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Integration of Chemosensory Pathways
in the Drosophila Second-Order Olfactory Centers

ciative responses to odors. The structural organization
of second-order and third-order neurons suggests that
MB is capable of integrating a wide range of odorant
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are initially detected by the array of olfactory receptorJapan
neurons (ORNs, also termed first-order olfactory neu-4 Precursory Research for Embryonic Science and
rons: Figure 1A) [1]. For the perception of a particularTechnology
smell, information carried by each type of ORN must beJapan Science and Technology Agency
integrated and then further categorized within the brain.c/o Institute of Molecular and Cellular Biosciences
ORNs expressing the same olfactory receptor send theirUniversity of Tokyo
axons to topographically fixed glomeruli in the primaryYayoi, Bunkyo-ku, Tokyo 113-0032
olfactory center of the brain (olfactory bulb in mammals,Japan
antennal lobe [AL] in insects) [2–4]. Representation of5 Institute for Bioinformatics Research and
odor at this level is thus a dynamic combination of activeDevelopment
glomeruli [5–7].Japan Science and Technology Agency

Projection neurons (PNs, also termed second-orderc/o Institute of Molecular and Cellular Biosciences
olfactory neurons, mitral/tufted cells in mammals, andUniversity of Tokyo
projection neurons in insects) convey this informationYayoi, Bunkyo-ku, Tokyo 113-0032
from AL glomeruli to secondary olfactory centers (e.g.,Japan
piriform cortex, olfactory tubercle, and entorhinal cortex
in mammals; mushroom body [MB] and lateral horn [LH]
in insects, Figure 1A) [8, 9]. Because most PNs are uni-

Summary glomerular and receive signals from a single type of
ORNs, information detected by different ORN channels

Background: Behavioral responses to odorants require is not likely to be fully integrated at the level of the PNs.
neurons of the higher olfactory centers to integrate sig- Supporting this contention, PN activities visualized by
nals detected by different chemosensory neurons. Re- functional imaging [10–12] and with the recording of
cent studies revealed stereotypic arborizations of sec- characteristic synchronized oscillatory spikes [13, 14]
ond-order olfactory neurons from the primary olfactory show a clear correlation between the ensemble of acti-
center to the secondary centers, but how third-order vated PNs and the types of odor applied.
neurons read this odor map remained unknown. Integration among different ORN channels must there-
Results: Using the Drosophila brain as a model system, fore occur in secondary or even higher-order olfactory
we analyzed the connectivity patterns between second- centers. If we are to understand this process, we must
order and third-order olfactory neurons. We first isolated gain important insight from the connectivity patterns,
three common projection zones in the two secondary namely those between PNs and third-order neurons, in
centers, the mushroom body (MB) and the lateral horn the next synaptic level of the olfactory pathway. The
(LH). Each zone receives converged information via sec- projection pattern of PNs has recently been reported
ond-order neurons from particular subgroups of anten- both in mammals and insects [15–17]. In Drosophila
nal-lobe glomeruli. In the MB, third-order neurons ex- melanogaster, for example, PNs from each glomerulus
tend their dendrites across various combinations of of the AL terminate in a stereotypic manner at the LH—
these zones, and axons of this heterogeneous popula- one of the two target neuropils of the PNs [16, 17] (Figure
tion of neurons converge in the output region of the MB. 1B). The distribution of terminals in the other target—the
In contrast, arborizations of the third-order neurons in calyx region of MB—is still unclear. The relationships
the LH are constrained within a zone. Moreover, different between these PN terminals and the dendritic arboriza-
zones of the LH are linked with different brain areas and tions of third-order neurons of both LH and MB remain
form preferential associations between distinct subsets essentially unknown.
of antennal-lobe glomeruli and higher brain regions. We here report the first systematic comparison of
Conclusions: MB is known to be an indispensable site arborization patterns between PNs and third-order neu-
for olfactory learning and memory, whereas LH function rons. In the MB, they are organized such that the MB’s
is reported to be sufficient for mediating direct nonasso- output region (called lobes) can read olfactory informa-

tion conveyed via all types of PNs. In the LH, however,
third-order neurons link segregated subgroups of PNs*Correspondence: itokei@iam.u-tokyo.ac.jp
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Figure 1. The Process of Odor Recognition

