e n t f r o m the v i e w p o i n t o f n e u r o g e n e t i c s : H o w can a s u r p r i s i n g l y low n u m b e r
o f genes e n c o d e t h e w i r i n g o f a c o m p l i c a t e d b r a i n s t r u c t u r e ? An a n s w e r m u s t e n c o m p a s s all levels
o f the d e v e l o p m e n t a l p r o g r a m , f r o m c e l l u l a r d i f f e r e n t a t i o n a n d m o v e m e n t to the m o l e c u l e s a n d
m e c h a n i s m s t h a t p r o v i d e m e a n i n g f u l synapse f o r m a t i o n signals. In p a r t i c u l a r , we will focus o n the
events a n d m e c h a n i s m s t h a t lead to t h e r e c o g n i t i o n o f s y n a p t i c p a r t n e r s . W h a t is t h e m e c h a n i s m
o f such r e c o g n i t i o n e v e n t s ? W h a t are t h e m o l e c u l a r players at the level o f t h e cell surface d u r i n g
r e c o g n i t i o n events a n d w h a t are t h e m e c h a n i s m s for t h e i r precise, d y n a m i c a l l y r e g u l a t e d expression
p a t t e r n ? A n d , finally, h o w p l a s t i c is t h i s p r o g r a m , i.e., to w h a t e x t e n t is t h e final s y n a p t i c w i r i n g
p a t t e r n d e t e r m i n e d by the g e n e t i c p r o g r a m ?

R e c o g n i t i o n o f d i f f e r e n t cell types is n o t c o n f i n e d to the n e r v o u s system a n d is a general require­
m e n t in the d e v e l o p m e n t o f m u l t i c e l l u l a r o r g a n i s m s . W i t h o u t cell r e c o g n i t i o n , r e c r u i t m e n t o f cells
i n t o d e v e l o p i n g tissues w o u l d be impossible. R e c o g n i t i o n b e t w e e n d i f f e r e n t cell types is especially
d e m a n d i n g in the n e r v o u s system w h e r e n e u r o n s have to synapse w i t h specific p a r t n e r s , often t h o u ­
sands o f cell b o d y d i a m e t e r s apart. D u e to t h e i r regular, c o l u m n a r and layered o r g a n i z a t i o n visual

* C o r r e s p o n d i n g Author: Karl-Friedrich F i s c h b a c h - D e p a r t m e n t of N e u r o b i o l o g y ,
A l b e r t - L u d w i g s - U n i v e r s i t y of Freiburg, Schaenzlestr.1, 0 - 7 9 1 0 4 Freiburg, Germany.
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systems are well s u i t e d to investigate the genetic d e t e r m i n a t i o n and d e v e l o p m e n t a l rules t h a t underlie
the e s t a b l i s h m e n t o f n e u r o n a l connectivity. The repetitive o r g a n i z a t i o n o f a b o u t 750 visual units or
c o l u m n s on each side o f the fly's head allow the d e t e c t i o n o f m i n o r d i s t u r b a n c e s . The visual sy st e m
o f Drosoph ila has the f u r t h e r advantage t h a t an exceptionally p o w e r f u l t o o l b o x can be applied to
genetically dissect the d e v e l o p m e n t a l p r o g r a m s .

The A d u l t V i s u a l System Is O r g a n i z e d i n t o Parallel V i s u o t o p t i c
F u n c t i o n a l Pathways

The a d u l t o p t i c lobes o f c o l e o p t e r a , l e p i d o p t e r a and d i p t e r a 7.8 are s u b d i v i d e d i n t o four n e u r o p i l s ,
the l a m i n a , m e d u l l a , l o b u l a and l o b u l a plate (Figs. l A , 2A). P h o t o r e c e p t o r p r o j e c t i o n s from the
eye d i r e c t l y i n n e r v a t e the first two n e u r o p i l s , l a m i n a and m e d u l l a . In Drosophila, each single eye,
or o m m a t i d i u m , o f the c o m p o u n d eye c o n t a i n s e i g h t d i f f e r e n t p h o t o r e c e p t o r cell types . T h e i r
l i g h t - s e n s i n g p r o t r u s i o n , the r h a b d o m e r e s , receive l i g h t along seven d i f f e r e n t o p t i c a l axes u n d e r ­
n e a t h a single lens . The o u t e r 6 r h a b d o m e r e s are f o r m e d by r e t i n u l a cells R I - 6 ; the i n n e r r h a b d o m e r e
c o m p r i s e s di stally R7 and p r o x i m a l l y R8 . I n all o m m a t i d i a , except t h o s e o f the dorsal rim, the i n n e r
r h a b d o m e r e s are m u c h t h i n n e r t h a n the o u t e r ones . F u n c t i o n a l l y , the o u t e r p h o t o r e c e p t o r s are
r e s p o n s i b l e for spatial vision, whereas the i n n e r p h o t o r e c e p t o r s convey color vision.

Three types o f o m m a t i d i a can be di st i n g u l s h e d " a c c o r d i n g to the r h o d o p s i n (Rh) c o n t e n t o f
the i n n e r r e t i n u l a cells R7 a n d R8 : 30 % o f o m m a t i d i a are o f the pale s u b t y p e , where R7 c o n t a i n s
the U V - s e n s i t i v e Rh3 and R8 the b l u e - s e n s i t i v e Rh5 , while t h e r e m a i n i n g 70% are o f the yellow
s u b t y p e a n d c o n t a i n U V - s e n s i t i v e Rh4 in R7 and g r e e n - s e n s i t i v e Rh6 in R8. B o t h types are ran ­
d o m l y d i s t r i b u t e d due to the s t o c h a s t i c expression p a t t e r n o f the t r a n s c r i p t i o n f a c t o r and D i o x i n
r e c e p t o r h o m o l o g spineless in R 7 cells. The expression o f Spineless in R7 cells specifies it as a R h 4
cell . R7 t h e n d i c t a t e s the fate o f t h e R8 cell to also assume the yellow s u b t ype. In the absence
o f spinele ss or in spineless m u t a n t s , all R7 a n d most R8 cells a d o p t the pale ( R h 5 ) fate, whereas
o v e r e x p r e s s i o n o f spineless i s sufficient to i n d u c e t h e yellow R7 fate . 1O The m o l e c u l a r m e c h a n i s m
t h a t d e t e r m i n e s the s t o c h a s t i c expression o f Spineless as well as the f u n c t i o n a l sig n i fic an ce o f the
r a n d o m p a l e / y e l l o w o m m a t i d i a d i s t r i b u t i o n are c u r r e n t l y u n k n o w n .

In a d d i t i o n to these two m a j o r o m m a t i d i a l types t h e r e is a d o r s a l rim area o f the c o m p o u n d
eyes"!' w h i c h is sp e cia li ze d for the d e t e c t i o n o f p o l a r i z e d light. H e r e R7 and R8 r h a b d o m e r e s
have larger d i a m e t e r s and b o t h express the U V - s e n s i t i v e Rh3 . As the microvilli o f b o t h cell types
are p e r p e n d i c u l a r l y o r i e n t e d w i t h respect to each o t h e r , this allows the e v a l u a t i o n o f the v e c t o r o f

Figure 1. The Drosoph ila optic lobe . A) Volume rendered optic lobe neuropils based on synaptic
staining (n-Syb) . Selected characterized cell types are depicted based on Golgi studies ." la,
lamina; dm, distal medulla; pm, proximal medulla; Ip, lobula plate; 10 , lobula. B) The primary
visual map . Lam ina cross-sections of confocal images based on a photoreceptor -specific
antibody sta ining. Scale bar 51Jm . C) EM micrograph of a single unit (cartridge) of the visual
map in the lamina . Color code as in A. Scale bar Ium .
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Figure 2, viewed on previous page. Golgi Gestalten of neurons in w i l d type and mutant o p t i c
lobes. A) Composite scheme of the left c o m p o u n d eye and o p t i c lobe w i t h camera lucida
drawings of Golgi impregnated neurons of w i l d type flies selected to illustrate the layering
of the m e d u l l a n e u r o p i l , e.g., Ll, LS, M i l , Tm3, Tm3Y, T2, TmY3, TmYl, but not T m Y l 0 are
p o t e n t i a l interactors in the distal medulla as their a r b o r i z a t i o n s overlap in layers M l and
MS (see numbers w i t h o u t prefix). O r i g i n a l camera lucida drawings taken from Fischbach
and D i t t r i c h (1989).18 B, C) Camera lucida drawings of c o l u m n a r neurons in the o p t i c lobe
of the small o p t i c lobes KS58 mutant display a partial loss of s t r a t i f i c a t i o n ( m o d i f i e d f r o m ' " ) ,
D, E) Camera lucida drawings of some examples of neuronal cell types s u r v i v i n g congenital
sensory d e p r i v a t i o n in c o m p l e t e l y eyeless sine oculis' flies. Sprouting of medulla tangentials
into the l o b u l a c o m p l e x can be seen ( m o d i f i e d f r o m " ) , la, lamina; me, medulla; 10, lobula;
lop, l o b u l a plate; cb, central brain. Naked numbers 1-10 d e p i c t medulla layers M l - M l O. dVS,
dendrites of giant vertical neurons of the l o b u l a plate; all others labels are names of neuronal
cell types f o l l o w i n g the n o m e n c l a t u r e of Fischbach and D i t t r i c h (1989).18

l i g h t p o l a r i z a t i o n r a t h e r t h a n wavelength. The h o m e o d o m a i n t r a n s c r i p t i o n factor h o m o t h o r a x is
b o t h necessary a n d sufficient for R7/R8 to a d o p t the p o l a r i z a t i o n - s e n s i t i v e dorsal rim fate i n s t e a d
o f the color-sensitive d e f a u l t state. H o m o t h o r a x increases r h a b d o m e r e size a n d u n c o u p l e s R7 -R8
c o m m u n i c a t i o n to allow b o t h cells to express the same opsin r a t h e r t h a n d i f f e r e n t ones as r e q u i r e d
for color vision. H o m o t h o r a x expression is i n d u c e d by the dorsally expressed genes o f the iroquois
complex a n d the wingless (wg) p a t h w a y . "

The o u t e r p h o t o r e c e p t o r s responsible for spatial vision t e r m i n a t e in the first optic ganglion,
the lamina, whereas the i n n e r p h o t o r e c e p t o r s responsible for color vision p r o j e c t t h r o u g h the
l a m i n a i n t o the second a n d major o p t i c n e u r o p i l , the m e d u l l a (Figs. 1,2). It has to be e x p e c t e d
t h a t the d i f f e r e n t types o f R7 and R8 r e t i n u l a cells described above p r o j e c t to specialized t a r g e t
n e u r o n s in the o p t i c lobe. In fact, in the locust, the n e u r o n a l pathways o f the dorsal rim region
c o u l d be t r a c e d via n e u r o n s in the dorsal rim o f the m e d u l l a to the lower u n i t o f the a n t e r i o r o p t i c
t u b e r c l e . P It is n o t e w o r t h y , t h a t the decision a b o u t the type o f o p s i n occurs in the m i d p u p a l stage,
after the axons have f o u n d t h e i r way i n t o the b r a i n a n d d u r i n g the p e r i o d o f synapse specification
and f o r m a t i o n . It is n o t k n o w n w h e t h e r the opsin decision also influences t a r g e t choices in the
m a t u r i n g n e u r o p i l o f Drosophila.

The axons o f the eight r e t i n u l a cells per o m m a t i d i u m p r o j e c t to the a d u l t b r a i n following the
n e u r a l s u p e r p o s i t i o n rule 1 4- 16 w h i c h secures t h a t axons from r e t i n u l a cells o b t a i n i n g i n f o r m a t i o n
from the same p o i n t in space p r o j e c t i n t o the same c a r t r i d g e o f the l a m i n a or c o l u m n o f the me­
dulla. In larval d e v e l o p m e n t , the R l - 6 axons o f a single o m m a t i d i u m form a c o m m o n fascicle w i t h
t h e i r leading R8 axon and follow it t h r o u g h the larval o p t i c stalk i n t o the larval lamina plexus in
a r e t i n o t o p i c fashion. They d i s t r i b u t e themselves to six different, n e i g h b o u r i n g l a m i n a cartridges
and establish a v i s u o t o p i c a l l y c o r r e c t map only later.2,17 The R8 and the following R7 axons di­
rectly p r o j e c t i n t o the m e d u l l a in a c o r r e c t r e t i n o - and v i s u o t o p i c manner, as discussed in d e t a i l
in s e c t i o n 4 o f this chapter. The six o u t e r R-cell t e r m i n a l s o f a single o m m a t i d i u m are p r e s y n a p t i c
to the d e n d r i t e s o f l a m i n a m o n o p o l a r n e u r o n s L 1, L2 a n d L3 in six d i f f e r e n t l a m i n a cartridges,
while the L-cell d e n d r i t e s receive i n p u t from R-cells c o m i n g from six d i f f e r e n t o m m a t i d i a . The
axons o f the l a m i n a m o n o p o l a r cells L 1-5 (only the first t h r e e are p o s t s y n a p t i c to R l - 6 ) o f a single
c a r t r i d g e p r o j e c t via the first o p t i c chiasm i n t o specific layers o f i s o t o p i c m e d u l l a columns (Figs.
2,3). W h i l e a single l a m i n a c a r t r i d g e receives i n p u t from r e t i n u l a cells w i t h i d e n t i c a l o p t i c a l axes
o f six n e i g h b o u r i n g o m m a t i d i a , a m e d u l l a c o l u m n samples such i n f o r m a t i o n from 7 o m m a t i d i a ,
t r a n s m i t t e d via 5 d i f f e r e n t d i r e c t n e u r o n a l channels ( L l , L2, L3, R7 and R8).

In summary, while R7 and R8 directly form r e t i n o t o p i c p r o j e c t i o n s in the medulla, R1- R6
u n d e r g o axon t e r m i n a l r e s o r t i n g a c c o r d i n g to the p r i n c i p l e o f n e u r a l s u p e r p o s i t i o n to m a t c h the
o r i e n t a t i o n o f the o p t i c a l axes o f the a d u l t r h a b d o m e r e s (visuotopy). The v i s u o t o p i c o r g a n i z a t i o n is
a general feature o f all image processing visual systems in i n v e r t e b r a t e s as well as in vertebrates.

Most o f the visual i n t e r n e u r o n s o f Drosophila have been d e s c r i b e d in Golgi studies. IS They
can be classified i n t o many c o l u m n a r and fewer t a n g e n t i a l types, the axons o f w h i c h are o r i e n t e d
p e r p e n d i c u l a r to each other. By mere e v a l u a t i o n o f the s t r u c t u r a l features (Fig. 2A) it has been
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Figure 3 . V i s u o t o p i c a l l y o rganized pathways in the o p t i c lobe . A-C) Peripheral separation of
v i s u o t o p i c a l l y organized f u n c t i o n a l pathways requires the o r g a n i z a t i o n of the o p t i c lobe in
columns and l ayer s. Three f u n c t i o n a l pathways in the o p t i c lobe are shown w h i c h are inferred
from the relationship of layered a r b o r i z a t i o n s of all known c e l l u l a r Golgi profiles. Legend
c o n t i n u e d on f o l l o w i n g page.
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Figure 3, viewed on previous page. For s i m p l i c i t y , at the level of the medulla only t y p i c a l neu­
ronal types are shown. The L1 and L2 pathways are fed by R l - 6 and f u n c t i o n in spatial vision,
the R8 and R7 pathways in c o l o r vision. D) depicts an 3H-2-deoxyglucose autoradiogram of a
h o r i z o n t a l brain section after unilateral 120 min s t i m u l a t i o n in two 15 x 15 degree sectors of
the right visual field. The right o p t i c lobe autoradiogram is enlarged in E. The anterior visual
field w i n d o w (posterior medulla sector) was stimulated by upward m o t i o n , the posterior
visual field w i n d o w by h o r i z o n t a l progressive m o t i o n of the same spatial wavelength (using
a s i n u s o i d a l l y modulated gray scale). In both cases v i s u o t o p i c a l l y situated c o l u m n a r neurons
of the L1 and L2 pathway layers (A,B) have taken up r a d i o a c t i v e deoxyglucose. The density
p r o f i l e of the medulla sector stimulated by upward m o t i o n is shown in the inset. It is obvious
that the R7/R8 pathway layers M 3 and M 6 are silent under these c o n d i t i o n s ( m o d i f i e d from
Fischbach et al 1992 2 2

) .

c l a i m e d t h a t several, v i s u o t o p i c a l l y o r g a n i z e d , p a r a l l e l visual p a t h w a y s c o - e x i s t ' ? (Fig. 3 A - C ) . In
c o m b i n a t i o n w i t h 2 - d e o x y g l u c o s e s t u d i e s " a clear s t r u c t u r a l s e p a r a t i o n b e t w e e n t h e p a t h w a y s for
m o t i o n d e t e c t i o n a n d c o l o u r v i s i o n c o u l d be d e m o n s t r a t e d 18-22 (see Fig. 3 D , E ) .

This n e u r o n a l o r g a n i z a t i o n o f t h e visual s y s t e m o f Drosophila c o n t r a s t s s h a r p l y w i t h t h e olfac­
t o r y s y s t e m , w h e r e o l f a c t o r y r e c e p t o r cells w i t h t h e same c h e m o s e n s o r y s p e c i f i c i t y c o n v e r g e in so
c a l l e d g l o m e r u l i o f t h e a n t e n n a l l o b e o n t o single large i n t e r n e u r o n s (relay n e u r o n s ) t h a t p r o j e c t
t o t h e m u s h r o o m b o d i e s a n d t h e l a t e r a l p r o t o c e r e b r u m ' V ' (see C h a p t e r s by R. S t o c k e r a n d by
v. R o d r i g u e s a n d T. H u m m e l ) . H o w e v e r , it has r e c e n t l y b e e n p o i n t e d o u t t h a t t h e o u t p u t level
o f t h e v i s u a l s y s t e m is also c o m p a r a b l e to t h e o l f a c t o r y system, as v i s u o t o p i c a l l y o r g a n i z e d l o b u l a
o u t p u t n e u r o n s o f t h e same t y p e c o n v e r g e in s o - c a l l e d o p t i c g l o m e r u l i , w h e r e t h e y synapse o n t o
large p r o j e c t i o n n e u r o n s 25 .26 (Fig. 4). It is t h e r e f o r e t e m p t i n g to suggest t h a t t h e v i s u o t o p i c , p a r a l l e l
p a t h w a y o r g a n i z a t i o n is an e v o l u t i o n a r y a d d e d f e a t u r e o f t h e visual system.

W h a t is k n o w n a b o u t t h e c e l l u l a r a n d m o l e c u l a r m e c h a n i s m s t h a t e n a b l e t h e v i s u o t o p i c a n d
p a t h w a y - s p e c i f i c w i r i n g in t h e o p t i c l o b e ? We will first r e v i e w d a t a r e l a t e d to t h e d e p e n d e n c e
o f v i s u a l n e u r o p i l d e v e l o p m e n t o n r e t i n a l i n n e r v a t i o n a n d will c o n s i d e r s o m e o f t h e f u n c t i o n s
o f k n o w n c e l l u l a r a n d m o l e c u l a r f a c t o r s i n v o l v e d in a x o n a l p a t h f i n d i n g , t a r g e t r e c o g n i t i o n a n d
s y n a p t o g e n e s i s .

L a m i n a D e v e l o p m e n t

R e t i n a l I n n e r v a t i o n : A x o n O u t g r o w t h a n d I n t e r d e p e n d e n c e w i t h Optic L o b e
D e v e l o p m e n t

A x o n o u t g r o w t h f r o m t h e r e t i n a o c c u r s in a d e v e l o p m e n t a l wave f o l l o w i n g t h e wave o f c e l l u l a r
d i f f e r e n t i a t i o n in t h e eye disc. The first ( p i o n e e r ) axons g r o w o u t f r o m R8, f o l l o w e d by R 2 & R S ,
R 3 & R 4 , t h e n R l & R 6 a n d R7 f o l l o w last. 27 The r e t i n a l axons p r o j e c t t h r o u g h t h e t u b u l a r o p t i c s t a l k
t h a t c o n s i s t s o f a m o n o l a y e r o f s u r f a c e glia a n d f o r m s b e f o r e a x o n i n g r o w t h u n d e r t h e c o n t r o l t h e
focal a d h e s i o n k i n a s e F a k S 6 D . 28 The l a r v a l p h o t o r e c e p t o r o r g a n , t h e Bolwig's o r g a n , is d i s p e n s a b l e
for a d u l t w i l d - t y p e p h o t o r e c e p t o r axons t o p r o j e c t n o r m a l l y a n d is t h u s n o t an e s s e n t i a l p i o n e e r o f
a x o n a l n a v i g a t i o n to t h e l a m i n a . Bolwig's o r g a n l a t e r t r a n s f o r m s i n t o t h e four p h o t o r e c e p t o r s o f an
e x t r a - r e t i n a l p o s t e r i o r " e y e l e t ' , t h e s o - c a l l e d " H o f b a u e r - B u c h n e r eyelet~29 w h i c h is i n v o l v e d in t h e
g e n e r a t i o n o f c i r c a d i a n r h y t h m . " The b e s t c h a r a c t e r i z e d signal t r a n s d u c t i o n p a t h w a y r e q u i r e d for
p h o t o r e c e p t o r g r o w t h c o n e g u i d a n c e i n c l u d e s t h e I n s u l i n r e c e p t o r o n t h e cell s u r f a c e " a n d i n t r a c e l ­
l u l a r l y dreadlocks (dock, a S H 2 / S H 3 a d a p t o r p r o t e i n ) , pak ( p 2 1 a c t i v a t e d p r o t e i n k i n a s e ) , trio (a
R h o f a m i l y g u a n i n e e x c h a n g e f a c t o r t h a t a c t i v a t e s Rae), misshapen (a S t e 2 0 - l i k e s e r i n e / t h r e o n i n e
k i n a s e ) a n d bifocal (a p u t a t i v e c y t o s k e l e t a l r e g u l a t o r ) . 32-37 These m o l e c u l a r c o m p o n e n t s have b e e n
p r o p o s e d t o c o n s t i t u t e a signal t r a n s d u c t i o n cascade f r o m t h e cell surface to t h e a c t i n c y t o s k e l e t o n .
T a r g e t i n g c h o i c e s o f t h e d i f f e r e n t p h o t o r e c e p t o r s u b t y p e s a n d t h e u p s t r e a m g u i d a n c e r e c e p t o r s
are d e s c r i b e d in m o r e d e t a i l below.

W h i l e m a i n t a i n a n c e o f t h e fly's r e t i n a r e q u i r e s t h a t r e t i n a l axons c o n n e c t to t h e o p t i c l o b e , "
it is well e s t a b l i s h e d t h a t r e t i n a e d e v e l o p q u i t e n o r m a l l y in e c t o p i c p o s i t i o n s w i t h o u t c o n n e c t i o n s
to t h e b r a i n , e i t h e r a c h i e v e d by t r a n s p l a n t a t i o n " o r by e c t o p i c e x p r e s s i o n o f e y e l e s s . " Also t h e
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Figure 4, viewed on previous page. C o m p a r i n g w i r i n g p r i n c i p l e s of the o l f a c t o r y and the
visual system. A) Schematic v i e w of the visual system. V i s u o t o p y is maintained up to the
l o b u l a c o m p l e x (Iobula plate has been o m i t t e d for s i m p l i c i t y ) . D i f f e r e n t sets of l o b u l a co­
lumnar neurons p r o j e c t to specific o p t i c g l o m e r u l i , where they terminate in a n o n v i s u o t o p i c
manner. B,C) GFP marked neurons resulting from MARCM using the i r r e C / r s t - s p e c i f i c Gal4
d r i v e r NP2044. Background staining w i t h an IrreC/Rst-specific antibody. B) The terminals of a
single LC12 neuron branch t h r o u g h o u t its glomerulus. C) A clone of three such LC12 neurons
subserving d i f f e r e n t parts of the visual field are shown. D) Schematic view of the o r g a n i z a t i o n
of the o l f a c t o r y system. Here all o l f a c t o r y receptor cells of the same kind d i r e c t l y p r o j e c t to
the same glomerulus. re, retina; la, lamina; me, medulla; 10, lobula; cb, cell bodies.

u n c o n n e c t e d p h e n o t y p e o f the disconnected m u t a n t , in which the r e t i n u l a cell axons o f the com­
p o u n d eye do n o t c o n n e c t to the brain, d e m o n s t r a t e s t h a t retina d e v e l o p m e n t , which proceeds
normally, is a u t o n o m o u s . " This does n o t hold for the optic lobe, the development o f which strongly
d e p e n d s on retinal i n n e r v a t i o n (Fig. 2D,E). It was already d e m o n s t r a t e d by Power in 1943 and
c o n f i r m e d by H i n k e in 1961 t h a t optic lobe volume strongly correlates with the facet n u m b e r
o f the c o m p o u n d eye. 4 1

,42 In his volumetric studies Power found t h a t eyeless flies do n o t develop
a lamina at all and have a drastically reduced medulla and lobula complex ( a b o u t 80% and 60%
r e d u c t i o n respectively).

