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Spatial Representation of the Glomerular Map
in the Drosophila Protocerebrum

sented in the insect brain. Insects exhibit complex be-
haviors controlled by an olfactory sensory system that
is significantly simpler than that of vertebrates. The rec-
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ognition of odors in Drosophila is accomplished by sen-and Molecular Biophysics
sory hairs distributed over the surface of the third anten-Howard Hughes Medical Institute
nal segment and the maxillary palp. Olfactory neuronsCollege of Physicians and Surgeons
within sensory hairs send projections to one of 43 glo-Columbia University
meruli within the antennal lobe of the brain (Stocker,701 West 168th Street
1994; Laissue et al., 1999). The projection neurons (PNs)New York, New York 10032
connect individual glomeruli with higher olfactory cen-
ters, the mushroom body, and protocerebrum (Stocker,
1994; Ito et al., 1998). Individual sensory neurons areSummary
likely to express only one of about 80 odorant receptor
genes (Clyne et al., 1999; Gao and Chess, 1999; VosshallIn the fruit fly, Drosophila, olfactory sensory neurons
et al., 2000; Scott et al., 2001; Dunipace et al., 2001;expressing a given receptor project to spatially invari-
Stortkuhl and Kettler, 2001; Wetzel et al., 2001). In addi-ant loci in the antennal lobe to create a topographic
tion, about two-thirds of the neurons also express amap of receptor activation. We have asked how the
common receptor gene, Or83b, such that neurons ex-map in the antennal lobe is represented in higher sen-
press a private and a public specificity (Vosshall et al.,sory centers in the brain. Random labeling of individual
2000). Neurons expressing the same receptors projectprojection neurons using the FLP-out technique re-
with precision to one or rarely two spatially invariantveals that projection neurons that innervate the same
glomeruli within the antennal lobe (Gao et al., 2000;glomerulus exhibit strikingly similar axonal topogra-
Vosshall et al., 2000; Scott et al., 2001). A topographicphy, whereas neurons from different glomeruli display
map of receptor activity in the periphery is thereforevery different patterns of projection in the protocere-
represented in the antennal lobe. The segregation ofbrum. These results demonstrate that a topographic
like axons in the antennal lobe is in accord with 2-deoxy-map of olfactory information is retained in higher brain
glucose mapping in the fruit fly (Rodrigues and Buchner,centers, but the character of the map differs from that
1984; Rodrigues, 1988) and calcium imaging in the hon-of the antennal lobe, affording an opportunity for inte-
eybee (Joerges et al., 1997; Galizia et al., 1999) thatgration of olfactory sensory input.
demonstrate that different odorants elicit defined pat-
terns of glomerular activity.Introduction

The identification of a topographic map in which dif-
ferent odors elicit different patterns of activity in theSensory neurons receive information from the environ-
antennal lobe has led to the suggestion that these spatialment and transmit this information to the brain where it
patterns reflect a code-defining odor quality (Vosshall etis processed to create an internal representation of the
al., 2000; Gao et al., 2000). Others have argued, however,external world. The representation of the sensory world
that the quality of an olfactory percept is encoded notin the brain then translates stimulus features into a neu-
in topography but in temporality, that different odorsral code that discriminates complex sensory information
elicit different temporal patterns of activity and that thisand ultimately elicits a behavioral response. Most sen-
is a more relevant attribute of neural identity and odor

sory systems spatially segregate afferent input from the
quality than is position (Laurent, 1999). Whatever the

peripheral sensory neurons to create a topographic
code, patterns of activity in the antennal lobe must be

map. In the auditory, somatosensory, and visual sys- translated by higher sensory centers to allow for the
tems, neurons within the peripheral receptor sheet pro- discrimination of complex olfactory information. Distin-
ject to the central nervous system in a highly ordered guishing among these models is likely to require an
manner, such that neighbor relations in the periphery understanding of the neural circuit that translates odor
are maintained in the brain. This orderly representation recognition into specific behavioral responses. The cir-
of cells in the peripheral receptor sheet may therefore cuit begins with primary olfactory neurons that project
transmit information to the brain concerning both the with precision to spatially invariant glomeruli. If odor
quality of a sensory stimulus and the position of a stimu- quality is encoded by spatial patterns, we might expect
lus in space. The peripheral olfactory system does not that a representation of the glomerular map is retained
extract spatial features of an odorant stimulus. Relieved in the protocerebrum.
of the requirement to map the position of an olfactory We have therefore performed genetic experiments
stimulus in space, the olfactory system may employ that permit us to visualize the projections of single PNs
spatial segregation of sensory input to encode the qual- that connect defined glomeruli with their targets in the
ity of an odor. mushroom bodies and protocerebrum. We have used

We have examined how olfactory information is repre- an enhancer trap line in which Gal4 is expressed in a
subpopulation of projection neurons (Stocker et al.,
1997), along with the FLP-out technique (Basler and2 Correspondence: ra27@columbia.edu
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Figure 1. Visualizing the Projection Neurons
Connecting the Antennal Lobe with the Pro-
tocerebum and Mushroom Body