(A) Schema of olfactory pathway, which is consistent between mammals and insects. The odorants emitted by the object stimulate distinct
subsets of olfactory receptor neurons (red and blue ones in this case), which terminate at specific glomeruli (GL) of the primary olfactory
center. The information about the active glomeruli is transmitted to multiple secondary centers via projection neurons (PNs, second-order
neurons). They terminate in the secondary centers in a stereotypic manner, but their spatial localizations are only partially understood. Almost
no data are available about the connection patterns of the third-order neurons (question marks).
(B) Oblique view of the Drosophila olfactory pathway. Anterior (a) is to the lower left. Green signal represents the mushroom bodies (MB). The
PNs of the inner antennocerebral tract (iACT PNs, white signal) connect the antennal lobe (AL) with the lateral horn (LH) and the calyx of the
mushroom body (MB). The MB neuron (MBN) forms its dendritic arborization in the calyx and projects to the lobes (either �/�, ��/��, or �).
The LH neuron (LHN) connects the LH with various other sites of the brain. The yellow and white boxes represent the position and orientation
of the LH and MB cross-sections shown in the following figures. The scale bar represents 20 �m.

exclusively with specific brain areas. This latter result sagittal cross-section, the endings of PNs from a single
glomerulus (DL1 and VA6) were seen to invade a smallis unexpected because it suggests the existence of par-

allel but separated channels between distinct subsets volume of it (Figure 2B, left). This distribution was con-
of olfactory sensory neurons and higher brain regions. sistent among individuals, as evidenced by the overlaid

images from three preparations. The terminals of these
two sets of PNs spatially overlap, suggesting that pro-Results
jections from more than one glomerulus converge to
the same zone of the LH. This is further supported byCorrelated Map of Projection Neuron Terminals
observations of strains that label larger number of PNs.between the Two Secondary Olfactory Centers
Those from the combination of three glomeruli DA1/The first stage of this analysis was to establish a spatial
DC3/VA1d all terminate in the same anterior-ventral LHmap of the terminals of PNs in their two target neuropils,
area, distinct from the area invaded by terminals fromthe LH and the calyx region of the MB. We analyzed PNs
DL1/VA6 as described above. Likewise, PNs from glo-that send their axons through the inner antennocerebral
meruli VM2 and DM1/VA4/VC1 terminate in a posterior-tract (iACT, Figure 1B), one of three olfactory tracts aris-
dorsal area (Figure 2B, right), which has little spatialing from the antennal lobes and the only tract from which
overlap with terminal areas of the other two sets of PNs.most PNs supply arborizations to both the LH and MB

To compare these observations more quantitatively,[8, 18].
we took the intensity of pixels of each cross-sectionalScreening about 4,000 GAL4 enhancer-trap strains
image as a vector. The image vectors of different individ-[19–21], we identified five lines that reproducibly re-
uals were clustered via the K-means algorithm ([23, 24];vealed specific subsets of the iACT PNs. Three lines
see also Figure S2) to compare the Euclidean distanceslabel PNs that have dendrites in only a single glomerulus
between vectors. The clustering demonstrates that PN(DL1, VA6, and VM2, respectively; Figure 2A). The other
terminals from the selected nine glomeruli clearly falltwo lines label PNs whose uniglomerular dendrites con-
into three discrete classes (Figure 2D). These glomerulitribute to triplets of glomeruli (DA1/DC3/VA1d and DM1/
can therefore be categorized into three functionalVA4/VC1, respectively). These PNs together label nine
groups according to the locations of their terminals inout of a total of 43 uniquely identifiable glomeruli [22].
the LH (rightmost schema in Figure 2B).To obtain precise comparisons between the brains