O p t i c lobe i n t e r n e u r o n s are the progeny o f two groups o f p r o g e n i t o r cells, arranged in the
o u t e r and i n n e r optic anlagen. The lamina ( t o g e t h e r with the distal p a r t o f the medulla, see be­
low) arise from the o u t e r optic a n l a g e . " The strong c o r r e l a t i o n o f lamina size with the n u m b e r
o f o m m a t i d i a is the direct consequence o f an inductive influence o f ingrowing r e t i n u l a (R) cell
axons on neurogenesis o f lamina n e u r o n s ' v " and lamina glia. 4 6 P h o t o r e c e p t o r i n n e r v a t i o n thus
triggers the final cell-cycle o f lamina p r e c u r s o r cells. H e d g e h o g , t h a t is released from R-cell axons,
induces the g e n e r a t i o n o f lamina m o n o p o l a r neurons from lamina p r e c u r s o r cells w h i c h - i n the
absence o f H e d g e h o g - a r e arrested in the G l phase. 4 7

-
4 9 H e d g e h o g t r a n s p o r t in p h o t o r e c e p t o r s

has recently been shown to d e p e n d on the c o m p e t i t i o n between targeting signals o f the H e d g e h o g
N- and C - t e r m i n i . After H e d g e h o g cleavage, the N - t e r m i n a l d o m a i n is t a r g e t e d to the retina,
while the C - t e r m i n a l d o m a i n is responsible for H e d g e h o g t r a n s p o r t along the axon. 50 Together
w i t h H e d g e h o g , the e p i d e r m a l growth factor r e c e p t o r (EGFR) ligand Spitz is t r a n s p o r t e d down
the p h o t o r e c e p t o r axons. The p o s t s y n a p t i c p r e c u r s o r cells express E G F R and are thus i n i t i a t e d to
assemble the p o s t s y n a p t i c cell c o m p l e m e n t for the lamina c a r t r i d g e . " By the c o n c e r t e d action o f
H e d g e h o g and Spitz, the n u m b e r o f presynaptic neurons d e t e r m i n e s the size o f the p o s t s y n a p t i c
n e u r o n a l p o p u l a t i o n . The five lamina cell types L 1- L 5 are thereby specified. As young retinal om­
matidia are added anteriorly, this also implies t h a t the lamina grows from p o s t e r i o r to anterior.
Lamina p r e c u r s o r cells as well as glia cells require the t r a n s c r i p t i o n factor Glia cells missing (gcm)
and Glia cells missing 2 (gcm2), t h a t were previously t h o u g h t to be exclusively r e q u i r e d for glial
cell fate d e t e r m i n a t i o n . " O f f u r t h e r i m p o r t a n c e on the side o f the lamina p r e c u r s o r cells is the
gene p r o d u c t o f dally. In dally l o s s - o f - f u n c t i o n m u t a n t s the lamina precursors do n o t p e r f o r m the
second division that is triggered by ingrowing retinal fibres. 52 Dally is a heparan sulfate proteoglycan
a t t a c h e d to the m e m b r a n e via a G P I - a n c h o r and able to m o d u l a t e H e d g e h o g signaling. 5 3

The d e p e n d e n c e o f l a m i n a d i f f e r e n t i a t i o n u p o n the i n g r o w t h o f r e t i n a l fibres provides a
s t r a i g h t - f o r w a r d p r o g r a m m i n g o f r e t i n o t o p i c p r o j e c t i o n s a l o n g the a n t e r i o r - p o s t e r i o r axis.
As a wave o f d i f f e r e n t i a t i o n (visible as the so-called m o r p h o g e n e t i c furrow) sweeps along the
eye-imaginal disc from p o s t e r i o r to a n t e r i o r d u r i n g the late larval and early pupal stage, the new
o m m a t i d i a l axon bundles leave the eye imaginal disc anteriorly and accordingly induce lamina
d e v e l o p m e n t also at its a n t e r i o r margin. 27 ,54 M a t u r a t i o n o f the eye imaginal disc and the lamina
therefore occurs in parallel from p o s t e r i o r to anterior. Apoptosis o f excesscells concludes the wave
o f d e v e l o p m e n t in the lamina. In vertebrates, Eph r e c e p t o r tyrosine kinases have critical roles
in r e t i n o t o p i c map f o r m a t i o n . Drosophila c o n t a i n s only one Eph gene, which has i n d e e d been
i m p l i c a t e d in the t a r g e t i n g o f r e t i n o t o p i c p r o j e c t i o n s , a l t h o u g h the precise cellular r e q u i r e m e n t
and m e c h a n i s m are less clear,"
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Figure 5 . Timeli ne of morp hogenetic events duri ng pupal o p t i c lobe w i r i ng. D e p i c t e d is the
temporal succession of d i f f e r e n t phases of p h o t o r e c e p t o r and lamina m o n o p o l a r cell ( L1 / L2)
g r o w t h , i n c o r p o r a t i n g data from d i f f e r e n t f ly species. I n n e r v a t i o n of the anterior lam ina by
p h o t o r e c e p t o r s axons i s c o m p l e t e by 2 0 % of pupal deve l o p m e n t . Transient f i l o p o d i a l - g r o w t h
cone i nv agi nat i o n s and ove rlaps amongst Rl -R6 g r o w t h cones can be observed up to 75%
of pupal d e v e l o p m e n t . The arrowheads show the appro ximate onset o f Rl -R6 responses
recorded using sharp electrodes in the b l o w f l y Calliphora (o p en a r r o w h e a d )! " or w h o l e - c e l l
recordings (f i ll e d arrowhead ) f ro m d issociated o m m a t i d i a in Drosophila. 128 In the f irst half
o f pupal d e v e l o p m e n t R l - R 6 t erminals are resorted accord ing to the neural s u p e r p o s i t i o n
rule .' -" Two phases o f R7/R8 target layer selection have been d ist ingu ished i n the medu lla ."
G r o w t h of L1/L2 neur ites and f i l o p o d i a l g r o w t h cone i nvag i nat i o ns f ro m at least one L1/L2
axon into R l - R 6 g r o w t h cones can be observed through most of the second half o f pupat ion.
The grey arrowhead i n di c at e s the approx imate onset of synaptic t ransmission to L1/L2 based
on Callip h o ra data .! " Synaptogenesis takes place i n the second half of pupal d e v e l o p m e n t
and culminates i n the f o r m a t i o n of tetrads w h i c h unite element s o f f o u r d i f f e r e n t cell types
at a single synapse.' M o d i fied f ro m I. A . M e i n e r t z h a g e n et al (2 0 0 0 ).' 29

No such h e l p f u l t e m p o r a l g r a d i e n t does exist w h e n t h e e s t a b l i s h m e n t o f r e t i n o t o p y along the
d o r s o - v e n t r a l axes is c o n s i d e r e d . H o w i s it s e c u r e d t h a t dorsal r e tin ul a axons p r o j e c t i n t o the dorsal
l a m i n a a n d v e n t r a l r e t i n u l a axons p r o j e c t i n t o the v e n t r a l l a m i n a ? By t h e use o f eye m u t a n ts w i t h
r e d u c e d facet n u m b e r . it was d e m o n s t r a t e d t h a t n a v i g a t i o n o f o m m a t i d i a l b u n d l e s is i n d e p e n d e n t
o f each o t h e r : Single b u n d l e s naviga te m o r e or le ss c o r r e c t l y in the absence o f n e i g h b o u r i n g o n e .
G e n e t i c a l l y wild t yp e axons are even able to i n n e r v a t e t h e i r c o r r e c t b r a i n region . w h e n s u r r o u n d ­
ing fibres are m i s p r o j e c t i n g due to t h e glass genorype . f W h i c h cue s are these axons u sin g for th ei r
n a v i g a t i o n ?

D W n t 4 . a Drosophila m e m b e r o f t h e W n t family o f s e c r e t e d g l y c o p r o t e i n s , is specifically ex­
pre ssed in t h e v e n t r a l h a l f o f t h e d e v e l o p i n g l a m i n a in t h e t h i r d i n s t a r larval sta ge . 57 In t h e absence
o f D W n t 4 , v e n t r a l r e t i n a l axons m i s p r o j e c t to the d o r s a l l a m i n a and can be r e d i r e c t e d t o w a r d s
an e c t o p i c source o f D W n t 4 . W n t g l y c o p r o t e i n s are k n o w n to activate via Frizzled (Fz) recep ­
tors c a n o n i c a l ( B - c a t e n i n d e p e n d e n t ) as well as n o n c a n o n i c a l ( B - c a t e n i n i n d e p e n d e n t ) s i g n a l i n g
pathways. V e n t r a l r e t i n u l a cells mi ssing the D f r i z z l e d 2 ( D f z 2 ) r e c e p t o r or t h e d i r e c t l y i n t e r a c t i n g
D i s h e v e l l e d p r o t e i n often m i s r o u t e t h e i r axons d o r s a l l y a n d it c o u l d be s h o w n t h a t i n t e r f e r e n c e
w i t h n o n c a n o n i c a l b u t n o t w i t h c an o n ic al s i g n a l i n g affects axon t a r g e t i n g a l o n g t h e d o r s o -ventral
axi s. These results suggest t h a t sec r e t e d D W n t 4 f r o m the v e n t r a l l a m i n a acts as an a t t r a c t a n t for
r e t i n a l axons t h a t expre ss D f z 2 . In d o r sal r e t i n u l a cells the e x p r e s s i o n o f t h e genes o f t h e iroquoi s
c o m p l e x seem to a t t e n u a t e the c o m p e t e n c e o f D f z 2 to r e s p o n d to D W n t 4 . 57



124 B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r

Stop a n d Go a t The M a r g i n a l Glia
In the larva, the l a m i n a n e u r o p i l (called l a m i n a plexus at this stage) c o n t a i n s the R I - 6 t e r m i n a l s

a n d is s a n d w i c h e d b e t w e e n layers o f glial cells. D i s t a l l y o f the R I - 6 t e r m i n a l s , the e p i t h e l i a l glial
cells are s i t u a t e d a n d p r o x i m a l l y the l a m i n a m a r g i n a l glial cells. They s e p a r a t e the R I - 6 t e r m i n a l s
from t h e layer o f m e d u l l a glia. Several lines o f evidence suggest t h a t the l a m i n a m a r g i n a l glial cells
r e p r e s e n t an i n t e r m e d i a t e t a r g e t for R I - 6 g r o w t h cones a n d cause t h e m to stop at this p o i n t . In
n o n s t o p m u t a n t s SS .59 glial cell d e v e l o p m e n t is d i s r u p t e d a n d the axons o f R I - 6 do n o t t e r m i n a t e
in the l a m i n a , b u t p r o j e c t d o w n i n t o the m e d u l l a . N o n s t o p is a u b i q u i t i n - s p e c i f i c p r o t e a s e t h a t
is r e q u i r e d in glia cells. Similarly, the absence o f m a r g i n a l glia in clones m u t a n t for Medea, w h i c h
codes for a D PP signal t r a n s d u c e r , results in R I - 6 axon p r o j e c t i o n d e f e c t s / "

C o n t a c t i n g glial cells as i n t e r m e d i a t e targets may be the price r e t i n u l a cells have to pay for
r e g u l a t i n g the n e u r o g e n e s i s o f t h e i r p o s t s y n a p t i c p a r t n e r s . These still have to d i f f e r e n t i a t e a n d it
is n o t before the s e c o n d h a l f o f p u p a l d e v e l o p m e n t t h a t synapses are b e i n g f o r m e d 2

,6 1,6 2 (Fig. 5).
N e i t h e r the m o l e c u l a r n a t u r e o f the stop signal e m i t t e d by m a r g i n a l glial cells n o r the r e c e p t o r

in R-cells are c u r r e n t l y k n o w n . However, it was s h o w n t h a t the absence o f the r e c e p t o r t y r o s i n e
p h o s p h a t a s e P T P 6 9 D in p h o t o r e c e p t o r s s o m e t i m e s leads to t h e i r p r o j e c t i o n i n t o the m e d u l l a . f ' As
P T P 6 9 D is also r e q u i r e d for the c o r r e c t t a r g e t i n g o f R 7 to layer M 6 o f the m e d u l l a (in its absence
R7 t e r m i n a t e s in M 3 l i k e R8) it has been suggested t h a t P T P 6 9 D plays a permissive role in R I - 6
a n d R7 axonal t a r g e t i n g by h e l p i n g to d e f a s c i c u l a t e from the l e a d i n g R8 axon. 64

After having s t o p p e d at the m a r g i n a l glia, R I - 6 g r o w t h cones are h a n g i n g a r o u n d for q u i t e a
while. A p p a r e n t l y the r e c e p t i o n o f n i t r i c oxide ( N O ) , w h i c h is p r o d u c e d by l a m i n a cells, is r e q u i r e d
for these g r o w t h cones n o t to p r o j e c t f u r t h e r d o w n i n t o the m e d u l l a / ? F u r t h e r m o r e , Brakeless, a
n u c l e a r p r o t e i n is n e e d e d in r e t i n u l a cells to stop t h e i r axons at the m a r g i n a l glia. 6 6

,67 Interestingly,
Brakeless acts as a t r a n s c r i p t i o n a l repressor o f the runt pair rule gene, w h i c h encodes the R u n t
t r a n s c r i p t i o n f a c t o r r e q u i r e d for R7 a n d R8 axonal p r o j e c t i o n s i n t o the m e d u l l a . I f repression o f
runt by Brakeless is a b o l i s h e d in R2 a n d R5 cells only, this is sufficient to i n d u c e the p r o j e c t i o n
o f all six o u t e r R-cells i n t o the m e d u l l a / " This fact clearly i n d i c a t e s the existence o f i n t e r a c t i o n s
b e t w e e n the R-cell t e r m i n a l s in larval d e v e l o p m e n t . As R2 and R5 are d e t e r m i n e d d i r e c t l y after the
R8-cell, t h e i r axons are the first to follow the R8 axon. W h e n the first three axons o f an o m m a t i d i a l
b u n d l e p r o j e c t i n t o the m e d u l l a , the t r a i l i n g axons m i g h t be forced to follow due to fasciculative
forces. D u r i n g the p u p a l stage, a f f e r e n t - a f f e r e n t i n t e r a c t i o n s also seem to play an i m p o r t a n t role
in the s p r o u t i n g o f the o u t e r R-cell t e r m i n a l s to t h e i r c o r r e c t v i s u o t o p i c cartridges. 2

, 17 ,6 9

N e u r a l S u p e r p o s i t i o n : C o r r e c t i n g the I n i t i a l R e t i n o t o p i c Projections
in the L a m i n a

Initially, in the larvae, all o u t e r R-cell axons from a single o m m a t i d i u m form a single fascicle.
They t e r m i n a t e t o g e t h e r , s a n d w i c h e d b e t w e e n the e p i t h e l i a l and m a r g i n a l glia in the l a m i n a plexus,
r e t a i n i n g t h e i r spatial r e l a t i o n s h i p in the o m m a t i d i u m . A c o l u m n o f 5 l a m i n a m o n o p o l a r n e u r o n s
is i n d u c e d by the i n c o m i n g p h o t o r e c e p t o r s distally. L a m i n a m o n o p o l a r axons fasciculate w i t h the
R 7 / 8 axons o f the c o r r e s p o n d i n g o m m a t i d i u m a n d p r o j e c t towards the m e d u l l a . D u e to the axonal
i n g r o w t h from new o m m a t i d i a and the c o r r e s p o n d i n g r e c r u i t m e n t o f lamina n e u r o n s and glia along
the p o s t e r i o r - a n t e r i o r axes, a precise r e t i n o t o p i c map is e s t a b l i s h e d . However, the r e t i n o t o p i c
map is o f l i t t l e use for R I - R6 in the l a m i n a , as the R I - R6 from a single o m m a t i d i u m l o o k at dif­
ferent p o i n t s in visual space. In o r d e r to o b t a i n a v i s u o t o p i c map from here, R-cell axons have to
be r e s o r t e d so t h a t axons c o m i n g from r e t i n u l a cells l o o k i n g at the same p o i n t in space in the a d u l t
are u n i t e d in a single c a r t r i d g e . This process takes place in t h e first h a l f o f p u p a l d e v e l o p m e n r - ' ?
(see Figs. 5,6). It is i n t e r e s t i n g to n o t e t h a t the extensive r e s o r t i n g a n d hence r e w i r i n g o f p h o t o ­
r e c e p t o r t e r m i n a l s in the l a m i n a is a p e c u l i a r i t y solely made necessary by the fact t h a t Drosophila
o m m a t i d i a , like all D i p t e r a , c o n t a i n a split or o p e n r h a b d o m system; the r h a b d o m e r e s receive
l i g h t from d i f f e r e n t p o i n t s in space u n d e r the same lens. A single s e c r e t e d p r o t e i n , Spacemaker, is
necessary a n d sufficient for the f o r m a t i o n o f an o p e n s y s t e m . "
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By v i s u a l i z i n g p r o j e c t i o n s f r o m single o m m a t i d i a l a b e l e d w i t h D i I a n d by d e l e t i n g subsets o f
r e t i n u l a cells, it was d e m o n s t r a t e d t h a t i n t e r a c t i o n s a m o n g the R-cell p o p u l a t i o n i t s e l f r e g u l a t e
c a r t r i d g e s e l e c t i o n . " First it was s h o w n t h a t r e m a i n i n g R-cell t e r m i n a l s in m u t a n t s for phyllopod
( R I , R6 a n d R7 are t r a n s f o r m e d i n t o cone cells), lozenge'"!" ( t r a n s f o r m s R3 a n d R4 i n t o R7 cells)
a n d seven-up ( t r a n s f o r m s R3 a n d R4 a n d in a d d i t i o n R I and R6 i n t o R7) are still able to defas­
c i c u l a t e a n d to i n i t i a t e t h e i r search for a l a m i n a target. T h e r e f o r e , this basic b e h a v i o r seems to be
i n d e p e n d e n t o f o t h e r R - t e r m i n a l s in the b u n d l e . H o w e v e r , w h e n R I a n d R6 were absent, the final
p r o j e c t i o n s o f the r e m a i n i n g R3 a n d R4 t e r m i n a l s were i n v a r i a b l y c o r r e c t , while those o f R 2 a n d
R5 s o m e t i m e s s h o w e d defects. R I a n d R6 are t h e r e f o r e n o t r e q u i r e d for the c o r r e c t p r o j e c t i o n s
o f R 3 a n d R4, b u t do i n f l u e n c e R2 a n d R5 t a r g e t i n g . In lozenge sprite, absence o f R 3 a n d R 4 l e a d s to
h i g h l y a b e r r a n t t a r g e t i n g o f the r e m a i n i n g R-cell axons ( R I , R2, R5, R6). In the seven-up m u t a n t ,
w h e r e in a d d i t i o n R I a n d R6 are missing, the r e m a i n i n g R2 a n d R5 are always m a k i n g t a r g e t i n g
e r r o r s . ' ? In c o n c l u s i o n these results i n d i c a t e a specific i n t e r a c t i o n b e t w e e n R-cell axons w i t h regard
to t h e i r final p r o j e c t i o n s in the l a m i n a .

M u t a t i o n s in many genes have b e e n i d e n t i f i e d in large screens using the eyFLP m e t h o d ' " t h a t
affect this p h o t o r e c e p t o r t e r m i n a l r e s o r t i n g a n d t h u s lead to c a r t r i d g e s w i t h t o o few or t o o many
R-cell t e r m i n a l s . T I h e list c o n t a i n s several g u i d a n c e r e c e p t o r s a n d cell a d h e s i o n molecules, i n c l u d ­
ing D L a r (a r e c e p t o r t y r o s i n e p h o s p h a t a s e ) , D N - C a d h e r i n (a classical c a d h e r i n ) a n d F l a m i n g o (a
p r o t o c a d h e r i n j . P ? " For N - C a d h e r i n m e d i a t i o n o f a t t r a c t i v e i n t e r a c t i o n b e t w e e n p h o t o r e c e p t o r
axons d u r i n g visual map f o r m a t i o n has b e e n d e m o n s t r a t e d . " All o f these are also r e q u i r e d for the
t a r g e t i n g o f R 7 / R 8 in t h e m e d u l l a , as d i s c u s s e d in more d e t a i l below.

G u i d a n c e cues like the a b o v e - m e n t i o n e d cell a d h e s i o n molecules m u s t be accurately s p a t i o t e m ­
p o r a l l y r e g u l a t e d and l o c a l i z e d in o r d e r to p r o v i d e m e a n i n g f u l synapse f o r m a t i o n signals. Vesicle
t r a f f i c k i n g has b e e n i m p l i c a t e d in the l o c a l i z a t i o n o f cell a d h e s i o n m o l e c u l e s in p h o t o r e c e p t o r s
m u t a n t for n e u r o n a l s y n a p t o b r e v i n , w h i c h e n c o d e s a vesicle p r o t e i n c r i t i c a l l y r e q u i r e d for vesicle
f u s i o n . " M o r e recently, loss o f a v e s i c l e - a s s o c i a t e d p r o t e i n , the exocyst c o m p o n e n t Sec 1 5, has been
s h o w n to cause specific c a r t r i d g e s o r t i n g a n d R 7 / R 8 p r o j e c t i o n defects (Fig. 7). I m p o r t a n t l y , p h o ­
t o r e c e p t o r s m u t a n t for sec 15 display m i s l o c a l i z a t i o n p h e n o t y p e s for a specific subset o f g u i d a n c e
m o l e c u l e s , i n c l u d i n g DLar. 77 W h i c h i n t r a c e l l u l a r c o m p a r t m e n t s are r e s p o n s i b l e for the d y n a m i c
a n d precise t r a f f i c k i n g a n d l o c a l i z a t i o n o f g u i d a n c e r e c e p t o r s is u n k n o w n .