(A) The enhancer trap line, GH146-Gal4, also
bearing the transgene UAS-GFPnls, allows
the visualization of PN nuclei surrounding the
antennal lobe. Large clusters of dorsal and
lateral nuclei, as well as a smaller cluster of
ventral nuclei, are apparent. Staining is also
consistently observed in small groups of cells
surrounding the prototocerebrum as well as
the subesophageal ganglion. In (A) and (B),
brain whole- mount preparations were stained
with anti-GFP (green), the monoclonal anti-
body, nc82, recognizing neuropil (red), and
the nuclear stain TOTO-3 (blue). All prepara-
tions are fly brain whole mounts viewed fron-
tally with dorsal on top.
(B) Flies bearing GH146-Gal4 and UAS-CD8-
GFP allow the visualization of the PN axons
and dendrites. The PNs extend dendrites to
glomeruli in the antennal lobe and axons to
the mushroom body calyx and the lateral horn
of the protocerebrum. A subset of PNs by-
pass the mushroom body and only innervate
the protocerebrum. Arrow, inner antennocer-
ebral tract (iACT); arrowhead, medial ante-
nnocerebral tract (mACT).
(C) GH146-Gal4 flies carrying UAS �CD2,y�

�CD8-GFP and Hs-flp transgenes allow the
visualization of the projections of single PNs.
A mild heat shock was applied to third instar
larvae to remove the CD2 FLP-out cassette
and place CD8-GFP under UAS control. Indi-
vidual neurons with the CD2 FLP-out cassette
removed are visualized with anti-GFP (green),
whereas the population of PNs that have an
intact FLP-out cassette are visualized with
anti-CD2 antibody (red). Open arrow, anten-
nal lobe; filled arrow, mushroom body calyx;
arrowhead, lateral horn of the protocerebrum.
The scale bar equals 50 �m.
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Figure 2. Visualizing the Dendritic Projec-
tions of Single PNs

GH146-Gal4 flies carrying the Hs-flp and UAS
�CD2,y� �CD8-GFP transgenes that have
undergone FLP-out reveal that individual PNs
project to a single glomerulus. Specific glo-
meruli were identified using the previously es-
tablished antennal lobe map (Laissue et al.,
1999). No apparent spatial relationship be-
tween the position of the cell body and the
glomerulus can be discerned, but the cell
group in which cell bodies reside are main-
tained in all flies examined. (A) VM4, (B) DM2,
(C) DL1, and (D) DA1.

CD8-GFP reporter. A similar experimental approach has the antennal lobe and the dendrites of most PNs inner-
vate a single glomerulus. The PN axons project throughrecently been used to determine the lineage relationship

of individual PNs (Jefferis et al., 2001) and in a compan- one of three ascending tracts, the inner antennocerebral
tract (iACT) that projects to the calyx of the mushroomion study to examine their pattern of axonal projections

(Marin et al., 2002 [this issue of Cell]). We observe that body and protocerebrum and the medial (mACT) and
outer (oACT) antennocerebral tracts that bypass themost PNs send dendrites to a single glomerulus. Projec-

tion neurons that receive input from a given glomerulus mushroom body and innervate the protocerebrum.
An enhancer trap line, GH146-Gal4, has been charac-extend axons that form a spatially invariant pattern in

the protocerebrum. PNs from different glomeruli exhibit terized that drives the expression of Gal4 in 83 of the
PNs, allowing visualization of a large subpopulation ofpatterns of axonal projections that are distinct but often

interdigitate. These results demonstrate that a topo- projection neurons (Stocker et al., 1997; Jefferis et al.,
2001). In initial experiments, we crossed the GH146-graphic map of olfactory information is retained in higher

brain centers, but the character of the map differs from Gal4 line to flies bearing a UAS-GFPnls transgene that
encodes a GFP molecule bearing a nuclear localizationthat of the antennal lobe. The tight segregation of indi-

vidual sensory axons observed in the antennal lobe is signal. We observe GFP expression in the nuclei of 83
(83 � 2, n � 6) PNs surrounding the antennal lobe (Figurereplaced by an overlapping but stereotyped distribution

of axonal arbors in the protocerebrum, affording the 1A). The cell bodies of GH146-positive PNs expressing
Gal4 reside in three anatomically discrete groups cir-opportunity for integration of input from multiple glo-

meruli. cumscribing the antennal lobe with 41 (41 � 3, n � 6)
dorsal-anterior, 34 (34 � 2, n � 6) lateral, and 7 (7 � 3,
n � 6) ventral PNs. In addition, GFP is also observed inResults
six cells posterior and lateral to the protocerebrum and
three cells ventral to the subesophageal ganglia that areVisualizing a Subpopulation of Projection Neurons

Genetic experiments with the Drosophila odorant recep- not projection neurons.
The projections of the population of 83 PNs can betor genes have allowed the visualization of a topographic

map of sensory projections in the antennal lobe (Gao et visualized in a cross between the GH146-Gal4 line and
flies bearing the transgene UAS-CD8-GFP, which en-al., 2000; Vosshall et al., 2000; Scott et al., 2001). We now

ask whether the representation of receptor activation in codes a membrane-tethered GFP decorating both axo-
nal and dendritic projections (Figure 1B). In these flies,the antennal lobe is maintained by the projection neu-

rons that connect glomeruli to higher order olfactory robust glomerular staining is observed in 34 anatomi-
cally defined glomeruli in the antennal lobe. The majoritycenters. Anatomic studies identify about 200 projection

neurons (Stocker et al., 1990). PN cell bodies surround of the projection neurons expressing CD8-GFP send
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axons through the iACT and synapse both in the calyx Table 1. Distribution of Single Projection Neurons
of the mushroom body and the lateral protocerebrum.