Do the endings of PNs in the MB calyx analogouslyof different individuals, we used specific landmarks to
segregate? Although optical recordings from PNs [12]standardize the size and orientation of each specimen
and Golgi impregnations [25] suggest that terminals(see Figure S1 in the Supplemental Data available with

this article online). When the LH was observed as a might be stacked into discrete zones, previous studies
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Figure 2. Projection Patterns of PNs

(A) Staining pattern of the five GAL4 strains in the AL cross-section. Frontal view. Dorsal is to the top, lateral is to the right. Dashed lines
represent the outline of the AL. The names of the labeled glomeruli are shown in and above the figures. The rightmost panel is the schematic
representation of the nine glomeruli labeled by these strains.
(B) Arborization patterns in the LH. A standardized sagittal cross-section of about a 20 �m thickness at the center of the LH was generated
from the confocal stacks (yellow box in Figure 1B). Dorsal is to the top, and anterior is to the left. Sections of three individuals are overlaid
(shown in red, green, and blue). The terminals of PNs arborize in three discrete subregions (rightmost schema).
(C) Standardized frontal cross-section of the MB calyx (white box in Figure 1B). Overlay of three individuals in three colors as in (B). Dashed
lines indicate the outline of the calyx. The arborizations are spatially categorized into three layered zones (schema).
(D and E) Cluster analysis. The images of three individuals (with suffices -i, -ii, and -iii correspond to the red, green, and blue image, respectively)
of five strains were compared via the K-means algorithm (Figure S2). The length of the horizontal bars reflects the degree of correlation
between each cluster (relative “distance” between clusters).

comparing single neurons have not been able to identify identify six LHN lines (Figure 3A). LHNs arborize in the
LH and in remote cerebral neuropils. We identified threeclear patterning in this area [16, 17]. Our analysis demon-

strated clear stereotyped zonal separations (Figure 2C). classes of them. The first class of LHNs arborizes dor-
sally in the LH (left three panels of Figure 3A, top), andPNs from glomeruli DA1/DC3/VA1d arborize at the cen-

tral zone of the calyx’s cross-section. Arborizations from its remote terminals arborize in the dorsal areas of the
brain (superior medial protocerebrum [smpr] and supe-VM2 and from the combination of DM1/VA4/VC1 occupy

the same ventral peripheral zone. Those from DL1/VA6 rior lateral protocerebrum [slpr], Figure 3A, bottom). The
second class arborizes only in the ventral LH, especiallydistribute in an intermediate area, although there is slight

overlap between their area of arborization and the cen- in its anterior region, and remotely innervates ventral
brain neuropils (deutocerebrum’s antennal mechano-tral and peripheral zones contributed by other PNs.

Cluster analysis confirms this spatial segregation (Figure sensory and motor center [ammc] and areas of the ven-
2E), which is analogous to the pattern in the LH. trolateral protocerebrum [vlpr]). The third class has dif-

In summary, PNs from specific AL glomeruli supply fuse arborizations in the ventral LH, with a concentration
distinct zones in both the LH and MB. In the MB, the of processes in its posterior zone. This type of cell con-
zones occupy concentric layers, whereas in the LH they nects the LH with areas of the lateral brain (vlpr and
are clustered along the dorsoventral and anteroposter- lateral protocerebrum [lpr]).
ior axes (schema in Figures 2B and 2C, right). Despite Cluster analysis reveals relationships between the ter-
topological differences, the two secondary olfactory minals of PNs and the arborizations of these three
centers confer comparable odor maps. classes of LHNs (Figure 3B). PN terminals from glomeruli

DM1/VA4/VC1 and VM2 share the same field of arboriza-
tion with LHNs that have remote connections to theArborizations of LH Neurons Restricted
dorsal brain (smpr and slpr). Terminals from glomeruliin the Discrete Zones of PN Terminals
DA1/DC3/VA1d, and also from DL1/VA6, are preferen-The above results demonstrate that both the MB calyx
tially associated with connections to the ventral andand LH are divided into at least three zones based on
lateral brain regions.the segregation of PN arborizations. Are these channels