S y n a p s e F o r m a t i o n i n t h e L a m i n a Is A c t i v i t y - I n d e p e n d e n t a n d S y n a p s e
N u m b e r Is P r e s y n a p t i c a l l y D e t e r m i n e d

In v e r t e b r a t e s the r e f i n e m e n t o f r e t i n o t o p i c maps in the visual system is s t r o n g l y affected by
electric n e u r o n a l a c t i v i t y a n d by c o m p e t i t i o n b e t w e e n p r e s y n a p t i c r e r r n i n a l s . V " A l t h o u g h visual
d e p r i v a t i o n in early a d u l t h o o d does r e d u c e synapse n u m b e r in the visual system o f Drosophila, 80

n e u r o n a l a c t i v i t y is n o t r e q u i r e d for s y n a p t i c p a r t n e r selection, synapse f o r m a t i o n or r e f i n e m e n t o f
synapse n u m b e r s in p u p a l p h o t o r e c e p t o r s . The e m e r g i n g fly is thus p r o v i d e d w i t h a p r e s p e c i f i e d ,
f u n c t i o n a l visual system t h a t has b e e n b u i l t by a c t i v i t y - i n d e p e n d e n t m e c h a n i s m s . " The argu­
m e n t is b a s e d on the e v a l u a t i o n o f the b r a i n s t r u c t u r e o f m u t a n t s w i t h defects in the g e n e r a t i o n
o f e l e c t r i c a l p o t e n t i a l s (norpA P24: p h o s p h o l i p a s e C, r e q u i r e d for p h o t o t r a n s d u c t i o n " a n d trp343;
trpp02: Ca 2+ c h a n n e l s r e q u i r e d for e v o k e d a n d s p o n t a n e o u s e l e c t r i c a l p o t e n t i a l s ) , or w i t h defects
in the c o n d u c t i o n o f e l e c t r i c a l p o t e n t i a l s (para t sl

: s o d i u m c h a n n e l ) , or w i t h defects in the release
o f n e u r o t r a n s m i t t e r (hdcjk910, a h i s t i d i n e d e c a r b o x y l a s e ' Y ' ] and synaptotagmin (a Ca 2 + - s e n s o r

r e q u i r e d for n e u r o t r a n s m i t t e r release'"). I m p o r t a n t l y , in spite o f the absence o f s p o n t a n e o u s or
e v o k e d e l e c t r i c a l activity, c a r t r i d g e s o r t i n g a c c o r d i n g to the p r i n c i p l e o f n e u r a l s u p e r p o s i t i o n as
well as t h e f o r m a t i o n o f the c o r r e c t n u m b e r o f synapses in each c a r t r i d g e are n o r m a l . " Per R-cell
t e r m i n a l a b o u t SO evenly spaced synapses are f o r m e d . 85 . 86

Synapse n u m b e r is n o t o n l y i n d e p e n d e n t o f e l e c t r i c a l activity, b u t also i n d e p e n d e n t f r o m
h y p o - or h y p e r i n n e r v a t i o n o f a single c a r t r i d g e by R-cell t e r m i n a l s (Fig. 6). Synapse c o n s t a n c y
p e r R-cell t e r m i n a l was first s u g g e s t e d for h o u s e flies 87 a n d r e c e n t l y s h o w n for Drosophila?' In
a c o l l e c t i o n o f c a r t r i d g e m i s s o r t i n g m u t a n t s , t e r m i n a l s in a b e r r a n t c a r t r i d g e s n e v e r t h e l e s s form
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a n o r m a l n u m b e r o f synapses w i t h the p o s t s y n a p t i c LI-3 n e u r o n s . The n u m b e r o f synapses p e r
R-cell t e r m i n a l does n o t c o r r e l a t e w i t h the n u m b e r o f t e r m i n a l s p e r c a r t r i d g e , w h i c h shows t h a t
t h e r e is no c o m p e t i t i o n for l i m i t e d p o s t s y n a p t i c c o n t a c t p r o v i d e d by LI- 3. The p r e s y n a p t i c R-cell
t e r m i n a l is e x e r t i n g c o n t r o l . " N o t h i n g is k n o w n a b o u t the m e c h a n i s m t h a t restricts t h e n u m b e r
o f synapses at the p r e s y n a p t i c site.

M e d u l l a a n d L o b u l a C o m p l e x D e v e l o p m e n t
As c o m p a r e d to the lamina, the n e u r o p i l s o f the m e d u l l a a n d l o b u l a c o m p l e x are s t r u c t u r a l l y

m u c h m o r e c o m p l e x a n d house m a n y m o r e n e u r o n a l types." C o l u m n a r o r g a n i z a t i o n is r e t a i n e d
a n d t h e r e is a one to one c o r r e s p o n d e n c e b e t w e e n l a m i n a c a r t r i d g e s a n d m e d u l l a columns, in spite
o f the fact t h a t the c o n n e c t i n g fibres cross in the o u t e r (first) o p t i c c h i a s m in the h o r i z o n t a l plane.
These fine-grained, i s o t o p i c p o i n t - t o - p o i n t c o n n e c t i o n s are also r e t a i n e d b e t w e e n the m e d u l l a and
the l o b u l a c o m p l e x t h r o u g h the axon b u n d l e s in the i n n e r o p t i c chiasm. However, at the level o f
the l o b u l a o u t p u t n e u r o n s , the n u m b e r o f r e p e t i t i v e e l e m e n t s is r e d u c e d . 2 6,88,89 W h i l e the l a m i n a
n e u r o p i l is only weakly s t r a t i f i e d (e.g., the L4 collaterals are r e s t r i c t e d to the p r o x i m a l l a m i n a layer),
s t r a t i f i c a t i o n o f the m e d u l l a , l o b u l a a n d a n d l o b u l a plate is p r o n o u n c e d (Fig. 2A). Based on profiles
o f Golgi i m p r e g n a t e d n e u r o n s , the m e d u l l a has been d i v i d e d i n t o ten d i f f e r e n t layers (M I - M 10),
the l o b u l a i n t o six layers ( L o l - L o 6 ) a n d the l o b u l a plate i n t o four layers ( L o p l - L o p 4 ) . 1 8 Layers
M I - M 6 c o n s t i t u t e the d i s t a l m e d u l l a a n d layers M8-1 0 the p r o x i m a l m e d u l l a . In s t r u c t u r a l b r a i n
m u t a n t s like small optic lobes (sOl)90 the layering o f the n e u r o p i l can be severely d i s t u r b e d (Fig.
2B,C). B o t h p a r t s o f t h e m e d u l l a are s e p a r a t e d by the s e r p e n t i n e layer M7, w h i c h houses large
t a n g e n t i a l axons and d e n d r i t e s o f m e d u l l a c o l u m n a r n e u r o n s p r o j e c t i n g to or from the C u c a t t i
b u n d l e . C o l u m n a r n e u r o n s o f the d i s t a l m e d u l l a , like l a m i n a m o n o p o l a r cells, are derived from
the o u t e r o p t i c anlage, while c o l u m n a r n e u r o n s o f the p r o x i m a l m e d u l l a a n d the l o b u l a c o m p l e x
derive from the i n n e r o p t i c anlage. 2,43

In c o n t r a s t to the l a m i n a , t h a t is c o m p l e t e l y d e p e n d e n t on r e t i n a l i n n e r v a t i o n , m e d u l l a and
l o b u l a c o m p l e x r u d i m e n t s do exist in c o m p l e t e l y eyeless flies. 4 I,9I (Fig. 2 D , E ) . These r u d i m e n t s
are n o t exclusively b u i l t by d e s c e n d a n t s o f the i n n e r o p t i c anlage; t h e y still c o n t a i n c o l u m n a r
n e u r o n s d e r i v e d from the o u t e r o p t i c anlage?' a n d cell loss seems m a i n l y be due to d e g e n e r a t i o n
o f d i f f e r e n t i a t e d n e u r o n s r a t h e r t h a n to a lack o f p r o l i f e r a t i o n o f n e u r o n a l p r e c u r s o r s , as massive
axonal d e g e n e r a t i o n has been d e c r i b e d at the level o f the i n n e r o p t i c c h i a m in eyeless sine oculis
p u p a e . " This i n d i c a t e s t h a t the final division o f the p r e c u r s o r s o f these n e u r o n s does n o t d e p e n d
on i n d u c t i o n by i n n e r v a t i o n o f R 7 / R 8 or o f l a m i n a m o n o p o l a r axons.

It is also very t e l l i n g t h a t the n e u r o p i l r u d i m e n t s o f m e d u l l a , l o b u l a a n d l o b u l a plate are still
i s o t o p i c a l l y c o n n e c t e d by c o l u m n a r n e u r o n s in such c o m p l e t e l y eyeless flies 9I (Fig. 2 D ) . V i s u o t o p y
in the wild type o p t i c lobe is t h e r e f o r e n o t c o m p l e t e l y i n d u c e d by the o r d e r e d i n g r o w t h o f r e t i n u l a
cells. Also layering, at least at the level o f the lobula, is p a r t i a l l y r e t a i n e d . However, a reliable feature
o f the o p t i c lobe r u d i m e n t s o f c o m p l e t e l y eyeless flies is the fusion o f the p o s t e r i o r m e d u l l a neu­
r o p i l w i t h the l o b u l a plate. This fusion seems to result from the s p r o u t i n g o f m e d u l l a t a n g e n t i a l s
i n t o the l o b u l a p l a t e " (Fig. 2 D , E ) . The relative i n d e p e n d e n c e o f the d e e p e r layers o f o p t i c lobe
n e u r o p i l s from eye d e v e l o p m e n t may reflect t h e i r i n t e n s i v e invasion by n e u r o n s t h a t house t h e i r
cell bodies in regions o f the c e n t r a l b r a i n . "

The I m p o r t a n c e o f C o m p a r t m e n t B o u n d a r i e s
Glial septa define n e u r o n a l c o m p a r t m e n t s in the d e v e l o p i n g c e n t r a l b r a i n as well as in the o p t i c

l o b e . " O n e such b o r d e r separates the o u t e r o p t i c anlage a n d its d e s c e n d a n t s from the i n n e r o p t i c
anlage a n d its offspring. D u r i n g d e v e l o p m e n t l a m i n a cells are in very close p r o x i m i t y to cells o f
the l o b u l a cortex. These cell p o p u l a t i o n s never i n t e r m i n g l e in wild type flies. The R o b e / S l i t recep­
t o r l l i g a n d system was r e c e n t l y s h o w n to be o f i m p o r t a n c e for the m a i n t e n a n c e o f the s e p a r a t i o n
o f these cell p o p u l a t i o n s . Slit is s e c r e t e d by l a m i n a glia a n d repels R o b o - p o s i t i v e n e u r o n s o f the
l o b u l a complex." The egghead (egh) gene is also involved in the e s t a b l i s h m e n t o f this c o m p a r t ­
m e n t b o r d e r , " In the absence o f egh, some R I - R 6 axons p r o j e c t a b n o r m a l l y to the m e d u l l a . This
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Figure 7. N o r m a l and aberrant p h o t o r e c e p t o r p r o j e c t i o n s in the o p t i c l o b e. A, C) 3D recon­
struct ions from c o n f o c a l stacks of p h o t o r e c e p t o r p r o j e c t i o n s in n e w l y eclosed flies , v i e w e d
from inside the brain . B, D) Project ions views of respective brains at higher magn i f i c a t i o n . A ,
B) W ild type R1 -R6 p r o j e c t i o n s form a dense synaptic laye r in the lamina (la) , R7/R8 p r o j e c t
through the outer chiasm and terminate in separate l aye r s in the medulla (drn, distal medulla ).
C, D) M u t a n t s d e f e c t ive for c o r r e c t synaptic p a r t n e r selection (shown here are p h o t o r e c e p t o r s
m u t a n t fo r sectS) are c h a r a c t e r i z e d by a loss of the precise and r eg u l ar p r o j e c t ion pattern i n
both n e u r o p i l s (adapted from Mehta et al 2005 77 ) .

is n o t due to a loss o f egh f u n c t i o n in the eye or in the n e u r o n s and glia o f t h e l a m i n a . I n s t e a d ,
c l o n a l analy sis and cell-specific rescue e x p e r i m e n t s s h o w e d t h a t egh is r e q u i r e d in cells o f t h e l o b u l a
c o m p l e x p r i m o r d i u m , w h i c h a b u t s t h e l a m i n a a n d m e d u l l a in the d e v e l o p i n g larval b r a i n . In t h e
absence o f egh. s h e a t h - l i k e glial processes at the b o u n d a r y r e g i o n d e l i m i t i n g l a m i n a glia a n d l o b u l a
c o r t e x are in d i s o r d e r a n d i n a p p r o p r i a t e invasion o f l o b u l a c o r t e x cells across this b o u n d a r y region
d i s r u p t s t h e p a t t e r n o f l a m i n a m a r g i n a l glia w h i c h n o r m a l l y p r o v i d e s t h e s t o p signal for RI -6
axons , " egghead e n c o d e s a b e t a - i - r n a n n o s y l t r a n s f e r a s e ' " w h i c h is i n v o l v e d in G l y c o s p h i n g o l i p i d
b i o s y n t h e s i s . G l y c o s p h i n g o l i p i d s have b e e n i m p l i c a t e d in E G F R s i g n a l i n g in Drosophila. "

S e l e c t i n g the C o r r e c t M e d u l l a T a r g e t L a y e r
In the m e d u l l a the visual i n f o r m a t i o n c h a n n e l s fed by R I - 6 are relayed via l a m i n a n e u r o n p r o ­

cesses to h i g h e r o r d e r i n t e r n e u r o n s . In a d d i t i o n , p h o t o r e c e p t o r s R 7 / 8 t e r m i n a t e and form synapses
exclusively in the m e d u l l a (Fig. 7 A), where t h e r e f o r e t h e color vision c i r c u i t is p r e d i c t e d to reside 9 • 19

(Fig. 3). Layering o f the m e d u l l a reflects the r e q u i r e m e n t for the e s t a b l i s h m e n t o f v i s u o t o p i c a l l y
o r g a n i z e d synapses b e t w e e n these d i f f e r e n t sets o f c o l u m n a r n e u r o n s . In the a d u l t o p t i c lobe t h e
five l a m i n a m o n o p o l a r n e u r o n s and R7 and R8 t e r m i n a t e in d i f f e r e n t layers o f the distal m e d u l l a . 18

This enables t h e m to relay on c h a r a c t e r i s t i c sets o f h i g h e r o r d e r c o l u m n a r n e u r o n s w h i c h p r o j e c t to
the l o b u l a c o m p l e x , most i m p o r t a n t l y o n t o t r a n s m e d u l l a cells (Tm) p r o j e c t i n g to the lobula a n d
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t r a n s m e d u l l a Y cells (TmY), the axons o f w h i c h b r a n c h in the i n n e r o p t i c c h i a s m a n d t e r m i n a t e in
l o b u l a and l o b u l a plate (Fig. 2). By i n s p e c t i o n o f R 8 a n d R7 t a r g e t i n g it was s h o w n t h a t the a d u l t
s i t u a t i o n is e s t a b l i s h e d in an at least t w o - s t a g e d layer-selection p r o c e s s " (Fig. 5). D u r i n g early p u p a l
d e v e l o p m e n t the newest leading R8 axon t e r m i n a t e s superficially in the distal m e d u l l a n e u r o p i l e
and is o v e r t a k e n by the following R7 axon t h a t t e m p o r a r i l y occupies the i m m e d i a t e adjacent d e e p e r
layer. These t e m p o r a r y layers o f R 8 a n d R7 are more a n d more p u s h e d a p a r t by the g r o w t h cones o f
the five l a m i n a m o n o p o l a r cells, w h i c h follow and elaborate t h e i r a r b o r i z a t i o n s in the space b e t w e e n
the R-cell t e r m i n a l s d u r i n g the first 40% o f p u p a l d e v e l o p m e n t . The l a m i n a g r a d i e n t o f m a t u r a t i o n
from p o s t e r i o r (oldest) to a n t e r i o r (youngest) is thus reflected as a spatial g r a d i e n t o f the thickness
o f the m e d u l l a in the h o r i z o n t a l plane d u r i n g early p u p a l d e v e l o p m e n t . At a b o u t 50% o f p u p a l
d e v e l o p m e n t all R7 a n d R8 g r o w t h cones s i m u l t a n e o u s l y b e c o m e mobile again a n d t a r g e t to t h e i r
final layers M6 a n d M3. 6 ,98 The n a t u r e o f the global trigger o f this event is still u n k n o w n .

In sevenless m u t a n t s lacking R7, the axons o f R8 a n d l a m i n a m o n o p o l a r n e u r o n s behave n o r ­
mally d u r i n g t a r g e t i n g stage I (Fig. 5). The same is t r u e for R8 a n d R7 t e r m i n a l s in the absence
o f l a m i n a m o n o p o l a r n e u r o n s . T h e r e f o r e R8, R7 a n d L I - L 5 axons t a r g e t i n d e p e n d e n t l y to t h e i r
t e m p o r a r y t e r m i n a l layers at the first l a y e r - s e l e c t i o n s t a g e . " This layer s e l e c t i o n t h e r e f o r e does
n o t seem to d e p e n d on i n t e r a c t i o n s b e t w e e n the afferents, b u t r a t h e r on i n t e r a c t i o n s w i t h cells
in the t a r g e t area.

Some factors have been i d e n t i f i e d t h a t are r e q u i r e d for t a r g e t layer selection. O n e i n t e r e s t i n g
example is the h o m o p h i l i c cell a d h e s i o n p r o t e i n C a p r i c i o u s ( C A P S ) w i t h leucine rich repeats, which
is p r e s e n t o n l y in R8 a n d in m e d u l l a cells, b u t n o t in o t h e r r e t i n u l a cells a n d n o t in the l a m i n a . "
In the m e d u l l a n e u r o p i l o f the t h i r d larval i n s t a r C A P S is u n i f o r m l y expressed, b u t is r e s t r i c t e d
to specific layers d u r i n g p u p a l d e v e l o p m e n t s p a r i n g the final R7 r e c i p i e n t layer. In flies m u t a n t for
caps, R-cell t e r m i n a l s in the m e d u l l a do n o t form a regular array a n d many R8-cell t e r m i n a l s seem
to invade n e i g h b o u r i n g c o l u m n s . I f C A P S is misexpressed in R7 cells, the first stage o f R 7 t a r g e t
layer s e l e c t i o n is o n l y m i l d l y affected, b u t the g r o w t h cones r e m a i n in the final R8 r e c i p i e n t layer.
This is evidence t h a t C A P S plays an i n s t r u c t i v e role in the t a r g e t i n g o f R 8 t e r m i n a l s . "

O t h e r factors r e q u i r e d for t a r g e t layer s e l e c t i o n o f r e t i n u l a cells are m o r e widely expressed in
the t a r g e t r e g i o n a n d may p l a y a permissive role, e.g., N - c a d h e r i n . 6,72 H o m o p h i l i c cell a d h e s i o n
m e d i a t e d by t h e e x t r a c e l l u l a r d o m a i n r a t h e r t h a n s i g n a l i n g is i m p o r t a n t , because the cytoplas­
mic d o m a i n is d i s p e n s a b l e n o t o n l y for N - c a d h e r i n m e d i a t e d cell a d h e s i o n in S2 cells b u t also
for t a r g e t i n g o f R7 g r o w t h cones. However, the c y t o p l a s m i c d o m a i n is r e q u i r e d for n o r m a l R7
g r o w t h cone m o r p h o l o g y . l ' " In the l a m i n a , N - c a d h e r i n seems to f u n c t i o n in a very similar way in
the t a r g e t i n g o f R I - 6 axons as it is expressed and r e q u i r e d in the R-cells as well as in the l a m i n a
m o n o p o l a r n e u r o n s . "

As N - c a d h e r i n is n o t exclusively expressed in specific subsets o f n e u r o n s in the respective t a r g e t
areas, it is w o r t h m e n t i o n i n g t h a t N - c a d h e r i n exists in 12 splice isoforms. In fact, it c o u l d be shown
t h a t the i s o f o r m specific N-cad (18Astop) allele selectively affects the s e c o n d stage o f R7 t a r g e t
s e l e c t i o n . ' ? ' This allele e l i m i n a t e s the six isoforms c o n t a i n i n g a l t e r n a t i v e exon 18A. N - c a d h e r i n
isoforms c o n t a i n i n g exon 18B are sufficient for the first stage o f R7 t a r g e t i n g to its t e m p o r a r y
layer, while the 18A isoforms are p r e f e r e n t i a l l y expressed in R7 d u r i n g the s e c o n d h a l f o f p u p a l
d e v e l o p m e n t and are necessary for R7 to t e r m i n a t e in t h e a p p r o p r i a t e synaptic layer M 6 o f the
m e d u l l a . ' ? ' However, it is very u n l i k e l y t h a t the N - c a d h e r i n isoforms c o n s t i t u t e s o m e t h i n g like a
c o m b i n a t o r i a l code for the selective r e c o g n i t i o n o f synaptic p a r t n e r s , as expression o f any i s o f o r m
is able to rescue the f u n c t i o n o f the o t h e r and the various isoforms m e d i a t e p r o m i s c u o u s h e t e r o ­
p h i l i c i n t e r a c t i o n s w i t h each o t h e r . 98 , I OI The f u n c t i o n o f the s t r u c t u r a l v a r i a t i o n s in the isoforms is
thus still u n k n o w n . It is conceivable t h a t t h e y affect i n t e r a c t i o n s w i t h o t h e r p r o t e i n s r a t h e r t h a n
h o m o p h i l i c adhesiveness. T h e r e f o r e N - c a d h e r i n can be c o n s i d e r e d as a h o m o p h i l i c cell a d h e s i o n
p r o t e i n p r o v i d i n g permissive s t a b i l i z i n g i n t e r a c t i o n s in t a r g e t selection.

M u t a n t alleles o f t h e r e c e p t o r t y r o s i n e p h o s p h a t a s e L A R a n d its d o w n s t r e a m i n t e r a c t o r , the
scaffolding p r o t e i n L i p r i n - a , p r o d u c e N - c a d h e r i n m u t a n t - l i k e t a r g e t i n g defects ofR_axons. 74 , I 02- 104

B o t h p r o t e i n s are expressed like N - c a d h e r i n in all R-cells a n d in n e u r o n s o f the t a r g e t areas a n d
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t h e i r i n v o l v e m e n t in the r e g u l a t i o n o f N - c a d h e r i n has been s h o w n . l ' " However, the r e q u i r e m e n t
o f L i p r i n - a a n d L A R for R-cell t a r g e t i n g is exclusively on the p r e s y n a p t i c site. l0 3,104 This implies
t h a t N - c a d h e r i n r e g u l a t i o n is d i f f e r e n t o n the d e n d r i t i c a n d on the axonal site. Two h e p a r a n sul­
fate p r o t e o g l y c a n s have been i d e n t i f i e d as ligands for LAR: Dally-like and Syndecan. B o t h have
been i m p l i c a t e d in L A R - d e p e n d e n t axon g u i d a n c e : Syndecan as a p r o m o t o r a n d Dally-like as an
i n h i b i t o r o f L A R signaling. 106-108

The G - p r o t e i n coupled, 7 -pass t r a n s m e m b r a n e r e c e p t o r Flamingo is an atypical cadherin, w h i c h
has r e c e n t l y been s h o w n to r e g u l a t e s y n a p t o g e n e s i s at the n e u r o m u s c u l a r j u n c t i o n . In a d d i t i o n ,
F l a m i n g o is r e q u i r e d to p r e v e n t axonal a n d synaptic d e g e n e r a t i o n in Drosophila.10 9 Its i n v o l v e m e n t
in o p t i c lobe d e v e l o p m e n t is also well established?3,110,111 M u t a t i o n s in the flamingo (fmi) gene have
been d i s c o v e r e d in screens for a b n o r m a l R-cell c o n n e c t i v i t y ' ! ' and for defects in visual b e h a v i o u r , "
W h i l e F l a m i n g o is r e q u i r e d for the s o r t i n g o f R I - 6 t e r m i n a l s to t h e i r c o r r e c t l a m i n a c a r t r i d g e s ,
it has at least two i m p o r t a n t f u n c t i o n s d u r i n g R8 axon t a r g e t i n g as well: it facilitates c o m p e t i t i v e
i n t e r a c t i o n s b e t w e e n a d j a c e n t R8 axons to ensure t h e i r c o r r e c t spacing 7 3,111 a n d it p r o m o t e s the
f o r m a t i o n o f stable c o n n e c t i o n s b e t w e e n R8 axons a n d t h e i r t a r g e t cells in the m e d u l l a . l ' ? ' ' ! ' The
t i l i n g f u n c t i o n o f F l a m i n g o is n o t r e s t r i c t e d to axonal p r o j e c t i o n s . In o t h e r systems, it has been
s h o w n to f u n c t i o n in the s h a p i n g o f d e n d r i t i c fields as well 11 2 a n d it was r e c e n t l y s h o w n t h a t in­
g r o w i n g R8 axons i n d u c e layer-specific expression o f F l a m i n g o in the m e d u l l a via Jelly belly (Jeb)
signaling. 11 0Its receptor, the a n a p l a s t i c l y m p h o m a kinase (Alk), is expressed a n d r e q u i r e d in t a r g e t
n e u r o n s in the o p t i c lobe. Jeb is g e n e r a t e d by p h o t o r e c e p t o r axons a n d c o n t r o l s t a r g e t s e l e c t i o n o f
R l - R6 axons in the l a m i n a a n d R8 axons in the m e d u l l a . Loss o f j e b / A l k f u n c t i o n affects m e d u l l a
layer-specific expression n o t only o f F l a m i n g o , b u t also o f two c e l l - a d h e s i o n molecules o f the im­
m u n o g l o b u l i n superfamily, R o u g h e s t / I r r e C a n d K i r r e / D u m b f o u n d e d . ! " These closely r e l a t e d
single pass t r a n s m e m b r a n e p r o t e i n s are k n o w n from t h e i r f u n c t i o n in muscle fusion,113,114 eye
d e v e l o p m e n r ' V " a n d o p t i c chiasm f o r m a t i o n . 116-11 8 Loss o f R o u g h e s t / I r r e C leads to m i s r o u t i n g
via the i n n e r o p t i c c h i a s m o f p o s t e r i o r R 8 / R 7 and l a m i n a m o n o p o l a r axons to t h e i r v i s u o t o p i c
t a r g e t area. 1 16 The axonal b u n d l e s in the first o p t i c c h i a s m w h i c h c o n n e c t single l a m i n a c a r t r i d g e s
w i t h i s o t o p i c m e d u l l a c o l u m n s t e n d to fasciculate in loss o f f u n c t i o n m u t a n t s , 118 w h i c h copies the
loss offlamingo p h e n o t y p e in the first c h i a s m , " i n d i c a t i n g t h a t the R o u g h e s t / I r r e C p r o t e i n helps
to keep c o l u m n a r fibre b u n d l e s a p a r t from each other.