Glomerulus Soma position Number of samplesGal4 is also expressed in at least four neurons that send
D Dorsal 4processes through the mACT and a single neuron that
DA1 Lateral 3projects axons via the oACT. These two fiber tracts

Ventral 3bypass the mushroom body and connect glomeruli di-
DA2 Lateral 4rectly to the protocerebrum (see below; Stocker et al.,
DA3 Dorsal 3

1997; Ito et al., 1998). DC1 Dorsal 2
DC3 Dorsal 3
DL1 Dorsal 9Visualizing the Projections of Individual PNs
DL4 Dorsal 4in the Antennal Lobe
DM1 Lateral 2We next examined the projections of individual PNs that
DM2 Lateral 8

connect specific glomeruli to their protocerebral targets. DM4 Dorsal 2
Genetic markers that define individual PNs have not DM5 Lateral 1

DM6 Dorsal 3been identified. We therefore employed the GH146-Gal4
DP1m Dorsal 2enhancer-trap line, in concert with the FLP-out tech-
VA1d Dorsal 7nique, to express a transmembrane reporter CD8-GFP
VA1lm Dorsal 12in single-projection neurons (Nellen et al., 1996; Zecca

Ventral 5
et al., 1996). In order to obtain single cells expressing VA2 Dorsal 4
CD8-GFP, we generated larvae from GH146-Gal4 lines VA2p Lateral 2

VA3 Dorsal 3that also carry the transgenes UAS �CD2,y� �CD8-GFP
VA4 Lateral 5and Hs-flp. Excision of the CD2,y� FLP-out cassette is
VA5 Lateral 6mediated by a mild heat shock during late third instar,
VA6 Dorsal 6a stage when projection neurons are postmitotic and
VA7lm Lateral 6

specified (Jefferis et al., 2001). Excision of the FLP-out VC1 Lateral 2
cassette in random subpopulations of PNs, and at the VC2 Lateral 1

VL2a Dorsal 7extreme, in single PNs, can be visualized by CD8-GFP
VL2p Dorsal 3expression. In flies treated in this manner, CD2 is ex-
VM1 Lateral 3pressed in the cell bodies and processes of a large
VM2 Dorsal 10population of PNs and identifies the projections to the
VM3 Dorsal 3

mushroom body and the protocerebrum. The expres- VM4 Dorsal 2
sion of CD8-GFP allows the visualization of the dendritic VM7 Dorsal 3

1 Dorsal 3and axonal arbors of only a single-projection neuron
asterisk Dorsal 1(Figure 1C). Since most individual glomeruli within the

antennal lobe are morphologically distinct and spatially Total 147
invariant, it is possible to identify the individual PNs that
connect to a defined glomerulus and trace its axonal
projections from the antennal lobe to the mushroom

connect to cell bodies within only one of the three groupsbody and the protocerebrum. Examination of over 2,000
of PNs, two glomeruli (VA1lm and DA1) connect withfly brains has allowed us to trace the pattern of projec-
PNs whose cell bodies reside within two groups (seetions of 147 individual PNs from their dendritic glomeru-
below).lar arbor to their axonal target.

Analysis of the dendritic projections of 147 individual
PNs within the glomerulus of the antennal lobe reveals Projections of Individual PNs

in the Protocerebrumseveral features of a dendritic map (Figure 2 and Table
1). First, individual projection neurons extend dendrites We next asked how the topographic map in the antennal

lobe is represented in higher olfactory centers in theto only a single glomerulus (Figure 2), a finding in accord
with previous studies using Golgi staining (Stocker et al., fly brain. We therefore analyzed the patterns of axonal

projections of 147 individual PNs in the mushroom body1990) as well as more recent genetic tracing experiments
(Jefferis et al., 2001). Second, the cell bodies of PNs and protocerebrum (Figures 3 and 4; Table 1). In GH146-

Gal4 flies, Gal4 is expressed in 83 PNs that innervatewhose dendrites occupy a given glomerulus usually re-
side within only one of the three cell groups. For exam- 34 glomeruli, implying that on average each glomerulus

receives dendrites from three PNs. It is therefore possi-ple, the PNs that receive input from the DM2 glomerulus
reside within the lateral cell grouping, whereas the neu- ble to examine the axonal patterns from multiple, differ-

ent PNs that innervate the same glomerulus. For exam-rons with dendrites in the VM4 and DL1 glomerulus re-
side within the dorsal-anterior population of PNs (Figure ple, we have visualized the pattern of axonal projections

of four independent PNs that connect the DA2 glomeru-2). The location of the cell bodies of specific PNs is
maintained from organism to organism. Finally, no lus to the protocerebrum (Figure 3A). The cell bodies of

the DA2 PNs reside within the lateral group of neuronsneighbor relationship is observed for the location of the
PN cell body and the glomerulus, which it innervates. and project axons through the iACT. DA2 axons send a

single branch to the calyx of the mushroom body andThe PNs of DA1, VM4, and DM2, for example, are distant
from their glomeruli, whereas the DL1 PN is adjacent extend into the protocerebrum. The DA2 axon then splits

into two branches that arborize in the medial portion ofto its glomerulus (Figure 2). Although most glomeruli
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Figure 3. Axonal Projections from PNs that Connect to Different Glomeruli Are Distinct