In order to examine whether PNs and LHNs classifiedmaintained as discrete entities, or are they intermingled
in the same cluster are directly connected, we visualizedat the level of the third-order neurons of the LH and MB?
combinations of PNs and LHNs simultaneously in a sin-To address this, we analyzed whether arborizations
gle individual by crossing two GAL4 strains (Figure 3C).of the neurons of the LH (LH neurons: LHNs) and those
In the anterior ventral LH, the terminals of the PNs fromof the MB (MB neurons: MBNs) are confined within a
DA1/DC3/VA1d intermingle with the arborization of thespecific zone defined by PNs or extend across different
LHNs that remotely innervate the vlpr (Figure 3C1). Like-zones. Because there are almost no descriptions of

LHNs, we screened four thousand GAL4 strains to finally wise, arborizations of the PNs from DM1/VA4/VC1 and
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Figure 3. Spatial Correlation between LHNs
and PNs

(A, top) Sagittal cross-section of the LH. Over-
lay of three individuals as in Figure 2B. Ante-
rior is to the left. (A, bottom) Frontal view of
the whole left protocerebrum. Dashed lines
show the outline of the neuropil. Lateral is to
the right. Six GAL4 strains clearly visualize
various types of LHNs. The names of the brain
regions that are connected with the labeled
LHNs are shown on top and within the figure
(bottom). Abbreviations are as follows: sm,
superior medial; sl, superior lateral; vl, ventro-
lateral; l, lateral; pr, protocerebrum; ammc,
antennal mechanosensory and motor center.
Scale bars represent 20 �m.
(B) Combined cluster analysis of the six types
of LHNs and the five types of PNs.
(C) Oblique view of the LH. Anterior (a) is to
the lower left. PNs from DA1/DC3/VA1d and
DM1/VA4/VC1 and LHNs that remotely inner-
vate either vlpr or smpr are simultaneously
labeled in four combinations (1–4) from a
cross of two GAL4 strains. The size, position,
and orientation of the images are standard-
ized as in other figures. A merger of image 1
and image 4 is shown in 5.

those of the LHNs with their remote innervation in the Although the structures of different types of MBNs
have been investigated in detail [25–31], whether thesmpr intermingle in the dorsal posterior LH (Figure 3C4).

In both cases, close examination of the confocal serial dendrites of MBNs contributing to each lobe occupy
specific subregions of the calyx has not been under-sections showed that the branches of PNs and LHNs

are labeled continuously, suggesting that they are in stood clearly. We therefore screened GAL4 strains that
selectively reveal MBNs innervating a single set of lobesdirect contact at least at the resolution of confocal sec-

tions (1 pixel � 0.3 �m). On the other hand, completely (Figure 4A). The dendrites of the � lobe MBNs preferen-
tially, but not exclusively, occupy the center of the calyxdetached arborizations were observed when PNs and

LHNs that belong to different clusters were visualized (first panel of Figure 4A). Dendrites of other types of
MBNs appear more widespread across the calyx, al-simultaneously (Figures 3C2 and 3C3).

From these results, we conclude that LHN arboriza- though the distribution is slightly nuanced.
We estimated whether this nuanced distribution oftions are constrained within a zone defined by the end-

ings of PNs from a specific subset of glomeruli. Unless MBN dendrites spatially relates to zones defined by dif-
ferent PNs by calculating the “distances” (Figure S2)there are indirect interzone interactions mediated by

local neurons, each group of LHNs cannot alone read between image vectors for MBNs and PNs (Figure 4B).
The � lobe MBNs show a statistically more significantolfactory information from more AL glomeruli than are

represented in their branching domain (Figure 3C5). association with PNs from glomeruli DA1/DC3/VA1d
(p � 0.05, asterisk in the first panel of Figure 4B). MBNs
supplying the ��/�� lobes and �/� lobes showed no sig-Arborizations of MB Neurons Covering Multiple