C o l u m n a r T i l i n g
W h i l e the s t r a t i f i c a t i o n o f c o l u m n a r n e u r o n s reflects t h e i r cell type specific c o n n e c t i v i t y , it is

the l a t e r a l e x t e n t o f the a r b o r i z a t i o n s t h a t d e t e r m i n e s the v i s u o t o p i c p r e c i s i o n o f t h e a d u l t neu­
rons a n d affects the size a n d p o s i t i o n o f t h e i r visual fields. It was s h o w n in a classical p a p e r t h a t
c o m p e t i t i o n b e t w e e n R7 t e r m i n a l s occurs to a l i m i t e d degree in the t a r g e t r e g i o n . ! " In the t h i r d
instar, R7 axons t r a n s i e n t l y display o v e r l a p p i n g halos o f filopodia, b u t in genetic mosaics vacant
sites are o n l y i n v a d e d by n e i g h b o u r i n g R7 t e r m i n a l extensions, if extra R7 axons due to the more
inner photoreceptors m u t a t i o n are available in the j u x t a p o s e d m e d u l l a c o l u m n s . 1 19

The a p p r o p r i a t i o n o f t e r r i t o r y by n e u r o n a l a r b o r i z a t i o n s has at least two aspects. First, the
processes o f the same n e u r o n have to recognize a n d arrange themselves. D e n d r i t i c as well as axonal
a r b o r i z a t i o n s s h o u l d more or less evenly cover t h e i r a p p r o p r i a t e t a r g e t space. S e c o n d , n e u r o n s o f
the same type s h o u l d respect each o t h e r s t e r r i t o r y . The s e c o n d process is k n o w n as " t i l i n g " b u t t h e
first process is related. It has to be assumed t h a t in b o t h processes r e c o g n i t i o n o f "self " or o f "same
k i n d " has to be followed by r e p u l s i o n . I n t e r e s t i n g l y h o m o p h i l i c r e c e p t o r s o f the c o n s e r v e d family
o f t h e D o w n s y n d r o m e cell a d h e s i o n molecules ( D S C A M s ) , m e m b e r s o f t h e i m m u n o g l o b u l i n
superfamily, have been f o u n d to f u n c t i o n in b o t h aspects o f n e u r o n a l tiling. 1 2Q-122 There are four
D s c a m genes in the Drosophila genome, called D s c a m a n d D s c a m 2 - 4 . D s c a m is special in t h a t it
displays an e x t r a o r d i n a r y m o l e c u l a r diversity. D u e to four casettes o f a l t e r n a t i v e spliced exons it
can g e n e r a t e 3 8 0 1 6 d i f f e r e n t p r o t e i n s . 123 M o s t interestingly, isoform-specific h o m o p h i l i c a d h e s i o n
seems to i n d u c e r e p u l s i o n in d e n d r i t e s a n d thus helps to avoid selfcrossing a n d c o n t r i b u t e s to an
even coverage o f the d e n d r i t i c field in all four classes o f d e n d r i t e a r b o r i z a t i o n n e u r o n s , a g r o u p o f
sensory n e u r o n s w i t h a s t e r e o t y p e d d e n d r i t i c b r a n c h i n g p a t t e r n . 12 0,122 For D s c a m 2 two isoforms
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( D s c a m 2 A a n d D s c a m 2 B ) have been described. They are able to m e d i a t e isoform-specific h o m o ­
p h i l i c a d h e s i o n in 52-cells and do n o t b i n d to o t h e r Dscam family members. D s c a m 2 plays a role
in t i l i n g a m o n g L l t e r m i n a l s (Fig. 2A) w i t h i n the distal medulla. D s c a m 2 h o m o p h i l i c i n t e r a c t i o n s
m e d i a t e r e p u l s i o n b e t w e e n L l axonal t e r m i n a l s in n e i g h b o u r i n g columns. Loss o f D s c a m 2 func­
t i o n leads to an overlap o f the L 1 t e r m i n a l s . ! "

The repulsive effect o f p r o t e i n s t h a t are able to m e d i a t e h o m o p h i l i c a d h e s i o n in cell c u l t u r e
e x p e r i m e n t s d e m o n s t r a t e s the i m p o r t a n c e o f s i g n a l i n g for t h e u n d e r s t a n d i n g o f c e l l u l a r re­
sponses in vivo. D u e to the h i g h n u m b e r o f d i f f e r e n t types o f c o l u m n a r n e u r o n s in the m e d u l l a
o f Drosophila I 8 it is likely t h a t still o t h e r r e c e p t o r s will be d e s c r i b e d t h a t f u n c t i o n in t i l i n g o f
c o l u m n a r cell types.

C o n n e c t i n g Optic L o b e s w i t h a n d across t h e C e n t r a l B r a i n
N e u r o n a l c o n n e c t i o n s b e t w e e n the o p t i c lobe and c e n t r a l b r a i n have recently been systemati­

cally m a p p e d in c o n s i d e r a b l e detail." C o m p a r a b l y l i t t l e is k n o w n a b o u t the d e v e l o p m e n t o f these
p r o j e c t i o n s . T h r o u g h the study o f the t r a n s c r i p t i o n factor A t o n a l , w h i c h is originally k n o w n to
be r e q u i r e d for the specification o f the R8 o m m a t i d i a l f o u n d e r p h o t o r e c e p t o r , a dorsal cluster o f
o p t i c lobe n e u r o n s was discovered t h a t c o n n e c t s b o t h o p t i c lobes across the c e n t r a l b r a i n d u r i n g
larval d e v e l o p r n e n t . P ' The dorsal cluster n e u r o n s p r o j e c t c o n t r a l a t e r a l l y towards the lobula com­
plex where they fan o u t over the l o b u l a complex and i n n e r chiasm and a d d i t i o n a l l y form a precise
n u m b e r o f p r o j e c t i o n s towards the medulla. This r e p r o d u c i b l y accurate p r o j e c t i o n p a t t e r n has been
e m p l o y e d to i d e n t i f y an i n t e g r a t i v e signaling n e t w o r k e n c o m p a s s i n g the J u n N - t e r m i n a l kinase,
the G T P a s e Rae, the s e c r e t e d m o r p h o g e n W n t , its r e c e p t o r Frizzled, the FGF Branchless and the
FGF receptor. I m p o r t a n t l y , this n e t w o r k regulates the extension and r e t r a c t i o n o f axonal branches,
b u t n o t axon guidance, i n d i c a t i n g t h a t these processes are r e g u l a t e d i n d e p e n d e n t l y . 125 Finally, the
dorsal cluster n e u r o n p r o j e c t i o n s have also been shown to form i n d e p e n d e n t o f n e u r o n a l activity,
f u r t h e r s u p p o r t i n g the n o t i o n t h a t w i r i n g o f the o p t i c lobes, from cellular d i f f e r e n t i a t i o n down
to the specification o f synapses, follow a genetic p r o g r a m . 71 , 12 5

C o n c l u d i n g R e m a r k s
W h i l e many steps in o p t i c lobe d e v e l o p m e n t are still n o t yet u n d e r s t o o d , it is clear t h a t a

c o m b i n a t i o n o f t i m i n g o f n e u r o n a l and glial cell fate specification, axonal o u t g r o w t h , o f i n d u c t i v e
events a n d o f specific r e c o g n i t i o n processes b e t w e e n "self" a n d " n o t self" d i r e c t the wiring o f the
n e u r a l m a c h i n e r y o f the o p t i c lobe. It is t h e r e f o r e a genetically e n c o d e d d e v e l o p m e n t a l p r o g r a m
t h a t ensures all aspects o f vision r e q u i r e d for the survival o f the newly e m e r g i n g fly. A d u l t o p t i c
lobe d e v e l o p m e n t is o p t i m i z e d for speed and precision. However, the a d u l t o p t i c lobe also displays
a c e r t a i n degree o f plasticity. D e p r i v a t i o n o f visual i n p u t after the o p t i c lobe is f o r m e d can lead to
a r e d u c t i o n in synapse n u m b e r s in the l a m i n a d u r i n g a critical time w i n d o w in early a d u l t h o o d / "
However, such p l a s t i c i t y is a p p a r e n t l y n o t r e q u i r e d to wire a f u n c t i o n a l o p t i c lobe. It is t h e r e f o r e
an i m p o r t a n t r e a l i z a t i o n t h a t a b r a i n s t r u c t u r e like the Drosophila o p t i c lobe is as m u c h the p r o d ­
uct o f a genetically e n c o d e d d e v e l o p m e n t a l p r o g r a m as the eye or a wing. Given the rich genetic
t o o l box available and the w e a l t h o f k n o w l e d g e a b o u t Drosophila d e v e l o p m e n t , the o p t i c lobe is
a w o n d e r f u l m o d e l system to d e c i p h e r this d e v e l o p m e n t a l p r o g r a m a n d a t t a i n k n o w l e d g e a b o u t
the e x t e n d to w h i c h a b r a i n s t r u c t u r e can be "genetically e n c o d e d "
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Clonal Unit Architecture of the Adult Fly Brain
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A b s t r a c t

D u r i n g larval n e u r o g e n e s i s , n e u r o b l a s t s r e p e a t a s y m m e t r i c cell d i v i s i o n s to g e n e r a t e clonally
r e l a t e d progeny. W h e n t h e p r o g e n y o f a single n e u r o b l a s t is v i s u a l i z e d in t h e l a r v a l b r a i n ,
t h e i r cell b o d i e s form a cluster a n d t h e i r n e u r i t e s form a t i g h t b u n d l e . This s t r u c t u r e persists

in t h e a d u l t b r a i n . N e u r i t e s d e r i v i n g f r o m the cells in t h i s c l u s t e r f o r m b u n d l e s t o i n n e r v a t e d i s t i n c t
areas o f t h e b r a i n . S u c h c l o n a l u n i t s t r u c t u r e was first i d e n t i f i e d in t h e m u s h r o o m body, w h i c h
is f o r m e d by four n e a r l y i d e n t i c a l c l o n a l u n i t s e a c h o f w h i c h c o n s i s t s o f diverse t y p e s o f n e u r o n s .
O r g a n i s e d s t r u c t u r e s in o t h e r areas o f t h e b r a i n , s u c h as t h e c e n t r a l c o m p l e x a n d t h e a n t e n n a l l o b e
p r o j e c t i o n n e u r o n s , also c o n s i s t o f d i s t i n c t c l o n a l u n i t s . M a n y c l o n a l l y r e l a t e d n e u r a l c i r c u i t s are
o b s e r v e d also in t h e rest o f t h e b r a i n , w h i c h is o f t e n c a l l e d d i f f u s e d n e u r o p i l e s b e c a u s e o f t h e ap­
p a r e n t lack o f clearly d e m a r c a t e d s t r u c t u r e s . Thus, it is likely t h a t t h e c l o n a l u n i t s are t h e b u i l d i n g
b l o c k s o f a s i g n i f i c a n t p o r t i o n o f t h e a d u l t b r a i n c i r c u i t s . A r b o r i s a t i o n s o f t h e c l o n a l u n i t s are n o t
m u t u a l l y exclusive, however. R a t h e r , several c l o n a l u n i t s c o n t r i b u t e t o g e t h e r to f o r m d i s t i n c t n e u r a l
c i r c u i t u n i t s , t o w h i c h o t h e r clones c o n t r i b u t e relatively marginally. C o n s t r u c t i o n o f t h e b r a i n by
c o m b i n i n g s u c h g r o u p s o f c l o n a l l y r e l a t e d u n i t s w o u l d have b e e n a s i m p l e a n d efficient s t r a t e g y for
b u i l d i n g t h e c o m p l i c a t e d n e u r a l c i r c u i t s d u r i n g d e v e l o p m e n t as well as d u r i n g e v o l u t i o n .

I n t r o d u c t i o n
The fly b r a i n c o n s i s t s o f a c o m p l i c a t e d m e s h w o r k o f n e u r a l c i r c u i r s . l - ' E a c h n e u r o n p r o j e c t s

to a n d a r b o r i s e s in its d i s t i n c t subareas. V i s u a l i s a t i o n o f specific s u b t y p e s o f n e u r o n s , e i t h e r by
a n t i b o d y s t a i n i n g o r by e x p r e s s i o n o f r e p o r t e r genes, suggests t h a t , a l t h o u g h c e r t a i n v a r i a b i l i t y
is o b s e r v e d in t h e n u m b e r o f t h e l a b e l l e d cells, t h e p r o j e c t i o n p a t t e r n s o f t h e l a b e l l e d n e u r o n s
are r a t h e r s t e r e o t y p e d in t h e a d u l t b r a i n . " ? M o l e c u l a r m e c h a n i s m s u n d e r l y i n g t h e f o r m a t i o n o f
s u c h c o m p l i c a t e d b u t s t e r e o t y p e d n e u r a l a r c h i t e c t u r e have b e e n s t u d i e d e x t e n s i v e l y d u r i n g t h e
p a s t few d e c a d e s . N e u r o n s are g e n e r a t e d by a s y m m e t r i c d i v i s i o n o f t h e s t e m cells c a l l e d n e u r o ­
blasts. 6

• 7 E a c h n e u r o b l a s t gives b i r t h to a series o f c l o n a l p r o g e n y d u r i n g n e u r o g e n e s i s . The b r a i n
is t h e r e f o r e c o m p o s e d o f "families" o f c l o n a l l y r e l a t e d cells. In t h i s c h a p t e r , we e x a m i n e h o w s u c h
l i n e a g e - d e p e n d e n t g r o u p s o f n e u r o n s c o n t r i b u t e to t h e f o r m a t i o n o f t h e e l a b o r a t e d n e u r a l c i r c u i t s
o f t h e a d u l t fly b r a i n .

S t r u c t u r e o f t h e A d u l t B r a i n
Before d i s c u s s i n g t h e r e l a t i o n s h i p b e t w e e n clones a n d n e u r a l n e t w o r k , we will b r i e f l y o v e r v i e w

t h e g e n e r a l s t r u c t u r e o f t h e a d u l t fly b r a i n ( f o r s t r u c t u r e a n d d e v e l o p m e n t o f t h e l a r v a l b r a i n , see
c h a p t e r by V H a r t e n s t e i n et al). The a d u l t b r a i n is a mass o f n e u r o n s t h a t is a b o u t 500 urn wide,
200 Jlm t h i c k a n d 2 SO urn tall. It c o n s i s t s o f t h r e e p a r t s , t h e c e n t r a l b r a i n a n d an o p t i c lobe o n
e i t h e r side. The l a t t e r is t h e l o w e r - o r d e r s e n s o r y c e n t r e s p e c i a l i s e d for visual i n f o r m a t i o n process­
ing,8.9 w h e r e a s t h e f o r m e r c o n t a i n s l o w e r - o r d e r c e n t r e s o f o t h e r s e n s o r y m o d a l i t i e s ( o l f a c t o r y ,
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etc.) as well as i n t e g r a t i v e a n d associative c e n t r e s a n d h i g h e r - o r d e r m o t o r c o n t r o l centres. Figures
I A , B s h o w s e c t i o n s o f a s i l v e r - s t a i n e d a d u l t fly b r a i n . The area n e a r t h e b r a i n surface is o c c u p i e d
by t h e r i n d , or c o r t e x , w h e r e cell b o d i e s o f all the n e u r o n s are c o n f i n e d (yellow areas). U n l i k e
v e r t e b r a t e s , i n s e c t n e u r o n s have no synapses a r o u n d t h e i r cell b o d i e s . Thus, t h e r e are no synapses
in t h e r i n d . All the b r a i n n e u r o n s are m o n o p o l a r , s e n d i n g single n e u r i t e s (cell b o d y fibres) d e e p e r
i n t o t h e b r a i n a n d f o r m s y n a p t i c c o n n e c t i o n s ' (Fig. I C ) . The area o c c u p i e d by these fibres a n d
synapses is called the n e u r o p i l e .

The t h i c k n e s s o f t h e r i n d is d i f f e r e n t d e p e n d i n g o n the area o f the b r a i n . It is t h i c k e s t in the area
called t h e l a t e r a l cell b o d y r e g i o n ( L C B R ) , w h i c h is b e t w e e n the c e n t r a l b r a i n a n d the o p t i c lobe
(Fig. I A , B ) . The r i n d is t h i n in the areas w h e r e t h e u n d e r l y i n g n e u r o p i l e s are p r o t r u d e d . Especially,
t h e r e are essentially no cell b o d i e s in the a n t e r i o r m o s t surface area o f t h e s u b o e s o p h a g e a l g a n g l i o n
( S a G ) , a n t e n n a l l o b e (AL), v e n t r o l a t e r a l p r o t o c e r e b r u m (vlpr) a n d t h e a n t e r i o r i n f e r i o r l a t e r a l
p r o t o c e r e b r u m ( a i m p r ) (Fig. I D ) . The v e n t r a l area o f the p o s t e r i o r b r a i n has no cell b o d i e s , e i t h e r ,
because this area is o c c u p i e d by the cervical c o n n e c t i v e t h a t houses the d e s c e n d i n g a n d a s c e n d i n g
n e u r a l fibres to a n d f r o m the t h o r a c i c g a n g l i o n (Fig. 1E). The d i a m e t e r o f the n e u r a l cell b o d i e s
t e n d to be smaller in t h e o p t i c lobe a n d in t h e area above t h e calyx (ca) o f t h e m u s h r o o m b o d y
(MB) t h a n in o t h e r areas o f the c e n t r a l b r a i n (Fig. I E ) .

N e u r i t e s g e n e r a l l y form a r b o r i s a t i o n s in several areas along t h e i r t r a j e c t o r i e s (Fig. I C ) . The
a r b o r i s a t i o n s t h a t are closest f r o m the cell b o d i e s are called the p r i m a r y a r b o r i s a t i o n s a n d t h o s e
t h a t are f a r t h e s t are t h e t e r m i n a l a r b o r i s a t i o n s . In a s i m p l i s t i c view, t h e p r i m a r y a r b o r i s a t i o n is
o f t e n r e g a r d e d as " p o s t s y n a p t i c d e n d r i t e s " or " i n p u t areas," whereas the t e r m i n a l a r b o r i s a t i o n is
o f t e n called " p r e s y n a p t i c axon t e r m i n a l s " or " o u t p u t areas." T h o u g h t h i s is t r u e in some cases, the
s i t u a t i o n is o f t e n m o r e c o m p l i c a t e d . For example, m a n y p r o j e c t i o n n e u r o n s t h a t convey o l f a c t o r y
i n f o r m a t i o n f r o m the AL to the s e c o n d - o r d e r o l f a c t o r y c e n t r e s (the MB a n d t h e l a t e r a l h o r n , L H )
have p r e s y n a p t i c sites n o t only in t h e i r t e r m i n a l s in the MB a n d L H b u t also in t h e i r d e n d r i t e s in
the AL (R O k a d a a n d KI, u n p u b l i s h e d o b s e r v a t i o n ) . K e n y o n cells o f the MB have p o s t s y n a p t i c
sites n o t o n l y in t h e calyx, w h i c h is s u p p o s e d to be t h e i n p u t area o f the MB, b u t also in t h e lobes,
w h i c h is r e g a r d e d as its o u t p u t area.'? Thus, p r e a n d p o s t s y n a p t i c sites may in various cases c o - e x i s t
in the same b r a n c h e s o f n e u r i t e s . P r e s y n a p t i c sites in the p r i m a r y a r b o r i s a t i o n s may f u n c t i o n for
e m i t t i n g local f e e d b a c k signals a n d p o s t s y n a p t i c sites in the t e r m i n a l a r b o r i s a t i o n s m i g h t receive
local m o d i f i c a t i o n signals for t h e i r o u t p u t . O n the o t h e r h a n d , t h e r e are i n d e e d some n e u r o n s
in w h i c h pre a n d p o s t s y n a p t i c sites are p r e f e r e n t i a l l y d i s t r i b u t e d in the p r o x i m a l a n d d i s t a l areas
o f t h e n e u r i t e s , r e s p e c t i v e l y . " The d i r e c t i o n o f i n f o r m a t i o n t h e r e f o r e is n o t self e v i d e n t f r o m t h e
p r o j e c t i o n p a t t e r n alone. Because the t e r m " d e n d r i t e " o f t e n infers its role as i n p u t sites, care s h o u l d
be t a k e n w h e n u s i n g t h i s w o r d for r e f e r r i n g to c e r t a i n p r i m a r y a r b o r i s a t i o n s .

The b r a i n consists o f n e u r o n s and glial cells. Figure 1 F,G show cross sections o f the b r a i n labelled
for s y n a p t i c areas ( w i t h m o n o c l o n a l a n t i b o d y n c 8 2 1 1

) a n d glial processes ( w i t h G F P d r i v e n by the
glial specific r e p o - G A L 4 driver.) The r i n d is c o n t r i b u t e d extensively by t h e processes o f cell b o d y
glia (or c o r t e x glia)," w h i c h e n s h e a t h each n e u r a l cell body. As e x p l a i n e d before, synapses exist
o n l y in t h e n e u r o p i l e . By c o m p a r i n g Figure I A a n d 1G, w h i c h s h o w the s e c t i o n s o f t h e same level
o f the b r a i n , it is clear t h a t t h e n e u r o p i l e areas t h a t are o c c u p i e d by large t r a c t s o f n e u r a l fibres
( b u n d l e s o f t h i c k lines in Fig. IA) are d e v o i d o f synapses ( b l a c k areas in Fig. 1 G). These t r a c t s are
c o v e r e d by t h e processes o f the n e u r o p i l e glial cells.