The axonal projections from single PNs can be visualized as they course through the antennal cerebral tract, branch in the mushroom body,
and ultimately arborize in the lateral horn of the protocerebrum. PNs that connect to different glomeruli exhibit different patterns of axonal
projections that are reflected both in the branching pattern in the mushroom body and the branching and arborization in the protocerebrum.
The generation of single-labeled PNs and the staining was performed as described in for Figure 2.

the lateral protocerebrum. The pattern of branching and in different organisms (Figure 4). For example, we have
analyzed projection profiles of five ventral VA1lm PNsthe arborization is strikingly similar for each of the four

DA2 PNs visualized (Figure 6B). In contrast, the cell (Figures 4A–4D) and observe a strong concordance in
the patterns of axon branching and arborization. Thisbodies of PNs that innervate the VL2a glomerulus reside

solely within the dorsal cell group (Figure 3B). Axons stereotypic invariance of axonal arbors is apparent for
all PNs for which we have multiple examples (Figuresfrom the seven individual VL2a PNs exhibit a characteris-

tic pattern of branching and arborization, distinct from 4 and 6B; Table 1). Although PNs innervating a given
glomerulus exhibit invariant projections, the topo-DA2 axons, in a more lateral domain of the protocere-

brum (Figures 3C and 6B). Even when projection pat- graphic order of glomeruli in the antennal lobe is not
maintained in the protocerebrum. Thus, PNs innervatingterns appear to overlap in two dimensions, as is the

case for VM1 (Figure 3F) and VA1lm (Figures 5C and neighboring glomeruli reveal projections that can be dis-
tant from one another in the protocerebrum.5D), the axonal arbors are distinct when examined in

three dimensions, with VM1 branching more posteriorly On average, each glomerulus receives dendrites from
three labeled projection neurons. If the heat shock FLP-than VA1lm in the ventral protocerebrum.

Analysis of the projections of 147 PNs that innervate out technique randomly labels PNs with equal fre-
quency, our data would imply that all neurons that con-34 glomeruli reveals that PNs that receive input from

different glomeruli exhibit different spatial patterns of nect to a given glomerulus reveal similar projection pat-
terns. Alternatively, the FLP-out labeling approach mayaxonal arborization (Figure 3). However, projection neu-

rons that innervate the same glomerulus reveal strikingly be nonrandom, such that one of the multiple projection
neurons from a single glomerulus may be more suscepti-similar projection patterns, and this pattern is conserved
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Figure 4. Projection Neurons that Connect to the Same Glomerulus Have Similar Axonal Projection Patterns

Individual projection neurons that connect to the VA1lm (A–D), DL1 (E and F), and DM1 (G and H) glomeruli were followed into the mushroom
body and protocerebrum in different flies. Representative images are shown and reveal that PNs that project to different glomeruli display
different axonal pattern (Figure 3), whereas a striking constancy in projection pattern is observed among PNs that project to a given glomerulus.

ble to FLP-out. If true, each of the three PNs connected beled projection neurons that connect to the same glo-
merulus. Although rare, we have obtained brain samplesto a given glomerulus might reveal distinct arborization

patterns, but this would not be detected in our analysis. with two PNs innervating VA7ml or VA5 (data not shown).
In each instance, the cell bodies of neurons that connectIn order to distinguish among these alternatives, we

have searched brain preparations that contain two la- to a given glomerulus reside within the same cell group
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Figure 5. Two Different Classes of PNs Con-
nect the VA1lm Glomerulus to the Protocer-
ebrum

(A) GH146-Gal4 flies bearing Hs-flp and UAS
�CD2,y� �CD8-GFP were exposed to a mild
heat shock and in rare instances, two PNs
that connect to the same glomeruli were la-
beled. One VA1lm cell body resides within the
dorsal group of PNs, and a second within the
ventral population. In other experiments with
single PNs, individual cells are observed con-
necting to these two cell groups whose den-
drites terminate in the VA1lm glomerulus.
(B) The ventral PNs from VA1lm project via
the mACT to the protocerebrum but bypass
the mushroom body (arrow). The dorsal
VA1lm PN projects via the iACT and branches
extensively in the calyx of the mushroom
body (arrowhead). The two neurons exhibit
distinct projection patterns, which show re-
gions of interdigitation in the lateral aspect
of the protocerebrum.
(C–F) Axonal projections from single labeled
VA1lm PNs from the dorsal (C and D) and
ventral (E and F) population of cell bodies.