Zones of PN Terminals nificant correlation, leading to the conclusion that these
lobes receive information from all nine glomeruli withDoes the MB calyx also possess functional subunits

that are segregated like those in the LH? The calyx is essentially no preference (Figure 4B).
densely invaded by the dendrites of MBNs, also known
as Kenyon cells (Figure 1B) [25, 26]. MBNs send their
axons to specific subdivisions of the lobes (e.g., �, ��/��, Correlation between MBNs and PNs

at the Single-Cell Level�/� lobes, Figure 1B) according to their birth order [27].
The neurons of the �/� lobes can further be divided into Fewer than 200 PNs innervate the calyx, whereas the

number of MBNs is more than 2,500 [8, 32]. How, then,two types (core and surface) because many molecular
markers label these separately [25]. We thus asked might each MBN collect information from PN collater-

als? Unlike in the LH, the arborizations of each type ofwhether different lobes of the MB might receive olfactory
information from different subsets of AL glomeruli. MBN collectively cross the border between the concen-
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Figure 4. Spatial Correlation between MBNs and PNs

(A, top) MBNs that innervate the �, ��/��, and �/� lobes are selectively visualized by four GAL4 enhancer-trap strains. The neurons contributing
the �/� lobes can be subdivided into two types, which contribute either the surface layer or the core of the lobe (inset: horizontal cross-
section of the � lobe at the level shown by the yellow line). (A, bottom) Arborization pattern of each type of MBN in the calyx. Same view as
in Figure 2C. An Overlay of three individuals shown in red, green, and blue.
(B) Spatial correlation between the arborizations of MBNs and three classes of PNs. The correlation was measured as the reciprocal of the
mean “distance” between image vectors of MBNs and PNs (see Experimental Procedures). Longer bars mean shorter distance and thus
stronger correlation. The error bar indicates the standard deviation of distances. An asterisk indicates p � 0.05.
(C) Arborizations of single � lobe MBNs in the calyx. White lines mark the field of arborization. Zones a, b, and c represent the area of calyx
cross-section contributed by the terminals of the three classes of PNs, respectively (inset of Figure 4D).
(D) Spatial overlap between single � lobe neurons and the three zones defined by the PN terminals. For each image of 58 MBNs, the percentage
of the pixels that fall within the central zone of the calyx (zone a, defined by the PNs from DA1/DC3/VA1d, x axis) and those within the
peripheral zone (zone c, defined by the PNs from DM1/VA4/VC1/VM2, y axis) were calculated. The percentage (100-x-y) approximates the
ratio of the pixels that fall in the intermediate zone (zone b). (Note that, because of the slight overlap with zones a and c, zone b is set smaller
than the actual area contributed by the arborization of PNs from DL1/VA6.) If x � 100% or y � 100%, the dot represents an MBN whose
arborization is confined within zone a or zone c, respectively. If x � 0% and y � 0%, it represents a neuron that arborizes only in zone b. If
x � 0% and y �� 100%, the neuron arborizes in two zones (b � c), and if x �� 100% and y � 0%, the neuron sends its dendrites to zones
(a � b). Finally, if x and y �� 100% but they are significantly larger than 0%, the percentage (100-x-y) is also significantly larger than 0%.
Such a dot represents a neuron that arborizes in all the three zones.
Scale bars represent 20 �m.

tric zonations defined by PNs. Does this imply that each or various combinations of them. A large number of
these heterogeneous MBNs send their axons to theMBN arborizes across these zones?

To study whether a single MBN arborizes within or same lobe. As a consequence, each lobe of the MB
could, in principle, integrate information sent to it fromacross PN zones, we compared the dendrites of single

� lobe neurons visualized with the FRT-GAL4 [30] and the entire AL.
MARCM [33] systems. There were MBNs arborizing
within a single zone, in two zones, and across all the Maintenance of Correlated Arborization Patterns

without Olfactory Inputthree zones (Figure 4C). We further analyzed the spatial
relationship between MBNs and PN zones by calculating Are such characteristic relationships between PNs and

third-order olfactory neurons (MBNs and LHNs) hard-the overlap between the dendrites of 58 single � lobe
neurons and each of the three zones (Figure 4D). Among wired, or might these be sustained and fine-tuned in an

activity-dependent manner? These arborizations were58 cells examined, only seven cells had their dendrites
confined in a single zone. Twenty-one cells extend their patterned already at late pupal stages (up to 10 hr before