The n e u r o p i l e glia also s e p a r a t e t h e b o r d e r s b e t w e e n m a j o r b r a i n areas. For example, the bor­
ders a r o u n d the AL, MB a n d t h e c e n t r a l c o m p l e x , as well as the b o r d e r b e t w e e n the s u b o e s o p h a ­
geal g a n g l i o n ( S a G ) a n d t h e s u p r a o e s o p h a g e a l g a n g l i o n , are c o v e r e d by t h e glial s h e a t h . G l i a l
processes, however, do n o t always d e m a r c a t e b o r d e r s b e t w e e n f u n c t i o n a l areas o f the n e u r o p i l e .
For example, a l t h o u g h the MB is c o v e r e d extensively by glial processes, t h e r e is no glial s h e a t h
s t r u c t u r e b e t w e e n t h e L H - t h e o t h e r s e c o n d - o r d e r o l f a c t o r y c e n t r e - a n d the s u r r o u n d i n g neu­
ropiles. Similarly, a l t h o u g h the a n t e r i o r h a l f o f the v e n t r o l a t e r a l p r o t o c e r e b r u m (vlpr) is clearly
d e m a r c a t e d by glial processes, the b o r d e r b e t w e e n its p o s t e r i o r h a l f a n d n e i g h b o u r i n g n e u r o p i l e s
is m o r e a m b i g u o u s .
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W h e r e a s three p a r t i c u l a r regions o f the c e n t r a l brain, the AL, MB and the c e n t r a l complex,
have clear glial sheaths t h a t demarcate t h e i r b o r d e r s and simple and o r g a n i s e d c i r c u i t s t r u c t u r e s
w i t h i n them, n e u r a l fibres in the rest o f the central b r a i n do n o t form clearly d i s t i n g u i s h a b l e u n i t
s t r u c t u r e s . These areas are often collectively called "diffused neuropiles." S h o r t o f a c o m p r e h e n s i v e
knowledge a b o u t the circuit s t r u c t u r e s in the diffused neuropiles, it is n o t possible to d e t e r m i n e the
f u n c t i o n a l areas u n a m b i g u o u s l y in these brain areas. Therefore we here rely on a simple block-based
t e r m i n o l o g y system to describe the subregions in these n e u r o p i l e s (Fig. 1H-N).2.S

The c e n t r a l b r a i n is d i v i d e d i n t o two parts: the s u p r a o e s o p h a g e a l and s u b o e s o p h a g e a l ganglia.
They are s e p a r a t e d clearly in insect species t h a t a p p e a r e d earlier d u r i n g e v o l u t i o n , b u t in flies they
are fused w i t h no clear external b o r d e r (Fig. 1 A , D ) . The s u p r a o e s o p h a g e a l g a n g l i o n is divided
i n t o three n e u r o m e r e s , the p r o t o - , d e u t o - and t r i t o c e r e b r u m . The p r o t o c e r e b r u m occupies most
area o f the s u p r a o e s o p h a g e a l ganglion. The d e u t o c e r e b r u m is a small, flat area t h a t lies b e n e a t h
the p r o t o c e r e b r u m and spans on b o t h sides o f the S O G . The n e u r o p i l e s t h a t receive sensory
p r o j e c t i o n s from the a n t e n n a e , i.e., the AL and the a n t e n n a l m e c h a n o s e n s o r y and m o t o r centre
( A M M C ) , are parts o f the d e u t o c e r e b r u m (Fig. 1M,N).13-1S E v o l u t i o n a r y studies and analyses o f
early embryogenesis suggest t h a t the animal body a n t e r i o r to the o e s o p h a g u s is likely to consist
o f three segments ( C h a p t e r 2). Thus, the t h i r d s u p r a o e s o p h a g e a l n e u r o m e r e , the t r i t o c e r e b r u m ,
s h o u l d exist somewhere b e t w e e n the d e u t o c e r e b r u m and the S O G . Such n e u r o m e r e is n o t clearly
discernible in the a d u l t fly brain, however (Fig. 1A,G).

The S O G can also be d i v i d e d i n t o three n e u r o m e r e s : the m a n d i b u l a r , maxillary and labial
neuromeres. They derive from the three head segments p o s t e r i o r to the o e s o p h a g u s and each
n e u r o m e r e receives p e r i p h e r a l nerves from the c o r r e s p o n d i n g head segment. The i n t e r n a l borders
b e t w e e n these n e u r o m e r e s w i t h i n the brain, however, are difficult to identify. The S O G consists
mainly o f the t e r m i n a l s o f sensory n e u r o n s from the m o u t h and the surface o f the head capsule
and d e n d r i t e s o f the m o t o r n e u r o n s for the head muscles. J u d g i n g from its p r i m a r y role t h a t is
closely associated w i t h the p e r i p h e r a l nervous systems, the S O G is f u n c t i o n a l l y more similar to
the thoracic ganglion t h a n to the s u p r a o e s o p h a g e a l ganglion. For this reason, the term "brain"
sometimes refers specifically to the s u p r a o e s o p h a g e a l ganglion.

As this example shows, the d e f i n i t i o n o f the word " b r a i n " is s o m e w h a t a m b i g u o u s in the insect
nervous system (Table 1). D e p e n d i n g on the context, it refers to e i t h e r all the c e n t r a l nervous
system t h a t resides in the head capsule, the s u p r a o e s o p h a g e a l ganglion i n c l u d i n g the o p t i c lobes,
the c o m b i n a t i o n o f the S O G and the c e n t r a l p a r t o f the s u p r a o e s o p h a g e a l ganglion, or only the
central p a r t o f the s u p r a o e s o p h a g e a l ganglion. To avoid c o n f u s i o n , in this c h a p t e r we use the word
"brain" to refer to all the central nervous system in the head and use the words shown in parentheses
o f Table 1 to refer to each specific p a r t o f it.

T e c h n i q u e s for V i s u a l i s i n g C I o n ally R e l a t e d P r o g e n y
Neuroblasts divide asymmetrically to generate their progeny (Fig. 2 A ) . T h e p r o l i f e r a t i o n p a t t e r n

is r a t h e r different b e t w e e n the o p t i c lobe and the central brain (inset p h o t o g r a p h in Fig. 2A). In the
o p t i c lobe, p r e c u r s o r cells a r r a n g e d in the two o p t i c anlagen first divide symmetrically to increase
t h e i r n u m b e r and t h a n asymmetrically, to p r o d u c e large n u m b e r s o f p r o g e n y " (see C h a p t e r by
KF Fischbach and PR H i e s i n g e r ) . In the c e n t r a l brain, the p r o l i f e r a t i o n p a t t e r n is essentially the
same as in the t h o r a c i c g a n g l i o n (the v e n t r a l nerve cord), where a l i m i t e d n u m b e r o f n e u r o b l a s t s

Table 1. Classification o f the brain areas

Suboesophageal ganglion

SOG

SOG

Supraoesophageal ganglion w i t h o u t o p t i c lobe

Brain
Brain (-+ su

O p t i c lobe
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Figure 1, le gend v iewed on f o l l o w ing pages.
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Figure 1, v i e w e d on p r v i o u s page. O v e r a l l structure of the adult fly brain. A,B) Coronal (frontal,
A) and h o r i z o n t a l (B) sections of silver-stained brains (A, B, D and N m o d i f i e d from ref. 5 w i t h
permission from John W i l e y and Sons, Inc. ( 2 0 0 6 ) . Areas w i t h y e l l o w overlay represent the
rind, or cortex. Black dashed lines show the border between the central brain and the o p t i c
lobe and between neuromeres (A). W h i t e lines show the a r b i t r a r y b o r d e r of the n e u r o p i l e re­
gions. C) Scheme of a neuron in the brain. D,E) D i s t r i b u t i o n of the neural cell bodies, showing
the a n t e r i o r (D) and p o s t e r i o r (E) views of the brain. T h r e e - d i m e n s i o n a l (3D) r e c o n s t r u c t i o n of
the confocal o p t i c a l sections of the brain expressing n u c l e a r - s p e c i f i c reporter UAS-NLS-/acZ
driven by elav-GAL4 enhancer trap strain c155 ( m o d i f i e d from ref. 10). F, G) Confocal o p t i c a l
sections, showing the anterior (F) and m i d d l e (G) areas (Data by H. Otsuna). Magenta repre­
sents the synaptic areas visualised by the m o n o c l o n a l a n t i b o d y nc82, w h i c h recognises the
active zone protein, B r u c h p i l o t . " W h i t e represents the glial processes visualised w i t h UAS-CFP
driven w i t h g l i a - s p e c i f i c r e p o - G A L 4 driver. H - N ) N e u r o p i l e regions defined for i n d i c a t i n g the
positions in the brain ( m o d i f i e d from ref. 5). 3D r e c o n s t r u c t i o n of the a n t e r i o r (H), posterior
(I) and anterior-dorsal o b l i q u e (J-N) views of the brain showing n e u r o p i l e regions at d i f f e r e n t
dorsoventral levels. Because analysis of the f u n c t i o n and neural a r c h i t e c t u r e of the diffused
neuropiles remains scarce and spotty, our current k n o w l e d g e is not enough for making con­
clusive regional map that reflects the f u n c t i o n a l organisation of this area. To p r o v i d e a way
to describe n e u r o p i l e regions u n a m b i g u o u s l y under this situation, borders of the n e u r o p i l e
regions are here defined a r b i t r a r i l y w i t h simple planes that are defined in association w i t h easily
recognisable landmarks such as the MB and the great commissure (GC). This n o m e n c l a t u r e
system is i n t r o d u c e d by Strausfeld? and expanded by Otsuna and Ito.'

List of the n e u r o p i l e regions: The dorsal area of the p r o t o c e r e b r u m is d i v i d e d into t w o areas:
the s u p e r i o r m e d i a l p r o t o c e r e b r u m (smpr) and the superiorlateral p r o t o c e r e b r u m (slpr). The
sagittal b o r d e r between smpr and slpr is defined by the lateral surface of the MB pedunculus
(p), The h o r i z o n t a l b o r d e r between the superior p r o t o c e r e b r u m and the i n f e r i o r protocer­
ebrum is defined w i t h the 50% height between the ventral surface of the p e d u n c u l u s and the
tip of the MB vertical lobe. asmpr (anterior s u p e r i o r m e d i a l p r o t o c e r e b r u m ) : the asmpr is the
a n t e r i o r m o s t area of the smpr, between the t w o vertical lobes (v) of the MB. The area slightly
lateral to the MB vertical lobe but d o r s o m e d i a l to the lateral p e d u n c u l u s surface is i n c l u d e d
in the aimpr, because many neurons around the vertical lobe arborise also in its lateral side.
The p o s t e r i o r b o r d e r of the asmpr is d e f i n e d w i t h the p o s t e r i o r surface of the MB vertical lobe.
msmpr (middle s u p e r i o r m e d i a l p r o t o c e r e b r u m ) : the m i d d l e area of the smpr, d i r e c t l y p o s t e r i o r
to the asmpr. Its posterior b o r d e r is defined w i t h the plane above the GC. The pars intercere­
b r a l i s - t h e area near the m i d l i n e w i t h many large cell bodies of n e u r o s e c r e t o r y c e l l s - l i e s in
the m e d i l a l m o s t region of the msmpr. psmpr (posterior s u p e r i o r m e d i a l p r o t o c e r e b r u m ) : the
p o s t e r i o r m o s t area of the smpr, spanning above and anterodorsal to the MB c a l y x (ca). mslpr
(middle superiorlateral p r o t o c e r e b r u m ) : the area lateral to the msmpr. Note that there is no area
called the aslpr, because there is no n e u r o p i l e anterolateral to the MB vertical lobe (see Fig.
1J). pslpr (posterior superiorlateral p r o t o c e r e b r u m ) : the area lateral to the psmpr, dorsolateral
to the MB calyx. The area b e l o w the superior p r o t o c e r e b r u m and above the ventral surface of
the p e d u n c u l u s is the i n f e r i o r m e d i a l p r o t o c e r e b r u m (impr) and i n f e r i o r l a t e r a l p r o t o c e r e b r u m
(i1pr). aimpr (anterior i n f e r i o r m e d i a l p r o t o c e r e b r u m ) : The a n t e r i o r m o s t area of the impr, above
the a n t e n n a l l o b e and in f r o n t of the p o s t e r i o r surface of the MB vertical lobe. The medial lobe
of the MB is e m b e d d e d in this area. mimpr (middle i n f e r i o r m e d i a l p r o t o c e r e b r u m ) : The area
of the i m p r behind the MB lobes, a n t e r i o r to the plane above the GC and medial to the lateral
surface of the pedunculus. The dorsal half of the e l l i p s o i d body (eb) and the fan-shaped b o d y
(fb) of the central c o m p l e x is c o n t a i n e d in this area. pimpr (posterior i n f e r i o r m e d i a l p r o t o c e ­
rebrum): The area between and a n t e r o m e d i a l to the calyx. The p r o t o c e r e b r a l bridge (pb) of
the central c o m p l e x lies in this area. optu (optic tubercle): The a n t e r i o r m o s t area of the i1pr,
lateral to the aimpr. Though this area could be called as ailpr, it is o c c u p i e d by the structure
that is t r a d i t i o n a l l y called as the o p t i c tubercle, w h i c h is c o n t r i b u t e d by the terminals of the
visual p r o j e c t i o n neurons from the o p t i c lobe via the a n t e r i o r o p t i c tract (AOT). milpr (middle
i n f e r i o r l a t e r a l p r o t o c e r e b r u m ) : The area lateral to the mimpr. pilpr (posterior i n f e r i o r l a t e r a l
p r o t o c e r e b r u m ) : The area lateral to the pimpr, between the calyx and the lateral horn. LH
(lateral horn): The area p r o t r u d e d in the lateral area of the central brain, between the m i l p r
and pilpr. This area contains the terminals of the o l f a c t o r y p r o j e c t i o n neurons from the AL. AL
(antennal lobe). Legend c o n t i n u e d on f o l l o w i n g page.
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Figure 1, viewed on page 138. The anterior protrusion of the medial cerebrum, receiving
p r o j e c t i o n s of the sensory neurons of the antennae via the antennal nerve (AN). It is a part
of the d e u t o c e r e b r u m . v m p r (ventromedial protocerebrum): The area just posterior to the
AL, in front of the GC and ventromedial to the MB pedunculus. Unlike the AL, it is a part of
the p r o t o c e r e b r u m . It houses the ventral half of the ellipsoid body and the fan-shaped body
as well as the lateral accessory lobe (also called the ventral body), an annex of the central
c o m p l e x that is i m p o r t a n t for motor c o n t r o l . spsl (superior posterior slope): Dorsal part of the
area in the posterior brain surrounding the oesophagus foramen. It receives p r o j e c t i o n s from
the ocellar nerve and is also c o n t r i b u t e d by the dendrites of descending neurons. ipsl (inferior
posterior slope): The area of the posterior slope ventral to the oesophagus foramen, w h i c h
also houses dendrites of descending neurons. vlpr (ventrolateral protocerebrum): A large area
in the lateral cerebrum in front of the GC. It is also called the anterior o p t i c foci, because it
receives many visual p r o j e c t i o n s from the optic lobe. Their terminals in this area form several
g l o m e r u l a r structures called the o p t i c g l o m e r u l i . pip' (posteriorlateral protocerebrum): The area
behind the vlpr, w h i c h is also called as the posterior o p t i c foci. Like vlpr, many visual projec­
tion neurons terminate in the plpr. de (deutocerebrum): The area posterior ventral to the AL. It
houses the antennal mechanosensory and motor centre (AMMC), which receives p r o j e c t i o n s
of a u d i t o r y and mechanosensory neurons from the antennae. The AL is actually also a part
of the de. SOC (suboesophageal ganglion): The neuromere ventral to the oesophagus. O t h e r
labelled structures: la: lamina, me: medulla, l o : l o b u l a , lop: lobula plate, AOT: anterior o p t i c
tract, POT: posterior o p t i c tract, LCBR: lateral cell body region.

d i s t r i b u t e d a r o u n d the surface o f the n e r v o u s system each generates a large n u m b e r o f n e u r o n s . 6.7

Each cell division yields a n e u r o b l a s t a n d a g a n g l i o n m o t h e r cell ( G M C ) . It is generally b e l i e v e d
t h a t a G M C divides once more to generate two n e u r a l progeny. M o s t n e u r o b l a s t s p r o l i f e r a t e at two
separate p e r i o d s d u r i n g neurogenesis," The first p r o l i f e r a t i o n occurs d u r i n g m i d to late e m b r y o n i c
stage, whereas the s e c o n d p r o l i f e r a t i o n starts from b e t w e e n the late first a n d late s e c o n d larval
i n s t a r a n d ends d u r i n g the first day o f the p u p a l stage. Thus, the clonal p r o g e n y o f most n e u r o b l a s t s
consists o f e m b r y o n i c and p o s t e m b r y o n i c n e u r o n s (Fig. 2A).17

In the larval b r a i n , there are a b o u t 100 n e u r o b l a s t s per h e m i s p h e r e in the c e r e b r u m ' : " : ' ? a n d
a b o u t 80 per h e m i s p h e r e in the S O G (R U r b a c h and G M Technau, p e r s o n a l c o m m u n i c a t i o n ) .
There are t h e r e f o r e in t o t a l a b o u t 180 n e u r o b l a s t s in a c e n t r a l b r a i n h e m i s p h e r e . C o u n t i n g o f
cell bodies in the n u c l e a r - l a b e l l e d b r a i n samples suggests t h a t t h e r e are a b o u t 18,000 cells p e r
h e m i s p h e r e in t h e a d u l t c e n t r a l b r a i n i n c l u d i n g t h e S O G ( T S h i m a d a a n d KI, u n p u b l i s h e d ob­
s e r v a t i o n ) . C o n s i d e r i n g t h a t some n e u r o b l a s t s , such as those t h a t g e n e r a t e the MB K e n y o n cells,
give b i r t h to several h u n d r e d progeny," the n u m b e r o f p r o g e n y o f m o s t o t h e r n e u r o b l a s t s s h o u l d
be less t h a n a h u n d r e d .

How, t h e n , does each family o f clonally r e l a t e d n e u r o n s c o n t r i b u t e to the f o r m a t i o n o f the a d u l t
n e u r a l circuits? O n e p o s s i b i l i t y is t h a t each n e u r o n d i f f e r e n t i a t e s a n d sends its n e u r i t e s i n d e p e n ­
d e n t l y from cell lineage (left p a n e l o f Fig. 2B). The o t h e r p o s s i b i l i t y is t h a t n e u r o n s o f a p a r t i c u l a r
clone form d i s t i n c t s u b c o m p o n e n t s o f the n e u r a l c i r c u i t s ( r i g h t p a n e l o f Fig. 2B).

To d e t e r m i n e w h i c h is more likely, a t e c h n i q u e is r e q u i r e d to visualise the p r o j e c t i o n p a t t e r n o f
all t h e p r o g e n y o f o n e n e u r o b l a s t in the a d u l t n e r v o u s system. This has n o t been an easy task. C e l l
lineage can in p r i n c i p l e be t r a c e d by i n j e c t i n g dyes to a cell early d u r i n g d e v e l o p m e n t . 2 o- 24 T h o u g h
this w o r k e d well for analysing cell lineage in embryos, p o s t e m b r y o n i c p r o g e n y c o u l d n o t be labelled
w i t h this t e c h n i q u e , because i n j e c t e d dye is d i l u t e d below d e t e c t i o n level as n e u r o b l a s t s r e p e a t
cell division. To c i r c u m v e n t this p r o b l e m , t r a n s p l a n t a t i o n o f genetically l a b e l l e d n e u r o b l a s t s was
d e v e l o p e d . F ' " In this t e c h n i q u e , a n e u r o b l a s t is p i c k e d o u t from an e m b r y o expressing a r e p o r t e r
gene (e.g., lacZ) u n d e r c o n t r o l o f a u b i q u i t o u s p r o m o t e r . The n e u r o b l a s t is t h e n t r a n s p l a n t e d to
a h o s t e m b r y o t h a t does n o t carry t h e r e p o r t e r gene. T h o u g h this system is versatile,26-28 t e c h n i c a l
expertise is r e q u i r e d for cell t r a n s p l a n t a t i o n and differences in the cell p o s i t i o n s a n d d e v e l o p m e n t a l
stages b e t w e e n d o n o r a n d h o s t e m b r y o s m i g h t affect s u b s e q u e n t d e v e l o p m e n t o f the t r a n s p l a n t e d
n e u r o b l a s t . T h a n k s to the p o w e r f u l Drosophila genetics, however, several t e c h n i q u e s t h a t are
easier to label clonally r e l a t e d cells were d e v e l o p e d d u r i n g the last decade. They use genetic mosaic
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Figure 2 . N e u r o b l a s t p r o l i f e r a t i o n and t e c h n i q u e s for l a b e l l i n g c l o n a l l y related cells . A) Scheme
of the n e u r o b l a s t and its p r o g e n y in the larval brain . GMC: g a n g l i o n m o t h e r cell. Photograph ic
inset: Larval brain s h o r t l y before pupa rium f o r m a t i o n . Prolife rating cells are l a b e l l e d w i t h
b r o m o d e o x y u r i d i n e (BrdU) i n c o r p o r a t i o n by larval feeding and visualised w i t h ant i - B r d U
a n t i b o d y . Figure legend c o n t i n u e d on next page .
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Figure 2, v i e w e d on p r e v i o u s page. B) Two possible strategies for c o n s t r u c t i n g the neural c i c u i t s
of the a d u l t brain. C) FLP-out-GAL4 (FRT-GAL4) system. In the first c o m p o n e n t , a marker gene
y e l l o w flanked by a pair of FRTs (FRTcassette) is inserted b e t w e e n the u b i q u i t o u s actin p r o m o t e r
and the t r a n s c r i p t i o n a c t i v a t o r CAL4. Because there is no p r o m o t e r d i r e c t l y in f r o n t of CAL4,
o n l y y e l l o w is expressed. By a p p l y i n g m i l d heat shock to the animal d u r i n g d e v e l o p m e n t , the
h e a t - s h o c k (hs) p r o m o t e r activates the expression of the second c o m p o n e n t , hs-flippase, in
some cells. Flippase p r o t e i n induces r e c o m b i n a t i o n b e t w e e n the t w o FRTs, excising the y e l l o w
gene b e t w e e n them (FLP-out). In the cells in w h i c h this r e c o m b i n a t i o n o c c u r r e d and also in
its progeny, the actin p r o m o t e r starts d r i v i n g the expression of CAL4. The expression of the
t h i r d c o m p o n e n t , a r e p o r t e r gene such as CFP under c o n t r o l of the G A L 4 - t a r g e t sequence
UAS, is a c t i v a t e d o n l y in these cells. D) UAS-FLP-out system: The GAL4 gene is expressed
in a c e l l - t y p e s p e c i f i c manner using certain p r o m o t e r or GAL4 e n h a n c e r - t r a p strains. The
second c o m p o n e n t features UAS and a r e p o r t e r gene separated by an FRT cassette c o n t a i n ­
ing the C02 gene. GAL4 activates the expression of o n l y C02. A m i l d heat shock activates
flippase, w h i c h excises the FRT cassette. This enables the expression of the r e p o r t e r gene in
the cell and its progeny. E) M A R C M system: A u b i q u i t o u s t u b l i n p r o m o t e r drives c o n s t i t u t i v e
expression of y e a s t - d e r i v e d GALBO, w h i c h suppresses expression of the U A S - l i n k e d r e p o r t e r
gene even in the presence of CAL4. The tublin-CALBO and the r e p o r t e r gene are put in the
h o m o l o g o u s c h r o m o s o m e in trans and the FRT sequence is put in the locus close to the
c e n t r o m e r e of each c h r o m o s o m e . U p o n m i l d heat shock, trans r e c o m b i n a t i o n b e t w e e n t w o
c h r o m o s o m e s occurs in some of the cells d u r i n g mitosis. One of the daughter cell becomes
h o m o z y g o u s for the U A S - r e p o r t e r . Because GALBO no longer exists in the genome of this
cell and its progeny, the cells are visualised by the reporter.

analysis c o m b i n e d w i t h y e a s t - d e r i v e d G A L 4 - U A S 2 9 -3 1 a n d f l i p p a s e - F R T s y s t e r n s ' < " a n d can be
c a t e g o r i s e d i n t o two groups.

c i s - R e c o m b i n a t i o n S y s t e m s
Flippase is the enzyme t h a t induces r e c o m b i n a t i o n b e t w e e n two sequences called the Hippase

r e c o g n i t i o n targets (FRTs). The first g r o u p o f t e c h n i q u e s label cells by i n d u c i n g c i s - r e c o m b i n a t i o n
b e t w e e n two F R T sequences on the same c h r o m o s o m e . First, a gene or a s t o p - c o d o n sequence
is p l a c e d b e t w e e n the two FRTs. This " F R T cassette" is t h e n p u t b e t w e e n a r e p o r t e r gene and a
p r o m o t e r o f a u b i q u i t o u s h o u s e - k e e p i n g gene, e.g., actin or t u b l i n . Because o f the i n s e r t e d F R T
cassette, the u b i q u i t o u s p r o m o t e r c a n n o t drive the expression o f the r e p o r t e r gene. By i n d u c i n g
the expression o f flippase t r a n s i e n t l y d u r i n g d e v e l o p m e n t , e.g., by p u t t i n g the flippase gene u n d e r
the h e a t - s h o c k p r o m o t e r and giving t e m p o r a l heat s h o c k to the t r a n s g e n i c animals, r e c o m b i n a ­
t i o n b e t w e e n the two FRTs w o u l d o c c u r in some cells. This removes the FRT cassette ( f l i p - o u t
or F l . P e o u t ) and c o n n e c t the u b i q u i t o u s p r o m o t e r a n d the r e p o r t e r gene directly. The r e p o r t e r
gene w o u l d be expressed specifically in these cells as well as in t h e i r progeny. If the r e c o m b i n a t i o n
occurs in the G M C or in the p o s t m i t o t i c cells, single or a few s c a t t e r e d cells w o u l d be labelled. I f
the r e c o m b i n a t i o n occurs in the n e u r o b l a s t , on the o t h e r h a n d , a g r o u p o f clonally r e l a t e d cells
can be visualised.