and reveal patterns of projection in the protocerebrum suggesting that different PNs have different synaptic
representation in the mushroom body. For example, thethat are strikingly similar and almost overlapping. These

data demonstrate that each of the multiple neurons in- VA1lm dorsal-anterior PNs have 1 to 3 boutons (2 � 0.6,
n � 7), whereas the DL1 PNs have 5 to 9 boutons (6.7 �nervating a given glomerulus exhibit spatially conserved

arborization profiles in the protocerebrum. 1.3, n � 7) in the mushroom body (Figures 4E, 4F, 5C,
5D and 6B). In experiments in which single PNs express
the fusion protein, synaptobrevin-GFP, a reporter thatDifferent Projections from the Same Glomerulus
labels the presynaptic density, the bouton structure isTwo glomeruli (VA1lm and DA1) connect to PNs whose
much more prominent in the mushroom body than incell bodies reside in two different cell groups (Figure
the protocerebrum (data not shown). It has been difficult5A). The VA1lm glomerulus is innervated by PNs that
to detect conserved spatial features among like axonsreside in the dorsal-anterior group. These dorsal PNs
in the mushroom body. This may reflect our inability toproject axons through the iACT, branch to the calyx of
discern patterns due to inadequate detail, minimizingthe mushroom body, and arborize in a characteristic
differences between different PNs. Alternatively, a pre-pattern in the lateral aspect of the protocerebrum (Fig-
cise spatial map in the antennal lobe may not be con-ures 5B–5D). We have also identified two neurons within
served in the mushroom body.the ventral group of PNs that connect to the VA1lm

glomerulus. These neurons extend axons through the
mACT, bypass the mushroom body, and arborize in the Quantitative Cluster Analysis
protocerebrum at a location distinct from the termini of of Projection Patterns
the dorsal group of VA1lm neurons (Figures 5B, 5E, and Visual inspection reveals that projection neurons in-
5F). Thus, PNs that connect to the same glomerulus but nervating the same glomerulus exhibit extremely similar
maintain their cell bodies in different locations sur- patterns of axonal arborization in the protocerebrum. We
rounding the antennal lobe exhibit distinct patterns of have performed cluster analysis on 36 PNs that innervate
projections within the protocerebrum. six different glomeruli to provide a more quantitative

assessment of the morphologic variation in projection
patterns. Cluster analysis of morphologic variables, cou-Projections to the Mushroom Body

The axonal projections in the mushroom body appear far pled with principal component analysis (PCA), has been
successfully applied to the analysis of stereotypic mi-simpler than the rich arborizations in the protocerebrum

(Figures 3 and 4). Axons from the inner antennocerebral crocircuitry of the mammalian cortex (Kozloski et al.,
2001). We have adapted this procedure to analyze thetract branch to form from 2 to 11 terminal boutons in

the mushroom body. The number of boutons appears variation of projection patterns. Confocal image stacks
of single-projection neurons were traced and recon-constant among PNs that innervate a given glomerulus,
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Figure 6. Cluster Analysis of Projection Patterns

(A) A vertical hierarchical tree groups the 38 PNs in 6 different clusters according to their similarity in projection patterns. These six clusters
coincide with the six different glomeruli innervated by these 38 PNs. The linkage calculation is based on Euclidian distance. Ward’s method
was employed for the linkage rule. The vertical bar indicates 5 units in Euclidian distance. The asterisk denotes samples from organisms with
surgical removal of the antennae and the maxillary palps. See Experimental Procedures for details.
(B) Camera Lucida patterns of PNs from the six different glomeruli. Twenty-four of the 36 wild-type normal samples in the hierarchical tree
are shown. Twelve of the samples have two major branches, a dorsal and a ventral branch in the protocerebrum; the other 12 samples have
only the ventral branch. Boutons in the mushroom body calyx are highlighted with filled circles.

structed with vectors to represent axonal branches in 4.5 � 0.7 (Figure 6), which is significantly different from
the values observed within the glomerular classes (p �three dimensions (Figure 6B). Morphometric parame-

ters, such as branching angle, positional coordinates, 0.001). These quantitative data provide support for con-
clusions that derive from visual inspection of projectionand length are measured for each of the branches. PCA,

a data reduction method, was then employed to examine patterns and confirm that PNs that innervate the same
glomerulus share strikingly similar patterns of axonal21 parameters describing the axonal arbors, and 17 that

were found to make significant contributions to the data arborization.
set were then subjected to cluster analysis (see Experi-
mental Procedures). This analysis reveals that the 36 Sensory Input Is Not Required to Maintain a PN

Map in the Antennal Lobe and Protocerebrumdifferent PNs examined cluster into six different groups.
These six groups coincide with the six different glomeruli We next asked whether olfactory sensory input is re-

quired for the maintenance of either the PN dendriticanalyzed in this data set (Figure 6A).
The linkage distance measured in Euclidean space map in the antennal lobe or the PN axonal map in the

protocerebrum. Removal of both the antennae and max-represents the dissimilarity between any two PNs calcu-
lated from the 17 chosen variables. Thus, the linkage illary palps eliminates all olfactory sensory input and

results in the rapid degradation of the distal axonaldistance between any two dorsal PNs from the VA1lm
glomerulus is 3.0 � 0.8 and 2.5 � 0.4 for any two PNs stump in the antennal lobe (Stocker et al., 1990; Gao et

al., 2000; Vosshall et al., 2000). The patterns of dendriticfrom the DA2 glomerulus. In contrast, the linkage dis-
tance between a VA1lm dorsal PN and any DA2 PN is and axonal projections were analyzed for 20 individual
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Figure 7. PN Projection Patterns Do Not Change upon Deafferentation