eclosion, data not shown) essentially in the same waydendrites to two zones, and 30 cells innervate all the
three zones. Although the overall density of dendrites as in mature adult flies. Thus, they are established before

animals experience the full variety of odors and are notis higher in the center of the calyx (zone A, Figures 4A
and 4B, left), the group of MBNs innervating the same subject to fine-tuning after eclosion. We further exam-

ined the consequence of a complete loss of olfactory� lobe is thus a heterogeneous population in respect to
the correlation with the PN zones. sensory input by surgically removing all olfactory sen-

silla at the time of eclosion and then examining flies 14These data suggest that a single MBN receives signals
from PNs representing either only one class of glomeruli days postoperatively. No differences in PNs, LHNs, or
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with a calcium-sensitive fluorescence reporter, camel-
eon, revealed different activity patterns between the
center and periphery of the calyx [12].

The zonal projections identified in the LH and MB are
highly correlated (Figure 6). This suggests that glomeruli
in the AL can be categorized into discrete functional
groups not only according to (1) the identity of the ORNs
they receive [1, 3] (represented in alphabets A–I in Figure
6) but also (2) whether their PNs converge to the same
or different zones of secondary olfactory centers (repre-
sented in three colors in Figure 6).

Connectivity between Second-Order and Third-
Order Olfactory Neurons
In this study we tried to reveal the connectivity pattern
between second-order olfactory neurons (PNs) and
third-order olfactory neurons by comparing their area
of arborizations. We identified combinations of PNs and
LHNs that share the same arborization field in the LH.
Simultaneous visualization of them showed that, at least
in the cases we tested, the arborizations of these neu-
rons contact with each other. This would strongly sug-
gest that there are synaptic connections between them.
Even in the case when they actually had intersectedFigure 5. Invariant Arborization Pattern of PNs, LHNs, and MBNs

after Surgical Deprivation of Olfactory Input without making synapses, interaction between these in-
tertwined arborizations would be much more intenseBoth the antennae (the third and more distal segments) and maxillary

palpi were cut out from the adult flies just after eclosion. Scale bars than between the neurons whose arborizations are com-
repersent 20 �m. pletely segregated (Figure 3C5).
(A) Comparison of control and olfactory-deprived flies at the LH Precise synaptic connection between PNs and third-
cross-section 14 days after eclosion. Overlay of three individuals.

order neurons could, in principle, be analyzed more di-The graph compares the area of arborization in each cross-section.
rectly via targeted expression of a trans-synaptic marker(The mean and standard deviation of three individuals are shown.
such as wheat germ agglutinin (WGA) [34]. The system,The average area of the total LH cross-section is normalized to 100.)

(B) Comparison at the MB calyx cross-section. however, does not work reliably in most neurons of the
Drosophila central brain, where WGA spreads into adja-
cent neurons nonspecifically (our unpublished data).

MBNs were found between undeprived and deprived Unless a more specific technique is developed, the ap-
animals (Figure 5), nor was any retraction of fiber proach we took in this study would be the best alter-
branches observed. These data suggest that not only native.
stereotypic branching of PNs [16, 17] but also the struc-
tural correlation between PNs and third-order neurons

Differences between the Neural Circuitsare maintained even without olfactory input.
of the Two Secondary Olfactory Centers
We showed that the distributions of PN terminals are
essentially similar between the two secondary olfactoryDiscussion
centers. Thus, the functional differences between these
centers are likely to be reflected by the differences inSeparated Channels of PNs

Here we analyzed the distribution of PN terminals in how third-order neurons are associated with the zonal
arborizations of PNs.both secondary olfactory centers of Drosophila. As has

been shown previously [16, 17], PNs have stereotypic Behavioral and molecular analyses suggest that the
information pathway involving the MB is crucial for thearborizations in the LH. Comparing the localization of