Such system was first d e v e l o p e d by p u t t i n g the lacZ gene after the FRT c a s s e t t e . " An i m p r o v e d
version featured G A L 4 instead o f lacZ, w h i c h can activate the expression o f diverse types o f r e p o r t e r
genes to visualise d i f f e r e n t aspects o f the labelled cells ( F R T - G A L 4 , or F L P - o u t G A L 4 system, Fig.
2C).36 Because G A L 4 can activate m u l t i p l e UAS targets, genes t h a t affect the f u n c t i o n or develop­
m e n t o f the c e l l s - s o called effector g e n e s - c a n be expressed s i m u l t a n e o u s l y w i t h the r e p o r t e r
genes, e n a b l i n g the f u n c t i o n a l analyses o f the expressed genes using this system.

A n o t h e r a p p r o a c h is to p u t the F R T cassette b e t w e e n the UAS a n d the r e p o r t e r gene (the
U A S - F L P - o u t system, Fig. 20).37 This system can be c o m b i n e d w i t h a wide variety o f p r o m o t ­
e r - G A L 4 l i n e s and G A L 4 e n h a n c e r - t r a p strains c u r r e n t l y available, in w h i c h G A L 4 is expressed
specifically in p a r t i c u l a r cells. D e p e n d i n g on w h e t h e r the r e c o m b i n a t i o n o c c u r r e d in the n e u r o b l a s t
or in the p o s t r n i t o t i c cells, the U A S - F L P - o u t system visualizes a clonally r e l a t e d subset or the
m o r p h o l o g y o f the single cells o u t o f the G A L 4 - e x p r e s s i n g cell p o p u l a t i o n . 1

5,38
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Figure 3, viewed on previous page. Clonal units in the mushroom body. A-F) A clone l a b e l l e d
in larvae just after hatching and visualised at the end of the larval stage (A-C) and another
clone visualised in the a d u l t (D-F), r e s p e c t i v e l y ( m o d i f i e d from ref. 36). (FLP-out-GAL4 clones
visualised w i t h UAS-tau reporter. UAS-tau and UAS-GFP reporters label essentially similar
structures, except that Tau labels d e n d r i t i c a r b o r i s a t i o n s more w e a k l y and o c c a s i o n a l l y causes
mild d i s t u r b a n c e of the neural f u n c t i o n . ) O p t i c a l sections at d i f f e r e n t levels were taken w i t h
Nomarski optics and montaged. Frontal, h o r i z o n t a l and rear views of the same clone was
visualized by rotating the specimen. MBNB: m u s h r o o m b o d y neuroblasts, CB: cell bodies,
ca: calyx, ped: p e d u n c u l u s . G) Four-fold l a b e l l i n g pattern of enhancer-trap strains l a b e l l i n g
subsets of the MB Kenyon cells. ( M o d i f i e d from ref. 36, UAS-tau reporter). H) Cross section
of the c a l y x in the larval brain, showing areas of a r b o r i s a t i o n s of each of the four clonal units.
( M o d i f i e d from ref. 42, ©200S N a t i o n a l Academy of Sciences, U.S.A., M A R C M clone w i t h
UAS-GFP reporter.) I) Cross section of the c a l y x in the adult brain, s h o w i n g areas of a r b o r i ­
sations of each of the four clonal units. (Data by N o b u a k i Karl Tanaka. M A R C M clone w i t h
UAS-GFP reporter.) J: Scheme of the f o u r - f o l d clonal units in the MB.

Note on the name of the lobes: The names of the lobes have been changed d r a s t i c a l l y
d u r i n g the last few years of the last century. The terms of the a and ~ lobes o r i g i n a t e d from
the study of the bee b r a i n ' " to refer to the v e r t i c a l and medial lobes. The y lobe derived from
the study of sphinx m o t h . " These terms are adopted to describe the fly MB.2,62 Because of
the apparent structural s i m i l a r i t y , v e r t i c a l and medial lobes in the larval MB had also been
called as larval a and ~ l o b e s . "

Analysis of clones and GAL4 enhancer-trap strains revealed a characteristic subdivision of
the a lobe and defined it as the a' lobe, but failed to recognise the corresponding subdivision in
the ~ lobe." The latter subdivision was identified by the comparison of labelling pattern of vari­
ous antibodies and named as the W l o b e . ' Until this period, it was not known that the neurons
innervating the y lobe have no vertical branches. Though such unbranched neurons had been
observed in Golgi impregnated samples, the non-existence of the branch could not be determined
conclusively because Golgi labelling may not always label all the branches of a neuron.

Finally, systematic f l i p p a s e - m e d i a t e d s i n g l e - c e l l analyses revealed that the neurons c o n t r i b ­
uting to the y lobe, a'/~' lobes and a/~ lobes are generated in this order and that the v e r t i c a l
and medial lobes of the larval MB is c o n t r i b u t e d e x c l u s i v e l y by the neurons that compose
the a d u l t y lobe as a result of r e o r g a n i z a t i o n . " The larval v e r t i c a l and medial lobes, therefore,
have n o t h i n g to do w i t h the neurons of the adult a l p lobes.

To avoid c o n f u s i o n , it is better not to use the term a/~ lobes for the larval MB but to use
the generic term v e r t i c a l / m e d i a l lobes instead. Also, the a d u l t v e r t i c a l lobe should not gener­
ally be called the a lobe, as it a c t u a l l y consists of a and a ' lobes each of w h i c h is l i k e l y to
have rather d i f f e r e n t f u n c t i o n s .

The v e r t i c a l and medial lobes are sometimes called dorsal and h o r i z o n t a l lobes, respec­
tively. In various insects, however, the v e r t i c a l lobe does not p r o j e c t d o r s a l l y but a n t e r i o r l y or
a n t e r o d o r s a l l y . The medial lobe p r o j e c t s m e d i a l l y (towards the m i d l i n e ) in all insect species,
but the i n c l i n a t i o n of the lobe may not always be h o r i z o n t a l . Thus, the c o m b i n a t i o n of "ver­
t i c a l " and " m e d i a l " seems more a p p r o p r i a t e when c o n s i d e r i n g cross-species c o m p a t i b i l i t y .
A-G, J r e p r o d u c e d w i t h permission of the C o m p a n y of Biologists.

t r a n s - R e c o m b i n a t i o n Systems
O n e o f the classic m e t h o d s for analysing l i n e a g e - a s s o c i a t e d cells is to i n d u c e s o m a t i c r e c o m b i n a ­

t i o n by i r r a d i a t i n g the a n i m a l s w i t h X ray or y ray. R e c o m b i n e d cells can be i d e n t i f i e d by p u t t i n g
a m a r k e r gene in o n e o f t h e c h r o m o s o m e s . As a m o r e c o n t r o l l a b l e a n d e a s y - t o - u s e a p p r o a c h , F R T
was p u t i n t o the c h r o m o s o m e to i n d u c e f l i p p a s e - d e p e n d e n t t r a n s - r e c o m b i n a t i o n . 34 The lack o f
c o n v e n i e n t r e p o r t e r systems for d e t e c t i n g t h e n e u r o n s t h a t e x p e r i e n c e d r e c o m b i n a t i o n has m a d e
it d i f f i c u l t to apply this t e c h n i q u e for b r a i n research. The m o s a i c analysis w i t h a r e p r e s s i b l e cell
m a r k e r ( M A R C M ) system solved this p r o b l e m . " The M A R C M system f e a t u r e s G A L 8 0 , w h i c h
w o r k s a n t a g o n i s t i c a l l y to G A L 4 (Fig. 2 £ ) . G A L 8 0 suppresses e x p r e s s i o n o f the V A S - l i n k e d re­
p o r t e r gene even in the p r e s e n c e o f G A L 4 . F l i p p a s e - i n d u c e d s o m a t i c r e c o m b i n a t i o n b e t w e e n t h e
F R T s e q u e n c e s removes GAL80 gene in o n e o f t h e d a u g h t e r cells. V A S - l i n k e d r e p o r t e r / e f f e c t e r
genes will be e x p r e s s e d specifically in this cell a n d its progeny.
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An a d v a n t a g e o f t h e M A R C M system is t h a t it can be c o m b i n e d w i t h t h e s o m a t i c r e c o m b i n a ­
t i o n analysis o f recessive m u t a t i o n s , so t h a t o n l y t h e cells t h a t are h o m o z y g o u s for the m u t a t i o n
can be visualised. This has b e e n p r o v e n as h i g h l y effective t o o l for s t u d y i n g c e l l - a u t o n o m o u s roles
o f various genes d u r i n g d e v e l o p m e n t .

C l o n a l U n i t A r c h i t e c t u r e i n t h e A d u l t B r a i n

C l o n a l Units i n t h e M u s h r o o m B o d y
The c o r r e l a t i o n b e t w e e n cell l i n e a g e a n d a d u l t n e u r a l c i r c u i t s was first i d e n t i f i e d in t h e MB.

A l t h o u g h m o s t n e u r o b l a s t s p r o l i f e r a t e at t w o s e p a r a t e d p e r i o d s in Drosophila, t h e r e are five neu­
r o b l a s t s t h a t p r o l i f e r a t e c o n t i n u o u s l y t h r o u g h o u t n e u r o g e n e s i s , " By a d m i n i s t r a t i n g b r o m o d e o x y ­
u r i d i n e ( B r d U ) to larvae just after h a t c h i n g , it is p o s s i b l e to label t h e n u c l e i o f these p r o l i f e r a t i n g
n e u r o b l a s t s a n d t h e i r progeny. O n e n e u r o b l a s t lies in t h e a n t e r i o r l a t e r a l area o f t h e larval b r a i n
a n d its p r o g e n y is d i s t r i b u t e d in t h e l a t e r a l side o f t h e AL in the a d u l t . The o t h e r four n e u r o b l a s t s
lie in the p o s t e r i o r d o r s a l area o f the larval b r a i n a n d t h e i r p r o g e n y are f o u n d lying above the MB
calyx. T h o u g h B r d U can visualise o n l y the n u c l e i o f the l a b e l l e d cells, t h e i r p o s i t i o n s on t h e calyx
s t r o n g l y s u g g e s t e d t h a t t h e y are t h e MB K e n y o n cells.

A m o r e d i r e c t e v i d e n c e came l a t e r w i t h t h e a d v a n c e d g e n e t i c analysis u s i n g £ l i p p a s e - m e d i a t e d
cis- or trans-recombination analyses, w h i c h e n a b l e d v i s u a l i s a t i o n o f n e u r i t e s o f t h e c l o n a l l y r e l a t e d
cells. 36 • 39 W h e n clones are l a b e l l e d early d u r i n g d e v e l o p m e n t a n d v i s u a l i s e d in a late larval stage,
a single n e u r o b l a s t , a few large G M C s a n d m a n y small n e u r o n s are l a b e l l e d (Fig. 3 A - C ) . They in­
n e r v a t e o n l y w i t h i n t h e MB n e u r o p i l e . The cell b o d i e s o f t h e c l o n a l l y r e l a t e d p r o g e n y r e m a i n in
a t i g h t l y b o u n d c l u s t e r in t h e a d u l t b r a i n , i n d i c a t i n g t h a t the cells do n o t m i g r a t e l o n g d i s t a n c e s
f r o m t h e i r place o f o r i g i n . All the fibres d e r i v i n g f r o m this c l u s t e r i n n e r v a t e the MB, w i t h no
p r o j e c t i o n to o t h e r b r a i n areas (Fig. 3 D - F ) . Thus, these clones are i n d e e d d e d i c a t e d to the n e u r a l
c i r c u i t o f the MB.

T h e r e s h o u l d be four d i f f e r e n t cion a l l y - r e l a t e d p o p u l a t i o n s each d e r i v i n g f r o m o n e o f t h e four
n e u r o b l a s t s . Are t h e y d i f f e r e n t f r o m each o t h e r ? The clusters o f cell b o d i e s are o b s e r v e d in four
areas o f t h e r i n d above t h e calyx a n d n e u r i t e s from these clusters f o r m f o u r large b u n d l e s t h a t
r u n a r o u n d t h e lower p a r t o f the calyx. The fibres f r o m each c l u s t e r c o n t r i b u t e to all t h e k n o w n
c o m p o n e n t s o f t h e MB: the calyx, p e d u n c u l u s a n d the a ' /~', a/~ a n d y lobes. Thus, c o n c e r n i n g
t h e area o f p r o j e c t i o n , the n e u r o n s o f four clones are essentially i d e n t i c a l .

The f o u r - f o l d s t r u c t u r e o f t h e MB is f u r t h e r c o n f i r m e d by the o b s e r v a t i o n o f G A L 4 e n h a n c ­
e r - t r a p strains. T h e r e are m a n y G A L 4 s t r a i n s t h a t label various subsets o f the K e n y o n cells, sug­
g e s t i n g t h a t the MB s h o u l d c o n s i s t o f a h e t e r o g e n e o u s p o p u l a t i o n o f n e u r o n s c o n c e r n i n g t h e i r
gene e x p r e s s i o n p a t t e r n s . 36 • 4O These s t r a i n s all label n e u r o n s in each o f t h e four clusters, i n d i c a t i n g
t h a t each clone essentially c o n t a i n s an i d e n t i c a l r e p e r t o i r e o f K e n y o n cells. The f o u r - f o l d p a t t e r n is
m o s t e v i d e n t in the s t r a i n s t h a t label K e n y o n cells i n n e r v a t i n g t h e a / f 3 l o b e s , w h i c h are g e n e r a t e d
l a t e s t d u r i n g d e v e l o p m e n t " ( t o p p a n e l o f Fig. 3 G ) . The four b u n d l e s o f c l o n a l l y r e l a t e d n e u r o n s
are clearly l a b e l l e d at the level o f t h e calyx. The b u n d l e s d e r i v i n g f r o m t h e t w o m e d i a l clusters a n d
t w o l a t e r a l clusters (1,2 a n d 3, 4 in Fig. 3G, respectively) are fused in t h e m i d d l e level o f t h e calyx.
The t w o m e r g e d b u n d l e s f u r t h e r merge at the a n t e r i o r e n d o f the p e d u n c u l u s . The n e u r i t e s from
each clonal c l u s t e r are i n t e r m i n g l e d c o m p l e t e l y in the lobe area. The four b u n d l e s are d i s c e r n i b l e
b u t are less clear in t h e s t r a i n s t h a t label a v a r i e t y o f K e n y o n cells ( m i d d l e p a n e l o f Fig. 3 G ) . The
d i s c r e t e p a t t e r n is m o r e a m b i g u o u s in t h e s t r a i n s t h a t label n e u r o n s p r o j e c t i n g o n l y to the y lobe,
because t h e i r n e u r i t e s r u n n e a r t h e surface o f t h e p e d u n c u l u s ( b o t t o m p a n e l o f Fig. 3 G ) .

There are, however, c e r t a i n differences b e t w e e n the four clones c o n c e r n i n g t h e types o f i n f o r ­
m a t i o n t h e y receive. The MB receives o l f a c t o r y signals f r o m t h e a n t e n n a l l o b e , w h i c h is c o n v e y e d
by the a n t e n n a l l o b e p r o j e c t i o n n e u r o n s (AL P N s ) . M a n y o f t h e m are u n i g l o m e r u l a r , s e n d i n g
signals f r o m o n e p a r t i c u l a r g l o m e r u l u s o f the AL to t h e MB (see C h a p t e r by V R o d r i g u e s a n d
T H u m m e l ) . In larvae, t e r m i n a l s o f these AL P N s form small g l o m e r u l a r s t r u c t u r e s in the calyx
called m i c r o g l o m e r u l i v " (see also C h a p t e r by R S t o c k e r ) . T h e i r p o s i t i o n s are r e p r o d u c i b l e a m o n g
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i n d i v i d u a l s , s h o w i n g t h a t o l f a c t o r y i n f o r m a t i o n from p a r t i c u l a r g l o m e r u l i in the larval AL is
t r a n s m i t t e d to d i s t i n c t s u b r e g i o n s o f the calyx. The a r b o r i s a t i o n s o f the K e n y o n cells o f each clone
o c c u p y d i f f e r e n t , b u t p a r t i a l l y o v e r l a p p i n g , areas o f the calyx (Fig. 3 H ) . 42 Thus, each clone s h o u l d
receive a d i f f e r e n t r e p e r t o i r e o f o l f a c t o r y i n f o r m a t i o n .

Because o f the m u c h larger n u m b e r o f AL PNs a n d the n u m b e r o f g l o m e r u l i in the a d u l t AL,
t h e r e are n u m e r o u s very small m i c r o g l o m e r u l i in the calyx o f the a d u l t MB, m a k i n g t h e i r m a p p i n g
m o r e c o m p l e x (see C h a p t e r by P Laissue a n d L Vosshall). N e v e r t h e l e s s , AL PNs from p a r t i c u l a r
AL g l o m e r u l u s t e r m i n a t e in specific c o n c e n t r i c zones in the calyx." The K e n y o n cells o f each clone
again arborise in d i s t i n c t areas o f the calyx (Fig. 31),4.44 suggesting t h a t there may also be differences
in t h e r e p e r t o i r e o f o l f a c t o r y i n f o r m a t i o n each clone w o u l d receive. For example, the t w o " o u t e r "
clones (1 a n d 4 in Fig. 31) may have fewer i n t e r a c t i o n w i t h the p r o j e c t i o n n e u r o n s t h a t t e r m i n a t e
in the c e n t r a l area o f the calyx t h a n do the two " i n n e r " clones (2 a n d 3 o f Fig. 31).

O b s e r v a t i o n s in the MB suggest t h a t there are clonally-related u n i t s t r u c t u r e s in the a d u l t b r a i n .
P r o g e n y o f a single n e u r o b l a s t may c o n t a i n a f u n c t i o n a l l y h e t e r o g e n e o u s p o p u l a t i o n o f n e u r o n s .
Yet, t h e y all i n n e r v a t e o n l y a l i m i t e d area o f t h e b r a i n a n d form a d i s t i n c t n e u r a l c i r c u i t s t r u c t u r e .
There are four such clonal u n i t s in t h e Drosophila MB, w h i c h are essentially i d e n t i c a l r e g a r d i n g
t h e i r m o r p h o l o g y a n d b i o c h e m i c a l d i v e r s i t y b u t slightly d i f f e r e n t in the p r o j e c t i o n p a t t e r n in
t h e i r i n p u t areas (Fig. 3J).

C l o n a l U n i t A r c h i t e c t u r e in the C e n t r a l C o m p l e x
C l o n a l u n i t is n o t a u n i q u e feature o f the MB. They are also o b s e r v e d in the c e n t r a l complex,

the n e u r o p i l e t h a t lies at the c e n t r e o f the c e r e b r u m - Y and is s u p p o s e d to play i m p o r t a n t roles
in m o t o r c o o r d i n a t i o n c o n t r o l , visual memory, etc. 464 8 The s t r u c t u r e o f the c e n t r a l c o m p l e x is
m u c h m o r e c o m p l e x t h a n the MB (Fig. 4A). It consists o f four major c o m p o n e n t s , the e l l i p s o i d
b o d y (eb), f a n - s h a p e d b o d y (fb), p r o t o c e r e b r a l b r i d g e (pb) a n d n o d u l i (no).4S W h e r e a s the cell
b o d i e s o f the MB K e n y o n cells are all c o n f i n e d in a small area just a r o u n d the MB calyx, those
t h a t c o n t r i b u t e to the c e n t r a l c o m p l e x are d i s t r i b u t e d in various p a r t s o f the b r a i n . N e v e r t h e l e s s ,
l i n e a g e - d e p e n d e n t cell l a b e l l i n g e x p e r i m e n t s revealed t h a t several clones c o n t r i b u t e specifically to
the c e n t r a l complex, each f o r m i n g d i s t i n c t b u i l d i n g u n i t s o f its n e u r a l circuits.

The e l l i p s o i d b o d y is a r o u n d s t r u c t u r e t h a t forms the a n t e r i o r m o s t p a r t o f the c e n t r a l complex.
There is a p a i r o f clonal u n i t s w i t h t h e i r cell bodies in the a n t e r i o r b r a i n above t h e a i m p r area o f
the c e r e b r u m , d o r s o l a t e r a l to the AL (EB-A1, Fig. 4A,B). A b u n d l e o f n e u r i t e s p r o j e c t s b e n e a t h
the m e d i a l lobe o f the MB a n d forms the p r i m a r y a r b o r i s a t i o n in the v m p r p a r t o f the c e r e b r u m ,
f o r m i n g the s t r u c t u r e called the l a t e r a l t r i a n g l e ( l t r ) . From the ltr, some fibres p r o j e c t dorsally to
reach the asmpr a n d a i m p r a n d o t h e r s p r o j e c t to the e l l i p s o i d b o d y from its c e n t r a l hole to form
the ring n e u r o n s o f this n e u r o p i l e .

The f a n - s h a p e d b o d y consists o f an array o f radial p r o j e c t i o n s and t a n g e n t i a l n e u r o n s t h a t a r b o ­
rise at its various d o r s o v e n t r a l l e v e l s . O n e o f the clonal units t h a t form these t a n g e n t i a l c o m p o n e n t s
have t h e cell b o d y cluster in the d o r s o l a t e r a l area o f the c e r e b r u m , p o s t e r i o r to t h e L H ( F B - D L 1 ,
Fig. 4 A , C ) . The n e u r o n s form p r i m a r y a r b o r i s a t i o n s near the dorsal surface o f the c e r e b r u m above
the L H a n d s e c o n d a r y a r b o r i s a t i o n s in the m s m p r a n d mslpr. The fibre b u n d l e b i f u r c a t e s , e n t e r s
the f a n - s h a p e d b o d y from its a n t e r i o r side at two levels (Fig. 4 C ) a n d forms extensive b r a n c h e s t h a t
span tangentially. There are also o t h e r clonal u n i t s t h a t form t a n g e n t i a l a r b o r i s a t i o n s in d i f f e r e n t
levels o f the f a n - s h a p e d b o d y ( n o t s h o w n here).