GH146-Gal4 flies, also bearing the transgenes Hs-flp and UAS �CD2,y� �CD8-GFP, were subjected to mild heat shock during the late larval
stage. Antennae and maxillary palps were removed immediately after eclosion. The projection patterns of flies were then examined after 10
days to determine the consequence of the deprivation of olfaction sensory input on the dendritic and axonal projections. Comparison of the
projection patterns between wild-type and the deafferented flies for PNs that project to three representative glomeruli, VA6 (A and B), DM2
(C and D), and VM7 (E and F) reveals patterns that are indistinguishable from normal.

projection neurons after surgical removal of all four pe- and mammals. Olfactory sensory neurons in both fly
and mouse express only a single receptor from largeripheral olfactory organs at eclosion. Despite the elimi-

nation of sensory input, precise dendritic and axonal gene families (Chess et al., 1994; Malnic et al., 1999;
Vosshall et al., 2000). Neurons expressing a given recep-maps that are indistinguishable from those observed in

wild-type flies are observed (Figure 7). These conclu- tor project with precision to one or rarely two spatially
invariant glomeruli (Ressler et al., 1994; Vassar et al.,sions from visual inspection of projection patterns were

confirmed by cluster analysis (Figure 6A). These studies 1994; Mombaerts et al., 1996; Gao et al., 2000; Vosshall
et al., 2000). The convergence of like axons into discrete,suggest that the precise connectivity between individual

glomeruli and defined regions of protocerebrum are insular, glomerular structures provides a two-dimen-
sional map of receptor activation in the first relay stationmaintained after sensory input is eliminated.
for olfactory information in the brain. In accord with this
physical map, functional imaging in both insects andDiscussion
vertebrates reveals that different odors elicit defined
spatial patterns of glomerular activation (Friedrich andThe organization and functional logic of the peripheral

olfactory system appears remarkably similar in fruit flies Korsching, 1997; Joerges et al., 1997; Galizia et al., 1999;
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Rubin and Katz, 1999). These data suggest a mechanism in the spatial patterns of axon arbors from PNs that
innervate a given glomerulus. The stereotypy of neuronsof odor discrimination that has been shared, despite

the five hundred million years of evolution separating and their connections is characteristic of invertebrate
nervous systems (see, for example, Ward et al., 1975;insects from mammals. An odorant will interact with

multiple receptors resulting in the activation of a topo- Bentley and Keshishian, 1982; Raper et al., 1983; Jo-
hansen et al., 1989) and may be a prominent feature ofgraphically invariant combinatorial of glomeruli. The

quality of an odorant may therefore be reflected by de- the vertebrate brain (Kozloski et al., 2001). The inordinate
precision of connections is likely to reflect a high degreefined spatial patterns of activity, first in the antennal

lobe (or olfactory bulb), and ultimately in higher olfactory of innate specification of individual neurons that will
ultimately dictate the path and character of its projec-centers in the brain.

In this study, we ask how the precise topographic tions. This must be complemented by precise guidance
information along a neuron’s path that governs the posi-map in the Drosophila antennal lobe is represented in the

protocerebrum. We have randomly labeled individual tion and character of its arbors. The end result is a
pattern of apparently precise connectivity that assuresprojection neurons using an enhancer trap line that la-

bels a large population of PNs, along with the FLP- the specificity of information transfer.
The precision of projections of PNs reveals a spatialout technique that drives the expression of a second

reporter in a single neuron. Genetic approaches to visu- representation of glomerular activity in higher brain cen-
ters, but the character of the map differs from that ob-alize individual neurons derive conceptually from the

Golgi chrome silver impregnation, “reazione nera,” that served in the antennal lobe. Axon arbors in the protocer-
ebrum are diffuse and extensive, often extending therandomly labels only 1% of the neurons in a particular

brain region. This approach, most elegantly employed entire dorsal-ventral dimension of the brain hemisphere.
This is in sharp contrast to the tight convergence ofby Cajal to formulate the neuron theory, permitted the

visualization of individual cells along with their pro- primary sensory axons whose arbors are often restricted
to small 5–10 �m spherical glomeruli. As a consequence,cesses and provided a first glimpse of specific neural

connectivity (Cajal, 1889). The distinction between the the projections from different glomeruli, although spatially
distinct, often interdigitate. Thus, the “point-to-point” seg-genetic approaches (Lee and Luo, 1999) and the histo-

logic experiments of Golgi and Cajal one hundred years regation observed in the antennal lobe is “degraded” in
the second-order projections to the protocerebrum. Thisearlier is the ability to use genetic markers to more pre-

cisely identify partners in the neural circuit. affords an opportunity for the convergence of inputs
from multiple different glomeruli essential for higher or-We observe that the vast majority of PNs send den-

drites to only one glomerulus. Projection neurons that der processing. Third-order neurons in the protocere-
brum might synapse on PNs from multiple distinct glo-innervate the same glomerulus reveal strikingly similar