PN terminals in the cross-section, we revealed that there associative processing of olfactory signals [35–40].
MBNs have been suggested to function as coincidenceare at least three zones in the LH and that each of

these receives different sets of olfactory input via PNs. detectors [41]. Although PNs convey activity information
from a specific group of AL glomeruli to a specific zonePrevious studies, which classified PNs according to their

branching patterns [16, 17], did not identify zonations of the MB calyx, dendrites of MBNs that contribute to
each lobe collectively cover these zones. At the single-in the MB. The branching patterns of PNs are much

more variable in the MB than in the LH (our unpublished cell level, an MBN extends its dendrites either within a
single zone or in two or three zones, suggesting thatdata). The area of their arborizations, however, is strik-

ingly consistent. By mapping these areas, we were able different MBNs would contact PNs from diverse combi-
nations of glomeruli. Axons of this heterogeneous popu-to identify clear concentric zones in the MB.

Because these zones receive information from differ- lation of MBNs all converge at the lobe region. Thus,
each lobe could, in principle, read information sent froment sets of AL glomeruli, a particular odor would evoke

different activity between them. Indeed, optical imaging the entire AL (Figure 6). Such convergence might be
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Figure 6. Schema of the Olfactory Pathways
in the Fly Brain

Nine types of ORNs (tentatively labeled as
A–I) innervate corresponding glomeruli of the
AL. The PNs from these glomeruli converge
to three discrete zones in the LH and MB
calyx. The glomeruli and ORNs can thus be
classified into three subgroups (indicated in
three colors). The LHNs connect the zones of
LH with different brain regions and thus form
separated information channels between
subtypes of ORNs and specific brain regions.
Only regions linked with the ventral LH have
direct associations with visual and mechano-
sensory pathways. The integration by the
MBNs is more overlapping. Each MBN arbo-
rizes either within a particular zone or across
zones. Collectively, the neurons in each MB
lobe receive information from across the glo-
meruli.

important for the associative function of this olfactory ORN is conveyed to only a small part of each secondary
center, such as the piriform cortex and olfactory tuberclecenter.

In the LH of the Drosophila brain, the arborizations of [15]. If the similarity between insect and mammalian
olfactory systems can further be extrapolated, similarlythe third-order neurons were identified for the first time.

We found that their arborizations are constrained within separated channels from the ORN to higher cortical ar-
eas might play important roles in mediating the directzones that are defined by PN terminals. Thus, each

group of LHNs has access to only a limited repertoire olfactory response of mammals.
of olfactory information. Furthermore, LHNs originating
from different zones of the LH innervate different areas Conclusions
of the brain. One consequence of such connectivity pat- The present analysis has provided an important per-
tern is the hitherto unexpected existence of separated spective about the structural relationships between sec-
parallel channels between olfactory sensory neurons ond-order and third-order olfactory neurons of Drosoph-
and higher processing sites (Figure 6). These channels ila. Arborizations of second-order neurons from distinct
are made before eclosion and maintained without olfac- subgroups of AL glomeruli form essentially similar zon-
tory input. This might suggest that keeping such neural ations in the two secondary olfactory centers, the LH
circuits would be important when insects mediate olfac- and MB. In the MB, which is important for olfactory
tory responses to odors they have never experienced. learning and memory, dendrites of third-order neurons

The different zones of the LH are also associated with show diverse distributions across zones. Axons of these
the sensory pathways of other modalities in a different heterogeneous neurons converge at each MB lobe, sug-
way. The ventral region of LH is linked with the vlpr and gesting that extensive integration across a wide range
ammc, which are, respectively, the major target of visual of olfactory signals would occur. In the LH, which is
neurons from the optic lobe and the sole target of the important for immediate responses to odors, arboriza-
mechanosensory antennal neurons, including the audi- tion of each type of third-order neurons is limited within
tory sensory organ ([42] and our unpublished data). The one of these zones, suggesting limited integration
brain regions connected with the dorsal LH, on the other among small subsets of odorant repertoire. Further
hand, lack major input from the visual and mechanosen- physiological analyses of the uniquely identified sec-
sory pathways. There is thus a significant difference in ond- and third-order neurons will provide vital informa-
the degree of sensory convergence between odorant tion for understanding how olfactory information is re-
information associated with the ventral and dorsal ceived and integrated in the two secondary olfactory
halves of the LH (Figure 6). centers.