The radial c o m p o n e n t o f the fan - s h a p e d b o d y is f o r m e d by four clonal u n i t s p e r h e m i s p h e r e
(FB- P 1-4, Fig. 4 A , D ) . A row o f e i g h t cell b o d y clusters lies in the p o s t e r i o r b r a i n r i g h t b e h i n d the
fan - s h a p e d body, flanked by the calyces o f the MB. The n e u r i t e s form p r i m a r y a r b o r i s a t i o n in the
p r o t o c e r e b r a l b r i d g e a n d e n t e r the i n f e r i o r p a r t o f the f a n - s h a p e d b o d y from its p o s t e r i o r side.
They form two b u n d l e s t h a t r u n radially in the f a n - s h a p e d b o d y a n d t e r m i n a t e in the n o d u l u s o f
the c o n t r a l a t e r a l h e m i s p h e r e .

The p r o t o c e r e b r a l b r i d g e is d i v i d e d i n t o eight sections p e r h e m i s p h e r e . Similarly, t h e radial
c o m p o n e n t o f the f a n - s h a p e d b o d y is o r g a n i z e d in eight radial s t r u c t u r e s called t h e staves. 2. 4S
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Figure 4 . Clonal units in the central c o m p l e x . A ) Scheme of the central c o m p l e x and three
major types of c l o n a l l y related c o m p o n e n t s . There are also several other clonal units that
c o n t r i b u t e to the central c o m p l ex . pb: p r o t o c e r e b r a l bridge , fb : fan -shaped bod y, n o : nodulus ,
eb : e l l i p s o i d body , Itr : lateral trian gle. B-D ) Examples of clonal un its c o n t r i b u t i n g to the central
c o m p l e x . See legend to Figure 1 for n e u r o p i l e regions . FLP-out-GAL4 clones v isualised w i t h
UAS-tau r e p o r t e r in the adult br ain . Top and b o t t o m photo graphs of each figure show the
montage of o p t i c a l sections of the same clone in frontal and h o r i z o n t a l v iew , respectively.
Clonal units : EB-A1 (el li p so i d body -ante rior 1, B), FB-DLl (f an- sha p ed body dorsolateral 1, C)
and FB - P l - 4 (fan-shaped body p o s t e r i o r 1-4, D) . E) A r b o r i s a t i o n areas of the four FB-P clonal
units (Data by M a r i k o Kamiy a). Confocal sections at the level of the p r o t o c e r e b r a l bridge
(t o p panel), fan-shaped body and n o d u l u s (m i d d l e panel ) and the schema of the p r o j e c t ion
patt ern (b o tt o m panel) . (M A RCM clone w i t h U A S - G F P r e p o r t e r i n the mid pupal brain 48 h
after p u p a r i u m f o r m a t i o n , when the n e u r o p i l e s t r u c t u r e is already essentially the same as i n
th e adult. )

N eurite s o f each FB-P clonal u n i t arborise in two section s o f the p r o t o cerebral bridge (Fig . 4 E . t o p
panel ) and c o n t r i b u t e to two st aves o f the fan -sha p e d bod y (Fig. 4 D. b o t t o m panel). C o l l a t e r a l
fibres deriving from the se st aves arbori se in two areas o f the fan -shaped b o d y, one in the ipsilateral
and the o t h e r in the c o n t r a l a t e r a l side ( Fig . 4 E . m i d d l e panel). W h e r e a s the arbori sation o f each
clon al u n i t is se g r eg a t e d in the p r o t o c erebral bridge , there is a si gn ifi can tly overlap b e t w e e n their
arbo ri sation s in the fan -shaped b od y. In th e n o d u l u s , fibr es o f all th e four clonal units converge
a n d arbori se in the e n t i r e area o f i t s n e u r o p i l e ( Fig. 4E . b o t t o m panel ).
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C l o n a l U n i t A r c h i t e c t u r e in O t h e r B r a i n A r e a s
C o m p a r e d to t h e MB a n d t h e c e n t r a l c o m p l e x , b o r d e r s b e t w e e n n e u r a l c i r c u i t s in t h e rest o f

t h e c e n t r a l b r a i n are m u c h m o r e o b s c u r e . N e v e r t h e l e s s , c l o n a l l y r e l a t e d n e u r o n s i n n e r v a t e o n l y
l i m i t e d areas o f t h e s e n e u r o p i l e s a n d f o r m d i s t i n c t u n i t s t r u c t u r e s .

P r o j e c t i o n n e u r o n s f r o m t h e a n t e n n a l l o b e i n n e r v a t e t h e MB calyx, t h e L H a n d several o t h e r
areas o f t h e b r a i n . P : " G A L 4 e n h a n c e r - t r a p s t r a i n s s u c h as G H 1 4 6 , N P 2 2 S a n d N P S 2 8 8 l a b e l
m a n y o f t h e s e n e u r o n s . 4 ,49.50 The cell b o d i e s o f t h e s e n e u r o n s f o r m at least f o u r c l u s t e r s a r o u n d t h e
A L . T h e a n t e r i o r d o r s a l c l u s t e r ( A L - D A I , Fig. SA) a n d a l a t e r a l c l u s t e r ( A L - L l , n o t s h o w n h e r e )
c o n s i s t s o f t h e n e u r o n s t h a t i n n e r v a t e via t h e i n n e r a n t e n n o c e r e b r a l t r a c t ( i A C T ) . The cell c l u s t e r
t h a t lies v e n t r a l to t h e AL ( A L - V I , n o t s h o w n h e r e ) c o n s i s t s o f t h e n e u r o n s o f t h e m i d d l e A C T
( m A C T ) p a t h w a y . T h e r e is yet a n o t h e r c l o n e in t h e l a t e r a l area o f t h e A L , w h i c h c o n s i s t s o f t h e
n e u r o n s t h a t do n o t seem to be l a b e l l e d in t h e s e G A L 4 s t r a i n s ( A L - L 2 , Fig. SB). N e u r o n s o f t h i s
c l o n a l u n i t p r o j e c t n o t o n l y to t h e MB a n d calyx b u t also to t h e S O G a n d t h e plpr.

In t h e MB, n e u r o n s o t h e r t h a n t h e K e n y o n cells also i n n e r v a t e its n e u r o p i l e . An e x a m p l e o f
s u c h c l o n a l u n i t , M B - A l (Fig. S C ) , has t h e cell b o d i e s in t h e a n t e r i o r b r a i n j u s t in f r o n t o f t h e
M B v e r t i c a l lobe.l" N e u r o n s o f t h i s c l o n e m a i n l y i n n e r v a t e t h e d i s t a l area o f t h e m e d i a l l o b e a n d
p r o j e c t also to t h e n e u r o p i l e s o t h e r t h a n t h e M B in t h e a i m p r a n d v m p r areas.

N e u r o n s in t h e L H , w h i c h receives o l f a c t o r y i n f o r m a t i o n f r o m t h e AL like t h e MB K e n y o n
cells, are also o r g a n i z e d in a c l o n a l l y r e l a t e d m a n n e r . Several c l o n a l u n i t s c o n t r i b u t e to t h e n e u ­
r o p i l e o f t h e L H . T h e i r cell b o d i e s f o r m c l u s t e r s in t h e L C B R . S o m e clones (e.g., L H - l , Fig. S O )
c o n s i s t o f local n e u r o n s t h a t a r b o r i s e o n l y in t h e L H . The n e u r i t e s o f o t h e r clones (e.g., L H - 2 a n d
3, Fig. SE,F) a r b o r i s e in t h e L H a n d p r o j e c t f u r t h e r to o t h e r areas o f t h e p r o t o c e r e b r a l n e u r o p i l e s .
D e p e n d i n g o n t h e c l o n a l u n i t s , t h e n e u r i t e s p r o j e c t to t h e L H e i t h e r f r o m i n s i d e ( L H -2,3) or
f r o m o u t s i d e ( L H - l ) .

T h e s u p e r i o r l a t e r a l a n d s u p e r i o r m e d i a l p r o t o c e r e b r u m o c c u p i e s t h e d o r s a l m o s t area o f t h e
c e r e b r u m . Because n e u r a l c o n n e c t i o n s b e t w e e n t h e s e n e u r o p i l e s a n d t h e n e u r o p i l e s o f t h e s e n s o r y
a n d m o t o r p a t h w a y s are still e s s e n t i a l l y u n k n o w n , t h e f u n c t i o n o f t h e n e u r a l c i r c u i t s in these areas
are yet to be d e t e r m i n e d . These n e u r o p i l e s are also c o n t r i b u t e d by m a n y c l o n a l u n i t s . S h o r t o f t h e
k n o w l e d g e o f d e t e r m i n i n g n e u r a l s t r u c t u r e in t h e s e areas, t h e s e c l o n a l u n i t s are t e n t a t i v e l y n a m e d
a c c o r d i n g to the n e u r o p i l e r e g i o n (Fig. 1 H - N) in w h i c h t h e y a r b o r i s e m o s t extensively. Some c l o n a l
u n i t s , e.g., P S L P R - l a n d M S L P R - l (Fig. S G , H ) , a r b o r i s e o n l y in a small r e g i o n o f t h e n e u r o p i l e .
T h e y t e n d to have s i m p l e s t r u c t u r e s , w i t h a single b u n d l e o f n e u r i t e s a n d a r b o r i s a t i o n in o n e or
o n l y a few areas. O t h e r clones, like M S L P R - 2 a n d M S M P R - l (Fig. S I , J ) , a r b o r i s e in m u l t i p l e areas.
The s t r u c t u r e o f t h e s e c l o n a l u n i t s are m o r e c o m p l e x , w i t h b i f u r c a t i o n or t r i f u r c a t i o n o f n e u r i t e
b u n d l e s a n d e x t e n s i v e p r o j e c t i o n s t h a t s p a n a l o n g d i s t a n c e in t h e b r a i n .

The v e n t r o l a t e r a l p a r t o f t h e c e r e b r u m (vlpr a n d p l p r ) is o c c u p i e d by t h e n e u r o p i l e s t h a t e x t e n ­
sively receive axons o f t h e visual p r o j e c t i o n n e u r o n s , w h i c h c o n n e c t t h e o p t i c l o b e a n d t h e c e n t r a l
b r a i n . P These areas are also f o r m e d by v a r i o u s c l o n a l u n i t s , w h o s e cell b o d i e s lie in t h e L C B R
or in t h e a n t e r i o r l a t e r a l area o f t h e c e r e b r u m . S o m e c l o n a l u n i t s f o r m c i r c u i t s t h a t c o n n e c t t h e
c o r r e s p o n d i n g n e u r o p i l e s o f b o t h h e m i s p h e r e s (e.g., V L P R - l , Fig. 5K), w h e r e a s o t h e r s c o n n e c t a
v a r i e t y o f n e u r o p i l e areas o f the c e r e b r u m (e.g., V L P R - 2 , Fig. 5L).

F o r m a t i o n o f t h e C l o n a l U n i t s D u r i n g D e v e l o p m e n t
The o b s e r v a t i o n s p r e s e n t e d above suggest t h a t a s i g n i f i c a n t p o r t i o n o f t h e a d u l t b r a i n is com­

p o s e d in a cell l i n e a g e - d e p e n d e n t m a n n e r (Fig. 2B). T h o u g h t h e p r o g e n y o f a single n e u r o b l a s t
are n o t as t i g h t l y p a c k e d as in t h e l a r v a l b r a i n , t h e y still f o r m a cluster. N e u r i t e s d e r i v i n g f r o m t h i s
c l u s t e r f o r m t i g h t b u n d l e s a n d i n n e r v a t e d i s t i n c t areas o f t h e b r a i n .

H o w , t h e n , is s u c h c l o n a l u n i t a r c h i t e c t u r e in t h e a d u l t b r a i n c o m p o s e d d u r i n g n e u r o g e n e s i s ?
W h e n t h e c l o n e s are v i s u a l i s e d in late l a r v a l or early p u p a l b r a i n s , t h e p r o g e n y o f a n e u r o b l a s t
f o r m a t i g h t l y p a c k e d cluster, w h i c h sends a b u n d l e o f n e u r i t e s t o w a r d s t h e n e u r o p i l e (Fig. 6 A , B ) .
The b u n d l e e i t h e r p r o j e c t s to a single t a r g e t or b i f u r c a t e s w h e n it e n t e r s t h e n e u r o p i l e to i n n e r ­
vate d i f f e r e n t areas o f t h e brain.V The f o r m a t i o n o f t h e a d u l t c l o n a l u n i t s s h o u l d d e p e n d o n t h i s
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Figure S. Clonal un its in other brain areas. FLP -out -GAL4 clones visual ised w ith U A S - t a u
reporter. To p and b o t t o m photographs o f each figure (A- L) show the montage o f frontal
and hor izontal o p t i c a l sect ions of the same sample , respect ivel y. See legend to Figu re 1 for
n e u r o p i l e regions .
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Figure 6, legend viewed on f o l l o w i n g page.
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Figure 6, v i e w e d on previous page. Formation of clonal units in the larval brain. A, B)
Clonal units in late larvae. FLP-out-GAL4 clones visualised w i t h U A S - t a u (A, montage of
o p t i c a l sections) and U A S - C F P (B, 3D-stereograph of confocal sections). C-F) D i s t r i b u t i o n
of cell-adhesion molecules in the larval brain visualised w i t h antibodies. O v e r a l l brain (top
panel) and b l o w - u p v i e w (bottom panel) showing the area i n d i c a t e d w i t h dashed squares
in the top panel. C l o n a l - u n i t d e p e n d e n t d i s t r i b u t i o n of Fasciclin II (Fasll, C), Fasciclin III (D)
and C o n n e c t i n (E) and p a n - c l o n a l d i s t r i b u t i o n of DE-cadherin (F). H) D i s t r i b u t i o n of Fasll
visualised w i t h anti-Fasll a n t i b o d y in the cluster of clonal cell bodies. I) Over-expression of
Fasll in all the neurons (using e l a v - C A L 4 C 1 5 5 driver, 11) and in the M A R C M clones (12). J)
Effect of the homozygous m u t a t i o n of Fasll in the M A R C M clones. Two examples are shown.
K) D i s t r i b u t i o n of Fasll (visualised w i t h anti-Fasll antibody) and glial processes (visualised
w i t h U A S - C F P driven w i t h g l i a - s p e c i f i c r e p o - G A L 4 driver).

clonal cluster f o r m a t i o n in larvae. Because f o r m a t i o n o f the l i n e a g e - d e p e n d e n t s t r u c t u r e in the
larval b r a i n is c o m p r e h e n s i v e l y d e s c r i b e d in t h e C h a p t e r by V H a r t e n s t e i n et al, here we discuss
this issue o n l y briefly.

O n e o f the c a n d i d a t e m e c h a n i s m s t h a t p r o m o t e b i n d i n g o f the clonally r e l a t e d cell bodies a n d
n e u r i t e s d e p e n d s on h o m o p h i l i c cell a d h e s i o n molecules ( C A M s ) . I f such C A M s are expressed in
the clonally r e l a t e d n e u r o n s , t h e y w o u l d facilitate a d h e s i o n o f the cells a n d fibre b u n d l e s . 51-53

A c c o r d i n g to t h e i r expression p a t t e r n s , the h o m o p h i l i c C A M s can be classified i n t o two types.
The first type is expressed o n l y in a small subset o f the clones. This i n c l u d e s Fasciclin II (Fas II),
Fasciclin I I I (Fas III) a n d C o n n e c t i n (Fig. 6 C - E ) . I n t e r e s t i n g l y , whereas the expression p a t t e r n s o f
these C A M s are a s s o c i a t e d w i t h the clonal u n i t s in the d e v e l o p i n g b r a i n , t h e y are n o t r e l a t e d w i t h
the clonal u n i t s in the a d u l t . This suggests t h a t i n t r a - c l o n a l cell-cell a d h e s i o n w o u l d be m e d i a t e d
by these C A M s d u r i n g the f o r m a t i o n o f c e r t a i n clones.

The o t h e r g r o u p is expressed in m o s t o f the d e v e l o p i n g clonal u n i t s : this c a t e g o r y i n c l u d e s
C A M s like D E - c a d h e r i n ( D E - c a d ) a n d N e u r o t a c t i n (Fig. 6F). The role o f such p a n - c l o n a l C A M s
d u r i n g d e v e l o p m e n t has b e e n s t u d i e d using the e c t o p i c expression o f the d o m i n a n t negative form
o f D E - c a d , w h i c h a f f e c t e d the o r g a n i s a t i o n o f the d e v e l o p i n g c l o n a l clusters. 54 A l t h o u g h the
o b s e r v e d a b n o r m a l i t y was n o t severe, the f u n c t i o n o f D E - c a d at least seems to be involved in t h e
c o r r e c t f o r m a t i o n o f the clonal a r c h i t e c t u r e .

The role o f the c l o n e - s p e c i f i c C A M s , on the o t h e r h a n d , is n o t yet clear. W h e n the d i s t r i b u t i o n
o f o n e such C A M , Fas II, is visualised t o g e t h e r w i t h the clonal cluster, the p r o t e i n is o b s e r v e d o n l y
o n the cell surface t h a t is flanked by o t h e r siblings in the same clone b u t n o t on the o u t e r surface o f
the cell b o d y cluster (Fig. 6 H ) . To d e t e r m i n e w h e t h e r Fas II is c o n c e n t r a t e d because o f t h e h o m o ­
philic i n t e r a c t i o n w i t h the same m o l e c u l e o f the n e i g h b o u r i n g cells, we over-expressed F a s l l so t h a t
cells in the n e i g h b o u r i n g clones express the same p r o t e i n . Even in this case, F a s l l is c o n c e n t r a t e d
only along the cell b o r d e r w i t h i n each clone b u t n o t along the cell b o r d e r b e t w e e n clones (Fig.
612, 13). E c t o p i c expression o f F a s l l in all the n e u r o n s , w h i c h s h o u l d negate the clone-specific
role o f this molecule, affect n e i t h e r the o r g a n i s e d d i s t r i b u t i o n o f the c l o n a l cell clusters n o r the
p r o j e c t i o n p a t t e r n s o f n e u r i t e s (Fig. 611). Moreover, the f o r m a t i o n o f t h e clonal cell cluster a n d
n e u r i t e b u n d l e s is n o t d i s t u r b e d even w h e n the f u n c t i o n o f F a s l l is r e m o v e d by i n d u c i n g f i z s I I
m u t a n t clones using the M A R C M system (Fig. 6J). Thus, removal o f just one clone-specific C A M
does n o t affect the f o r m a t i o n a n d m a i n t e n a n c e o f t h e clonal a r c h i t e c t u r e in the larval b r a i n . It is
possible t h a t p a n - c l o n a l a n d clone-specific C A M s m i g h t f u n c t i o n c o o p e r a t i v e l y to facilitate the
clone-specific cell-cell a d h e s i o n .

A n o t h e r f a c t o r t h a t w o u l d be i m p o r t a n t for t h e o r g a n i s a t i o n o f the clonal u n i t is the cell
b o d y glial cells, w h i c h send processes b e t w e e n n e u r a l cell bodies.F The r e g i o n o f the r i n d n e a r
the surface o f the larval b r a i n is c h a r a c t e r i s e d by the glial processes t h a t form large nest-like holes
(Fig. 6Kl).55 Because each glial nest houses a n e u r o b l a s t a n d its progeny, t h e surface o f the clonal
cluster is flanked by the glial s h e a t h . This o r g a n i s a t i o n explains why F a s l l is a c c u m u l a t e d o n l y in
the i n t r a c l o n a l b o r d e r o f the cell b o d i e s (Fig. 6 K 3 ) . Because glial cells do n o t express Fasll, the
glial s h e a t h physically separates the cells o f the F a s l l - e x p r e s s i n g clones even w h e n t h e y are flanked
w i t h each other.
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In the d e e p e r level o f the r i n d , glial processes invade b o r d e r s b e t w e e n n e u r a l cell b o d i e s o f the
clones. T h o u g h FasII is still d i s t r i b u t e d a l o n g the i n t r a c l o n a l cell b o r d e r , n e i g h b o u r i n g cell bodies
are s e p a r a t e d by the i n v a d e d glial processes (Fig. 6K4). In the a d u l t , all the n e u r a l cell b o d y in the
r i n d are each s u r r o u n d e d by extensive glial processes (Fig. 1 F, G). Thus, t h e glial nest seems to be
a t r a n s i e n t l y s t r u c t u r e f o r m e d due to the time r e q u i r e d for the e x t e n s i o n o f glial processes d u r i n g
larval n e u r o g e n e s i s . A l t h o u g h glial cells c o n t i n u e i n v a d i n g all the space b e t w e e n n e u r a l cell bodies,
a t e m p o r a l delay is inevitable b e t w e e n the p e r i o d when n e u r o n s are newly f o r m e d by the G M C and
the time w h e n glial cells o u t s i d e o f the clonal cluster send processes b e t w e e n t h e m (Fig. 61(2). This
delay results in the glial nest a r c h i t e c t u r e in the larval b r a i n . C l o n e - s p e c i f i c C A M s may stabilise the
c l u s t e r i n g o f sibling n e u r o n s d u r i n g this time lag. Since the cell clusters are b u t t r e s s e d by the s h e a t h
o f the glial nest a n d because p a n - c l o n a l C A M s may f u n c t i o n r e d u n d a n t l y , over-expression or lack
o f a p a r t i c u l a r clone-specific C A M w o u l d n o t lead to s i g n i f i c a n t l y a b n o r m a l p h e n o t y p e s .

F u n c t i o n a l I m p o r t a n c e o f the C l o n a l U n i t s
Because many areas o f the b r a i n n e u r o p i l e are f o r m e d by the c o m b i n a t i o n o f clonal units,

t h e y seem to be the f u n d a m e n t a l b u i l d i n g blocks o f the a d u l t fly n e u r a l circuits. There w o u l d be
several a d v a n t a g e s by o r g a n i s i n g the b r a i n in such a clone d e p e n d e n t m a n n e r . U n l i k e in t h e simple
n e r v o u s system o f early e m b r y o s , n e u r a l fibres in the p o s t e m b r y o n i c b r a i n m u s t find t h e i r p a t h s
t h r o u g h t h e t h r e e - d i m e n s i o n a l space filled w i t h t a n g l e d fibres o f o t h e r n e u r o n s . I f each n e u r o n
d i f f e r e n t i a t e s a n d sends its n e u r i t e i n d e p e n d e n t l y , a large variety o f a t t r a c t i n g a n d repulsive signals
w o u l d be r e q u i r e d for p r o v i d i n g p o s i t i o n a l cues for these n e u r o n s (Fig. 7 Al).s6 Because n e u r a l
fibres i n n e r v a t i n g d i f f e r e n t targets w o u l d criss-cross w i t h each o t h e r , systems for a v o i d i n g u n n e c ­
essary c r o s s - t a l k b e t w e e n these signals w o u l d be inevitable. I f n e u r o n s o f t h e same cluster, on the
o t h e r h a n d , form fascicles to p r o j e c t to o n l y d i s t i n c t areas o f the b r a i n , the g u i d a n c e system for
t h e follower n e u r o n s s h o u l d be m u c h s i m p l e r (Fig. 7 A2). P a t h f i n d i n g o f i n d i v i d u a l n e u r o n s will
be r e q u i r e d o n l y in the area near the t a r g e t . P r o j e c t i o n t o w a r d s an a d d i t i o n a l t a r g e t is a m a t t e r o f
l o c a t i n g the b r a n c h i n g p o i n t in the o n e - d i m e n s i o n a l space a l o n g the n e u r i t e b u n d l e . Even in such
clones, the first n e u r o n (the so called p i o n e e r n e u r o n ) has to e x t e n d its fibre w i t h o u t the help o f
a p r e - e x i t i n g fascicle. As this occurs in relatively early e m b r y o s , w h e n the b r a i n n e u r o p i l e is still
s i m p l e r a n d the d i s t a n c e b e t w e e n the cell b o d y a n d the t a r g e t is m u c h s h o r t e r t h a n in the a d u l t ,
p a t h f i n d i n g w o u l d be relatively easy.