axonal topography, whereas PNs from different glomer- meruli, a necessary step in decoding spatial patterns to
allow the discrimination of odor and behavioral re-uli exhibit very different patterns of projections in the

protocerebrum. Thus, neurons that innervate a given sponses.
Similar conclusions emerge from recent experimentsglomerulus reveal strikingly stereotyped patterns of

that employ genetically encoded transneuronal tracersaxon arborization that are readily apparent upon visual
in the mouse olfactory system (Zou et al., 2001). Mitralinspection and are confirmed by more quantitative clus-
cells that receive input from a single glomerulus projectter analysis. These conclusions derive from analysis of
to defined regions of the piriform cortex that are moreless than half of the total number of PNs, and additional
extensive than the glomerular segregation. Moreover,analysis will be required to determine whether they can
overlap in the projection patterns of different glomerulibe extended to the complete set.
affords the opportunity for integration of olfactory infor-An interesting variation of this pattern is observed for
mation at these higher olfactory centers.at least two glomeruli, VA1lm and DA1. PNs that receive

input from these glomeruli have cell bodies that reside
within two distinct cell groups surrounding the antennal Odor-Evoked Activity and the Maintenance

of a Topographic Maplobe. PNs that connect with VA1lm, for example, reside
in both the dorsal and ventral cell groups. The ventral In both mice and flies, olfactory sensory neurons ex-

pressing a given odorant receptor project with precisionPNs bypass the mushroom body and project to the ante-
rior-medial aspect of the protocerebrum, whereas the to spatially invariant glomeruli within the olfactory bulb

or antennal lobe (Gao et al., 2000; Vosshall et al., 2000;dorsal PNs branch to the MB and arborize in more lateral
positions of the protocerebrum. These invariant parallel Scott et al., 2001). In Drosophila, an invariant spatial

representation is also observed for projection neuronsprojections can therefore deliver similar information to
different parts of the fly brain. that connect a given glomerulus with the protocerebrum.

These observations raise the question as to how theThe projections of second-order olfactory neurons
have been analyzed previously in other insects by dye maps of primary and secondary sensory projections are

established and maintained. In one model, spatially re-injection (Burrows et al., 1982; Homberg, 1984; Homberg
et al., 1988), but in most instances it has not been possi- stricted guidance cues may be the sole determinants

specifying an invariant pattern of connections duringble to reproducibly distinguish the different PNs. In the
moth, dye injections reveal that neurons from the sexu- development. Other models invoke activity-dependent

processes that may operate either alone or in concertally dimorphic macroglomerular complex exhibit projec-
tion patterns different from the major class of PNs with target-derived guidance cues to achieve the preci-

sion of connections observed both in the antennal lobe(Homberg et al., 1988). Our data examine the projections
of identified neurons and reveal a striking invariance and protocerebrum.
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In mice, odor-evoked activity is not required to either to discriminate olfactory stimuli. Olfactory processing
will initially require that the structural elements of angenerate or maintain a topographic map of sensory pro-

jections in the olfactory bulb (Belluscio et al., 1998; Lin odor activate a unique subset of receptors, which in
turn results in the activation of a unique subset of glo-et al., 2000; Zheng et al., 2000). Only subtle alterations

in glomerular targeting are associated with mutants defi- meruli. The odorous stimulus must then be recon-
structed in higher sensory centers which determinecient in sensory input. Preliminary observations in the

fly similarly suggest that olfactory experience is not re- which of the numerous glomeruli have been activated.
How are the individual components that representquired to generate a map in the antennal lobe since

primary sensory axons arrive at specific glomeruli prior sensory image bound into a coherent whole? One model
postulates the convergence of information from decons-to receptor expression (Clyne et al., 1999; Jhaveri et al.,

2000; Fishilevich and Vosshall, personal communica- tructed patterns in the antennal lobe to “cardinal cell
assemblies” that sit at the top of a hierarchical percep-tion). These data suggest that the establishment of pre-

cise connections of sensory neurons in the antennal tual system in higher brain areas. The identification of a
spatially invariant sensory map in the fly protocerebrumlobe is likely to require positional cues that guide axons

without a contribution from olfactory experience. More- that is divergent and no longer exhibits the insular segre-
gation of like axons observed in the antennal lobe af-over, the precision of the map in the antennal lobe in

which sensory neurons bearing a given odorant receptor fords an opportunity for integration from multiple glo-
merular inputs by such cardinal cells. Hence, the notionand a small defined set of PNs project to a single glomer-

ulus suggest that common cues may guide both primary of grandmother cells in vision (Barlow, 1972) and jasmine
cells in olfaction. An alternative hypothesis postulatessensory axons and PN dendrites to a common glomeru-

lar target. that a given odor is defined by a temporal code of neural
elements (Laurent, 1999). In this model, oscillations,In this study, we demonstrate that removal of the

peripheral olfactory organs does not perturb the second phasing, and synchrony are more relevant attributes of
neural identity and odor quality than position. Althoughorder map of projections from the antennal lobe to the

protocerebrum. In Drosophila, therefore, olfactory input considerable evidence has been provided for the coordi-
nation of spike timing, the question as to whether syn-is not likely to be required for the maintenance of either

primary or secondary sensory maps. A more complex chrony and phasing serve an informational role in corti-
cal processing remains unresolved. Whatever thescenario is emerging from the analysis of the role of

activity in the development and maintenance of higher mechanism, the persistence of an invariant topographic
map reflecting receptor activation in the periphery inorder projections in the visual system. Ocular domi-

nance and orientation columns develop in the mamma- higher brain centers is likely to contribute to the interpre-
tation and discrimination of olfactory information.lian cortex in the absence of visual input (Crair et al.,