Information pathways via the LH must be sufficient
for nonassociative odor-related behavior because the Experimental Procedures

ablation of the MB causes no effect on these functions
Drosophila Strains Used for Labeling Cells[43–45]. Structural organization of PNs and LHNs sug-
To label specific neurons in the olfactory pathway, we screened ingests that the LHNs and presumably higher centers in
total 3,939 GAL4 enhancer-trap strains made by the laboratory of

the brain linked with these segregated LH zones read G.M. Technau (MZ series) [48] and by the NP consortium (NP series)
only a subset of olfactory glomeruli. Such a limited level [19, 20]. The original names of the strains and the average number

and standard deviation of labeled PNs are as follows: DL1 (NP3529,of integration seems sufficient for mediating animals’
2.0 	 0.0), VA6 (NP80, 1.0 	 0.0), DA1/DC3/VA1d (MZ19, 13.4 	direct behavioral responses to odors.
1.5), VM2 (NP5103, 2.0 	 0.0), DM1/VA4/VC1 (NP5221, 3.5 	 0.6),From the sensory organs to the primary and second-
smpr (MZ671, 3.0 	 1.0), slpr1 (NP6099, 3.3 	 0.6), slpr2 (NP3060,ary centers, the structure and topology of olfactory neu-
2.3 	 0.6), ammc (NP1004, 7.7 	 1.5), vlpr (NP5194, 12.3 	 1.5),

ral networks are strikingly similar between insects and lpr/vlpr (NP10, 1.0 	 0.0), � lobe (NP21, approximately 200), ��/��
mammals [46, 47]. Like information from the LH and MB lobe (NP65, approximately 100), �/� surface (NP5286, approximately

500), �/� core (NP7175, 58 	 12), and overall PN (NP225, 70 	 3of insects, information from a single type of mammalian
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cells, which contribute 35 out of the total 43 glomeruli). Single-cell and the Bloomington stock center for UAS reporter strains. We are
deeply indebted to M. Katsuki and T. Yamamori for their generouslabeling of MBNs (Figures 4C and 4D) was performed with both

FRT-GAL4 [30] and MARCM [33] systems. support at the National Institute for Basic Biology. We thank H.
Otsuna and R. Okada for helpful discussions and sharing unpub-
lished data, C. O’Kane and Y. Hiromi for critically reading the manu-Visualization and Standardization of Brain Preparations
script, and A. Hattori and N. Nishimura for technical assistance. ThisThe brains of female flies between 4 and 10 days after eclosion (14
work was supported by Precursory Research for Embryonic Sciencedays in case of ablation experiment) were dissected, fixed, and
and Technology/Japan Science and Technology Agency and Insti-stained with rat polyclonal anti mouse-CD8 �-subunit antibody (di-
tute for Bioinformatics Research and Development/Japan Scienceluted at 1:200; from Caltag), mouse monoclonal antibody nc82 (gift
and Technology Agency grants and Human Frontier Science Pro-from E. Buchner and A. Hofbauer, 1:10), and Cy3-conjugated anti-
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Science and Technology/Japan Science and Technology Agencyoptical sections at 0.9 �m intervals were taken with LSM 510 confo-
grant to T.A., and by a Grant-in-Aid for Scientific Research to K.I.cal microscopes (Zeiss) and water-immersion 40
 Plan-Apochro-
from the Ministry of Education, Culture, Sports, Science, and Tech-mat objective lenses (in most cases, frontal sections were taken from
nology of Japan.the rear side of the brain) and processed with the 3D reconstruction

software Imaris 2.7 (BitPlane) running on Silicon Graphics Octane2
workstations and Volocity 2.5 (Improvision) on Macintosh com- Received: November 8, 2003
puters. Revised: January 22, 2004

For precise comparison of the region of innervation visualized Accepted: January 22, 2004
among different individuals, it was necessary to compensate for the Published: March 23, 2004
differences in size and orientation of the brain preparations. For
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