A l t h o u g h f l i p p a s e - m e d i a t e d l a b e l l i n g visualises clonal u n i t s so clearly, few m o l e c u l a r markers
such as a n t i b o d i e s and e n h a n c e r - t r a p s t r a i n s label n e u r o n s o f a single clonal u n i t . Rather, t h e y
t e n d to label small subsets o f n e u r o n s s c a t t e r e d in many clonal units. This suggests t h a t , a l t h o u g h
n e u r o n s o f each clonal u n i t are relatively h o m o g e n e o u s r e g a r d i n g t h e i r overall p r o j e c t i o n p a t t e r n s ,
they are r a t h e r h e t e r o g e n e o u s c o n c e r n i n g p r o p e r t i e s like gene expression p a t t e r n s . They are also
h e t e r o g e n e o u s in the precise a r b o r i s a t i o n s w i t h i n the t a r g e t areas. These suggest t h a t a single
clonal u n i t w o u l d be a versatile f u n c t i o n a l u n i t in w h i c h a variety o f c o m p l i c a t e d c o m p u t a t i o n is
possible. O r g a n i s i n g the b r a i n by the c o m p o s i t i o n o f such u n i t s m i g h t have been an e c o n o m i c a l
way for d e v e l o p i n g c o m p l i c a t e d n e u r a l c i r c u i t s d u r i n g e v o l u t i o n . J u s t like d u p l i c a t i o n a n d sub­
s e q u e n t m o d i f i c a t i o n o f genes a d d e d new f u n c t i o n s to the genome, a d d i t i o n o f new clonal u n i t s
by the f o r m a t i o n o f a d d i t i o n a l n e u r o b l a s t s m i g h t be a c o n v e n i e n t way o f i n c r e m e n t a l e v o l u t i o n
o f the b r a i n (Fig. 7B). The loss o f c e r t a i n clonal u n i t s m i g h t also have o c c u r r e d d u r i n g e v o l u t i o n .
C o n s i d e r i n g t h a t there are several clonal units c o n t r i b u t i n g overlappingly to the same circuit m o d u l e
o f t h e b r a i n (discussed later), such loss o f c l o n a l u n i t s may n o t have j e o p a r d i s e d the a r c h i t e c t u r e
a n d f u n c t i o n o f the b r a i n .

W h e r e a s some clonal u n i t s consist o f several h u n d r e d s o f n e u r o n s , some have less t h a n SO
n e u r o n s . Such s i g n i f i c a n t differences in cell n u m b e r may affect the c o m p u t a t i o n a l c a p a c i t y o f t h e
circuits f o r m e d by t h a t clonal u n i t . Because d i f f e r e n t i n s e c t species rely on very d i f f e r e n t sensory
signals d e p e n d i n g o n t h e i r h a b i t a t s a n d life styles, c o m p u t a t i o n a l r e q u i r e m e n t s for the e v o l u t i o n ­
ary c o m p a r a b l e clonal u n i t s m i g h t vary. N o t o n l y d u p l i c a t i o n or removal o f clonal u n i t s b u t also
the change in the cell n u m b e r s o f clones m i g h t have been i m p o r t a n t d u r i n g e v o l u t i o n . T h o u g h
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Figure 7. Clonal unit a r c h i t e c t u r e of the brain. A) C o m p a r i s o n of p o s s i b l e p a t h - f i n d i n g m e c h a ­
nisms b e t w e e n c l o n e - i n d e p e n d e n t (left) and c l o n e - d e p e n d e n t (right) o r g a n i s a t i o n of the brain.
S) H y p o t h e t i c a l s c h e m e of i n c r e m e n t a l c o m p l i c a t i o n of neural c i r c u i t s . C) Possible factors t h a t
affect the diversity of n e u r o n s within e a c h c l o n e . 0) S c h e m e of the a r b o r i s a t i o n a r e a of e a c h
clonal u n i t Each c l o n e i n n e r v a t e s s e g r e g a t e d a r e a s of the n e u r o p i l e (01), or, Several c l o n e s
i n n e r v a t e highly o v e r l a p p i n g a r e a s to form f u n c t i o n a l m o d u l e s of the brain ( 0 2 ) .

visualisation o f the clonal units in the a d u l t brain is c u r r e n t l y possible only in Drosophila, compara­
tive study o f clonal units across insect taxa in the f u t u r e w o u l d provide i m p o r t a n t insights on the
f u n c t i o n a l c o m p o s i t i o n o f the b r a i n .

As for the h e t e r o g e n e i t y w i t h i n each clonal u n i t , there w o u l d be two c a n d i d a t e c o n t r o l factors
(Fig. 7 C ) . T h e first factor is the order and t i m i n g o f cell generation. D u r i n g e m b r y o n i c development,
neuroblasts change their gene expression p a t t e r n drastically and neurons t h a t are made at each time
p o i n t are c h a r a c t e r i s t i c a l l y affected by this.l~.57In the p o s t e m b r y o n i c stages, expression p a t t e r n s o f
the n e u r o b l a s t s do n o t seem to change so quickly . Nevertheless, specific p r o j e c t i o n p a t t e r n s o f the
a d u l t n e u r o n s in the target area, such as the a r b o r i s a t i o n o f A L - P N s in the AL and the L H and
t h a t o f the MB Kenyon cells in the lobes, are d e p e n d e n t on the b i r t h date o f each n e u r o n d u r i n g
larval stage . 4 1

•
4 9 A BTB zinc-finger p r o t e i n gene has been i d e n t i f i e d t h a t governs n e u r o n a l t e m p o r a l

i d e n t i t y d u r i n g p o s t e m b r y o n i c fly b r a i n d e v e l o p m e n t . " Expression levels o f this molecule in the
clonal n e u r o n s are r e d u c e d gradually d e p e n d i n g on t h e i r b i r t h timing. T e m p o r a l g r a d i e n t in the
activity o f such genes may specify cell fate in an e x t e n d e d n e u r o n a l lineage .

O t h e r factors w o u l d c o n t r o l the differences b e t w e e n the two sibling n e u r o n s made by each
o f the G M C s . P r o t e i n s such as N u m b are d i s t r i b u t e d unevenly b e t w e e n the two d a u g h t e r cells,
activating the N o t c h signalling pathway in only one o f them . This difference b e t w e e n sibling cells
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o f the o l f a c t o r y sensory n e u r o n s made by the same p r e c u r s o r causes c l u s t e r i n g o f p r o j e c t i o n targets
in the AL.59 Similar differences b e t w e e n sister cells, each o f w h i c h comprises a "hemilineage", may
o c c u r w i t h i n the clonal u n i t s o f the b r a i n (Fig. 7 C ) .

The c o n c e p t o f the a d u l t b r a i n made by the b u i l d i n g blocks o f clonal u n i t s may give the impres­
sion t h a t each clone occupies specific and discrete areas o f the b r a i n n e u r o p i l e (Fig. 7 D 1). I n d e e d ,
3 D r e c o n s t r u c t i o n o f clonal u n i t s yields images o f cion ally r e l a t e d n e u r o n a l fibres t h a t appear to fill
p a r t i c u l a r areas o f the b r a i n . This, however, m i g h t be a t o o simplistic view. Because the d i a m e t e r
o f n e u r a l fibres is m u c h smaller t h a n the r e s o l u t i o n o f the o p t i c a l microscopes, dense a r b o r i s a t i o n
is visualized as a solid s t r u c t u r e even w h e n only a f r a c t i o n o f the volume is o c c u p i e d by the visu­
alised fibres. Volume- a n d s u r f a c e - r e n d e r i n g a l g o r i t h m s o f the 3D r e c o n s t r u c t i o n software f u r t h e r
remove fine d e t a i l o f the visualised fibres, o v e r s i m p l i f y i n g the p r o j e c t i o n p a t t e r n in the area. For
the n e u r o n s o f each clonal u n i t to c o m m u n i c a t e w i t h n e u r o n s o f o t h e r units, t h e i r a r b o r i s a t i o n s
have to be spatially c o l o c a l i s e d a n d t h e r e f o r e i n t e r m i n g l e d . Thus, clonal u n i t s s h o u l d in p r i n c i p l e
c o n t r i b u t e to significantly o v e r l a p p i n g areas o f the b r a i n (Fig. 7 D 2 ) . Interestingly, the degree o f
overlap appears to be larger in the a r b o r i s a t i o n areas t h a t are distal from the cell b o d y clusters.
B o t h in the MB a n d FB- P clones, a r b o r i s a t i o n s o f each clone o c c u p y d i s t i n c t areas in the calyx and
p r o t o c e r e b r a l b r i d g e b u t overlap c o m p l e t e l y in the lobes and n o d u l l i (Figs. 3J,4E).

The degree o f overlap b e t w e e n specific sets o f clonal units is m u c h larger t h a n the overlap with the
rest o f the clones. In a n o t h e r word, several clonal u n i t s c o n t r i b u t e t o g e t h e r to form d i s t i n c t n e u r a l
c i r c u i t units, to w h i c h o t h e r clones c o n t r i b u t e only marginally. In these cases, the n e u r a l c i r c u i t
f o r m e d by each clonal u n i t may be too small and simple to represent an i n d e p e n d e n t f u n c t i o n a l unit.
The n e u r a l circuits in the b r a i n are t h e r e f o r e o r g a n i s e d in a h i e r a r c h i c a l manner. N e u r o n s d e r i v i n g
from several cell lineages form a "clan ~ w h i c h t o g e t h e r c o n t r i b u t e to the f o r m a t i o n o f a f u n c t i o n a l
m o d u l e o f the b r a i n circuit. The four clonal units o f the MB, several clonal u n i t s a r o u n d the AL
t h a t all arborise in the AL and form the c o m p l e t e set o f A C T pathways, clones in the a n t e r i o r and
p o s t e r i o r b r a i n t h a t t o g e t h e r compose the c e n t r a l complex n e u r o p i l e , are examples o f such clans.
The clan m i g h t t h e r e f o r e be as i m p o r t a n t as lineage for u n d e r s t a n d i n g the f u n c t i o n a l dynamics o f
the b r a i n , just like a clan o f people, w h o b e l o n g to a n u m b e r o f t i g h t l y - a s s o c i a t e d lineages, behaved
as a f u n c t i o n a l g r o u p in the dynamics o f the a n c i e n t h u m a n society (Fig. 7 D 2 ) .

C o n c l u s i o n
C o m p l i c a t e d n e u r a l circuits in the b r a i n are c o m p o s e d by the c o m b i n a t i o n o f relatively simple

clonal units. A group o f clonal units t o g e t h e r form a f u n c t i o n a l m o d u l e o f the brain. D e v e l o p m e n t a l
m e c h a n i s m s t h a t form such lineage- a n d c l a n - d e p e n d e n t s t r u c t u r e s are n o t yet fully u n d e r s t o o d .
G u i d a n c e molecules and i n t e r a c t i o n s b e t w e e n n e u r i t e s o f the same clone a n d b e t w e e n those o f
the n e i g h b o u r i n g clones w o u l d play i m p o r t a n t roles in this process. M o r e d e t a i l e d analysis o f the
a r b o r i s a t i o n p a t t e r n s and gene expression p a t t e r n s o f the n e u r o n s o f each clonal u n i t w o u l d be
r e q u i r e d . Analysis o f t e m p o r a l aspects, n o t only a b o u t the o r d e r o f n e u r o n f o r m a t i o n w i t h i n each
clone b u t also a b o u t the t i m i n g o f p r o l i f e r a t i o n a n d n e u r i t e e x t e n s i o n a m o n g clones o f the same
clan, w o u l d also f u r t h e r our u n d e r s t a n d i n g a b o u t the process o f the n e u r a l c i r c u i t f o r m a t i o n .
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I N D E X

A

Adult brain 1 , 2 , 4 , 2 1 , 2 4 , 2 5 , 2 7 - 2 9 , 4 8 ,
1 1 8 , 1 3 7 , 1 4 4 , 1 4 6 - 1 5 0 , 1 5 5 , 1 5 6

Antenna 7 7 , 8 3 , 8 4 , 8 6 - 9 1 , 9 3 , 9 6 , 1 0 2 - 1 0 6 ,
1 0 8 , 1 1 1 , 1 1 2 , 1 3 9 , 1 4 2

Antennallobe 9 , 1 0 , 1 3 , 2 3 , 2 7 , 6 1 , 7 0 ,
7 1 , 7 4 - 7 6 , 8 3 , 8 4 , 9 0 - 9 2 , 9 5 , 9 6 , 9 8 ,
1 0 8 - 1 1 1 , 1 2 0 , 1 3 7 , 1 3 8 , 1 4 1 , 1 4 7 , 1 5 0

Axon 1 , 6 , 8 - 1 1 , 1 3 , 1 5 , 1 7 , 1 9 - 2 1 , 2 3 - 2 5 ,
2 7 - 3 1 , 3 5 , 4 7 , 5 8 , 6 0 - 6 2 , 6 4 , 6 5 , 7 0 , 7 4 ,
82-84, 88-93, 95-98, 118, 120, 122-124,
1 2 6 - 1 3 1 , 1 3 8 , 1 5 0

Axonal pathfinding 120

B

Brain 1 - 1 3 , 1 5 - 2 1 , 2 3 - 2 5 , 2 7 - 4 0 , 4 2 , 4 3 , 4 5 ,
4 7 - 5 3 , 5 7 , 5 8 , 6 0 - 6 7 , 6 9 , 7 1 , 7 5 , 7 8 ,
8 2 , 8 3 , 8 9 , 9 0 , 9 8 , 1 0 2 , 1 0 3 , 1 1 1 , 1 1 2 ,
1 1 5 , 1 1 8 , 1 2 0 , 1 2 2 , 1 2 3 , 1 2 6 - 1 2 8 , 1 3 1 ,
137-139, 141-144, 146-151, 153-156

Brain development 2 , 3 0 , 3 2 , 3 4 - 3 7 , 5 7 , 1 1 5 ,
155

c
Cell adhesion molecule (CAM) 92, 126,

1 3 0 , 1 5 3 , 1 5 4
Cell fate specification 45, 90, 131
Cell recognition 82, 115
Central complex (CC) 2 5 , 2 7 - 2 9 , 1 3 7 - 1 3 9 ,

1 4 1 , 1 4 2 , 1 4 8 - 1 5 0 , 1 5 6
Central nervous system (CNS) 4, 6, 8, 10,

2 9 - 3 4 , 3 6 - 3 9 , 4 2 , 4 3 , 4 5 , 4 7 , 5 2 , 53,70,
7 1 , 8 2 , 9 2 , 9 5 , 1 3 9

Clan 156
Clonal unit 30,137, 146-151, 153-156
Columnar gene 42,44-53
Compartment 1, 3, 8-11, 13, 17, 19, 21,

2 3 - 2 5 , 2 7 - 2 9 , 3 6 , 6 7 , 1 1 1 , 1 2 6 , 1 2 7

D

Dendrite 1,9, 1 0 , 3 1 , 7 0 , 7 4 , 8 3 , 9 0 - 9 2 ,
9 5 - 9 7 , 1 0 4 , 1 1 8 , 1 2 7 , 1 3 0 , 1 3 8 , 1 3 9 , 1 4 2

Dorsoventralpatterning 42
Drosophila melanogaster 1 - 3 , 6 , 8 - 1 0 , 1 2 ,

1 7 , 2 5 , 2 9 - 4 0 , 4 2 - 4 8 , 5 0 , 5 2 , 5 3 , 5 7 , 6 7 ,
6 9 - 7 1 , 7 3 , 7 5 , 7 7 , 7 8 , 8 2 - 8 4 , 8 6 , 8 7 , 9 0 ,
9 6 - 9 8 , 1 0 2 - 1 1 2 , 1 1 5 , 1 1 6 , 1 1 8 , 1 2 0 ,
1 2 2 - 1 2 6 , 1 2 8 , 1 3 0 , 1 3 1 , 1 4 2 , 1 4 7 , 1 4 8 ,
155

E

Embryo 1 - 4 , 6 , 1 0 , 1 1 , 1 3 , 1 5 - 1 9 , 2 1 , 2 3 , 2 5 ,
2 7 - 3 0 , 3 4 - 3 6 , 3 8 , 3 9 , 4 2 - 4 4 , 4 6 , 5 0 , 5 1 ,
5 7 , 5 8 , 6 0 - 6 7 , 1 4 2 , 1 5 4

F

Fate mapping 57, 60, 64, 67, 92

G

Ganglion mother cell (GMC) 1 , 3 - 7 , 1 0 , 1 6 ,
1 7 , 9 2 , 9 4 , 1 4 2 - 1 4 4 , 1 4 7 , 1 5 4 , 1 5 5

Glia 1 , 2 , 6 , 7,9, 10, 12, 13, 15, 16, 19,30,
3 1 , 3 5 , 5 8 , 6 0 , 6 2 , 6 6 , 6 7 , 8 9 , 1 2 0 , 1 2 2 ,
1 2 4 , 1 2 5 , 1 2 7 , 1 2 8 , 1 3 8 , 1 4 1 , 1 5 3

Glial cell 1 , 3 , 8 , 10, 12, 13, 15, 1 9 , 2 0 , 3 0 ,
3 1 , 4 2 , 5 1 , 5 7 , 5 8 , 6 0 , 6 6 , 6 7 , 8 3 , 8 4 ,
8 6 - 9 0 , 1 2 2 , 1 2 4 , 1 3 1 , 1 3 8 , 1 5 3 , 1 5 4

Glomeruli 1 3 , 7 0 - 7 6 , 8 3 , 8 4 , 8 9 , 9 0 , 9 2 , 9 3 ,
9 6 - 9 8 , 1 0 3 , 1 0 6 - 1 1 2 , 1 2 0 , 1 2 2 , 1 4 2 , 1 4 7 ,
148

Gsh 4 2 , 4 8 , 5 2 , 5 3
Gsh/ind 48, 52, 53
Gustatory receptor (GR) 69, 71, 72, 77, 108

H

Hox gene 8, 32, 36, 37, 38

I

Ind 42,44-53

L

Lamina 1 1 6 , 1 1 8 , 1 2 0 , 1 2 2 - 1 3 1 , 1 4 2



160

Larva 1 , 2 , 5 , 6 , 8 , 1 0 , 1 1 , 1 3 , 1 5 , 1 9 , 2 3 , 2 5 ,
2 7 - 2 9 , 6 9 - 7 2 , 7 5 , 7 7 , 7 8 , 9 2 , 1 2 4 , 1 4 6 ,
147,153

Larval brain 1 - 3 , 5 - 1 0 , 1 2 , 1 3 , 1 5 - 1 8 , 2 1 ,
2 3 - 2 5 , 2 8 , 3 0 , 3 1 , 4 8 , 1 2 8 , 1 3 7 , 1 4 2 , 1 4 3 ,
1 4 6 , 1 4 7 , 1 5 0 , 1 5 3 , 1 5 4

Lineage 1 - 3 , 5 , 6 , 8 - 1 1 , 13, 15-17, 19-21,
2 3 - 2 5 , 2 7 - 3 1 , 5 1 , 5 7 , 6 1 , 6 2 , 8 6 , 8 7 ,
89-92,94, 137, 142, 146-148, 150, 153,
155,156

Lobula 1 1 , 2 9 , 1 1 6 , 1 1 8 , 1 2 0 , 1 2 2 , 1 2 7 - 1 2 9 ,
131,142

M

Maxillarypalp (MP) 83, 84, 86, 90, 93,
1 0 2 - 1 0 5 , 1 0 7 , 1 0 8 , 1 1 1

Medulla 1 1 6 , 1 1 8 , 1 2 0 , 1 2 2 - 1 2 4 , 1 2 6 - 1 3 1 ,
142

Midbrain-hindbrain boundaries (MHB) 37,
40

Mitotic domain 57, 58, 60-64, 6 6 , 6 7
Mouse 3 2 , 3 3 , 3 5 - 3 9 , 4 2 , 4 3 , 4 5 , 4 7 , 4 8 , 5 0 ,

5 2 , 5 3 , 8 2 , 1 0 5
Msx/msb 42,44-53
Mushroom body (MB) 3 , 5 , 8 - 1 0 , 16, 17, 19,

2 1 , 2 3 , 2 5 , 2 7 - 3 1 , 60, 61, 70, 71, 73-75,
8 3 , 8 4 , 9 4 , 9 5 , 1 2 0 , 1 3 7 - 1 3 9 , 1 4 1 , 1 4 2 ,
1 4 6 - 1 4 8 , 1 5 0 , 1 5 5 , 1 5 6

N

Neural circuit 137, 142, 147, 148, 150,
154-156

Neural superposition 118, 123, 124, 126
Neural tube 4 2 , 4 4 , 4 7 , 4 8
Neuroanatomy 3 , 1 0 , 1 7 , 1 0 2 , 1 1 1
Neuroblast 1-8, 10-13, 1 5 - 1 7 , 2 0 , 2 1 , 2 9 , 3 0 ,

3 4 , 3 5 , 4 2 - 4 5 , 4 7 , 4 8 , 5 0 , 7 4 , 9 2 , 9 4 , 1 3 7 ,
1 3 9 , 1 4 2 - 1 4 4 , 1 4 6 - 1 4 8 , 1 5 0 , 1 5 3 - 1 5 5

Neuroectoderm 30, 34, 3 5 , 4 2 , 4 4 - 4 9 , 58
Neurogenetics 115
Neuronal connectivity 1, 3, 97, 115, 116
NeuropUe 1 , 3 , 4 , 6 , 8 - 1 3 , 1 5 - 2 1 , 2 3 , 2 4 , 2 7 ,

2 9 , 3 1 , 1 2 9 , 1 3 7 - 1 3 9 , 1 4 1 , 1 4 7 - 1 5 1 ,
154-156

Neuropile compartment 1 , 3 , 8 , 1 0 , 1 3 , 1 9 ,
21, 24, 29

Nkx 42, 52, 53
Nkxlvnd 52

B r a i n D e v e l o p m e n t in D r o s o p h i l a m e l a n o g a s t e r

o
O d o r a n t 69-71, 73, 76, 7 7 , 8 2 - 8 4 , 9 8 , 102,

104,108
O d o r a n t receptor (OR) 7 0 - 7 2 , 7 4 , 7 5 , 7 7 ,

7 8 , 8 2 - 8 4 , 9 0 , 9 2 , 9 3 , 9 7 , 9 8 , 1 0 2 - 1 0 9 ,
111

Odor coding 74, 112
Olfaction 112
Olfactory 1 0 , 1 3 , 6 9 - 7 1 , 7 3 - 7 8 , 8 2 - 8 4 , 8 6 - 9 2 ,

9 5 , 9 7 , 9 8 , 1 0 2 - 1 0 5 , 1 0 7 , 1 0 8 , 1 1 1 , 1 1 2 ,
1 2 0 , 1 2 2 , 1 3 7 , 1 3 8 , 1 4 1 , 1 4 7 , 1 4 8 , 1 5 0 ,
156

Otx gene 35, 36

p

Path finding 154
Pattern formations 45
Pheromone 8 4 , 1 0 5 , 1 0 8 , 1 1 1 , 1 1 2
Photoactivation 5 8 , 6 0 , 6 2 - 6 6
Proto cerebrum 13, 17, 28,29, 3 4 , 4 3 , 4 8 - 5 0 ,

5 2 , 5 8 , 6 0 , 6 6 , 7 7 , 1 3 8 , 1 3 9 , 1 4 1 , 1 4 2 ,
150

R

Regionalization 32, 33, 3 9 , 4 0 , 4 2 , 52, 53
Retinotopy 123

s
Sensillum 8 3 , 8 6 - 9 1 , 1 0 3 - 1 0 5 , 1 1 0
Sprouting 118, 124, 127
Synapse formation 115, 125, 126

T

Target recognition 120
TUing 130, 131
Tracheal cell 1, 3
Tripartite organization 3 7 , 3 9 , 4 0

v
Vertebrate 3 , 3 1 - 3 3 , 3 5 - 3 7 , 3 9 , 4 0 , 4 2 - 5 0 , 5 2 ,

5 3 , 7 8 , 8 2 , 1 0 2 - 1 0 5 , 1 0 8 , 1 1 5 , 1 1 8 , 1 2 2 ,
126,138

Visuotopy 1 1 5 , 1 1 8 , 1 2 2 , 1 2 7
Vnd 42,44-53