1998; Crowley and Katz, 1999, 2000). Different patterns
Experimental Proceduresof sensory activity, however, can have profoundly differ-

ent effects on the maturation of orientation selectivity
Experimental Animals and Transgenes(White et al., 2001). Moreover, the maintenance of orien-
Flies were raised on standard medium at 25�C. To reduce back-

tation selectivity of cortical neurons requires subse- ground fluorescence, flies aged less than 3 days were used for all
quent visual experience since these maps degrade with experiments unless otherwise indicated. The following transgenic

lines were used in a combination of the UAS/Gal4 (Brand and Perri-sensory deprivation during the critical period (Crair et
mon, 1993) and the FLP-out (Basler and Struhl, 1994) techniques toal., 1998). The concept of the critical period in the mam-
generate samples containing single PNs:malian visual system during which visual input shapes

GH146-Gal4 (Stocker et al., 1997); UAS �CD2, y� �CD8-GFP,connectivity does not appear to have an analogous
kindly provided by Gary Struhl; UAS-GFPnls (Struhl and Greenwald,

counterpart in the olfactory system of either flies or 2001; GFPnls encodes a nuclear-localized form of the GFP mole-
mammals. cule); and Hs-flp (Basler and Struhl, 1994).

Larvae containing three transgenes, UAS �CD2,y� �CD8-GFP,
Hs-flp, and GH146-Gal4, were given a mild heat shock (32�C forImplications for Sensory Processing
1 hr) at late third instar to remove the FLP-out cassette CD2,y�

Different odorants elicit spatially defined patterns of glo-
in a subset of the neurons. At room temperature (25�C), samples

merular activity in the antennal lobe. The antennal lobe containing single GFP-labeled PNs were also observed without re-
therefore provides a two-dimensional map that identi- ceiving a heat shock, probably due to a leaky expression of Hs-flp.

Thus, some samples were generated without heat shock.fies which of the numerous receptors have been acti-
Peripheral deafferentation was performed by removing both an-vated within the antenna. The quality of an olfactory

tennae and maxillary palps from anesthetized, newly eclosed fliesstimulus could therefore be encoded by the specific
with forceps. Animals were allowed to recover in fresh vials andcombination of glomeruli activated by a given odorant.
aged for 10 days at 25�C before projection patterns were analyzed.

This model of olfactory perception shares several basic
features with perception in other sensory systems. For Immunocytochemistry and Confocal Microscopy
example, the brain analyzes a visual image by interpre- Fly heads were fixed in PB containing 4% paraformaldehyde and

0.1% Triton X-100 for 3 hr on ice and subsequently rinsed withting the individual components of the image: form, loca-
PBST (0.1% Triton X-100 in PBS) three times. Microdissection wastion, movement, and color (Livingstone and Hubel, 1987;
performed in PBST to remove the cuticle and connective tissues.Zeki and Shipp, 1988). The unity of a visual image is
Samples were incubated in heat-inactivated goat antiserum for 2 hr,accomplished by several parallel processing pathways,
then in a cocktail of primary antibodies including a mouse mono-

such that the image is initially dissected into tractable clonal nc82 (dilution of 1:20), Serotech mouse anti-CD2 (1:1000),
components and then reconstructed in higher visual and Molecular Probes rabbit anti-GFP (1:1000) overnight. Samples

were washed three times for 10 min with PBST before incubationcenters in the cortex. A similar logic may be employed



Cell
240

for 2 hr with a cocktail of secondary antibodies, which include goat PCA, however, does not provide information about the minimum
set of morphometrical variables to separate these different patterns.anti-mouse conjugated with Alexa Fluor 568 (1:1000), goat anti-

rabbit conjugated with Alexa Fluor 488 (1:1000), and a 1:1000 dilution We then sequentially eliminated one variable at a time and kept
those variables that maximize the differences between clusters. Weof TOTO-3 (Molecular Probes). After three 10 min rinses with PBST,

brains were mounted in Vectashield (Vector Labs) using small #1 discovered that these six patterns can be fully separated by using
only four variables, L_d, Ratio_v, Y_v, and Var_c. Essentially, onethickness coverslips as spacers. Image stacks were taken with a

Biorad 1024 confocal microscope. A stack of confocal images at variable describing the axon length of the dorsal branch, two vari-
ables for the ventral branch, and one variable for the number of1–2 �m step was collected for each PN in the calyx-protocerebrum

region, and another stack of images was collected for the antennal boutons in the mushroom body. All numbers are presented as
average � standard deviation unless otherwise indicated.lobe region with a Nikon 60� objective lens. Glomeruli were identi-

fied and named using the antennal lobe map established by Laissue
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