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Afferent Induction of Olfactory
Glomeruli Requires N-Cadherin

each ORN expresses one of a large number of different
odorant receptors, a map of odor quality or identity
emerges through the targeting of ORNs expressing the
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same odorant receptor to one or a small number ofGeffen School of Medicine
glomeruli (Ressler et al., 1994; Sullivan et al., 1995). TheMolecular Biology Institute
glomerulus is an evolutionarily conserved neural pro-Box 951662
cessing unit containing ORN axons and dendrites ofUniversity of California, Los Angeles
target neurons (Hildebrand and Shepherd, 1997; Straus-Los Angeles, California 90095
feld and Hildebrand, 1999). In the mouse, odorant recep-2 Institut fuer Neurobiologie
tors play an instructive role in targeting of ORNs toUniversitaet Muenster
specific glomeruli (Mombaerts et al., 1996; Wang et al.,Badestrasse 9
1998). Despite the similarity in the overall structure ofD-48149 Muenster
the fly and mouse olfactory systems, targeting of flyGermany
ORNs seems to be independent of odorant receptors
(Dobritsa et al., 2003; Elmore et al., 2003; Elmore and
Smith, 2001).Summary

In Drosophila, some 1500 ORNs in the antenna and
the maxillary palps send axons into the antennal lobeDrosophila olfactory receptor neurons (ORNs) elabo-
(AL), where they form connections in 40–50 glomerulirate a precise internal representation of the external
(Laissue et al., 1999). Each glomerulus contains den-olfactory world in the antennal lobe (AL), a structure
dritic processes of projection neurons (PNs) and localanalagous to the vertebrate olfactory bulb. ORNs ex-
interneurons (LNs) (Stocker, 1994; Stocker et al., 1990).pressing the same odorant receptor innervate com-
PN identity is determined prior to the arrival of ORNmon targets in a highly organized neuropilar structure
axons into the AL (Jefferis et al., 2001; Komiyama etinside the AL, the glomerulus. During normal develop-
al., 2003), and many PN dendrites elaborate distinctment, ORNs target to specific regions of the AL and
patterns in the target field prior to ORN innervation (Jef-segregate into subclass-specific aggregates called
feris et al., 2004). In turn, ORNs may target to specificprotoglomeruli prior to extensive intermingling with
regions of the AL based on selective recognition of dif-target dendrites to form mature glomeruli. Using a
ferent PN dendrites. Alternatively, initial ORN targetingpanel of ORN subclass-specific markers, we demon-
may rely on PN-independent cues. Matching ORN andstrate that in the adult AL, N-cadherin (N-cad) mutant
PN dendrites in close proximity may then initiate a pro-ORN terminals remain segregated from dendrites of
gram of cellular interactions leading to glomerulus for-target neurons. N-cad plays a crucial role in protoglo-
mation. In addition to the obvious importance of PN/merulus formation but is largely dispensible for tar-
ORN interactions in forming connections, studies in bothgeting to the appropriate region of the AL. We propose
vertebrates and invertebrates suggest that ORN/ORNthat N-cad, a homophilic cell adhesion molecule, acts
interactions play a crucial early role in glomerulus forma-in a permissive fashion to promote subclass-specific
tion (Ebrahimi and Chess, 2000; Kent et al., 1999; Olandsorting of ORN axon terminals into protoglomeruli.
and Tolbert, 1996; Royal et al., 2002; Valverde et al.,
1992; Vassalli et al., 2002). During normal development,Introduction
ORNs form so-called protoglomeruli that comprise pro-
cesses of ORN axons largely devoid of target dendrites

Sensory neurons convert external stimuli into internal
(Oland et al., 1990; Potter et al., 2001; Treloar et al.,

neural representations. In the vertebrate visual system, 1999). Indeed, ORNs deprived of their normal targets
for instance, retinal ganglion cell axons form continuous form ectopic glomerular-like structures (Goheen et al.,
topographic maps in which their relative spatial relation- 1995; Graziadei and Kaplan, 1980; Graziadei and Monti
ships in the eye are conserved in the pattern of synaptic Graziadei, 1986; Oland and Tolbert, 1998; Rossler et al.,
connections in the tectum or superior colliculus (Good- 1999; St John et al., 2003). In summary, the connections
hill and Richards, 1999). The formation of such retino- between ORNs and their targets requires prepatterning
topic maps relies on the graded expression of Ephrins of the AL neuropil by PN dendrites, ORN/ORN interac-
and their receptors, Ephs, in growth cones and their tions, and interactions between ORNs and target den-
targets (Wilkinson, 2000). By contrast, in mouse and drites.
Drosophila, olfactory receptor neurons (ORNs) elabo- We previously demonstrated that Dscam, a member
rate discontinuous spatial maps in which ORNs express- of the Ig domain superfamily, plays a crucial role in
ing the same odorant receptor, distributed over the sur- determining target specificity for a subclass of ORNs in
face of the sense organ, form connections to a common Drosophila (Hummel et al., 2003). Dscam mutant ORNs
set of CNS dendrites spatially segregated into a struc- frequently terminate in inappropriate locations. Interest-
ture called a glomerulus (Gao et al., 2000; Mombaerts ingly, at these ectopic target sites, Dscam mutant ORNs
et al., 1996; Vosshall et al., 2000; Wang et al., 1998). As are not intermingled with axons from other ORN classes

but still sort out from them and converge in a subclass-
specific manner. These observations underscore the no-*Correspondence: zipursky@hhmi.ucla.edu
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tion that target cell-independent mechanisms selec- disorganization of glomerular structure (Figures 1C, 1D,
1F, and 1G); in most regions of the AL, subdivision oftively promote adhesion between ORN growth cones

expressing the same odorant receptors. Indeed, studies the neuropil into glomeruli was not evident. In summary,
ORNs require N-cad for innervating the AL neuropil andin the vertebrate olfactory system support specific adhe-

sive interactions between ORNs expressing the same for the formation of glomeruli.
odorant receptor and, furthermore, that odorant recep-
tors contribute to sorting specificity (Vassalli et al., 2002; N-cad Mutant ORN Subclasses Target
see Discussion). The molecules regulating sorting of fly to the Appropriate Regions of the AL
ORNs remain unknown, but they are unlikely to include To analyze axonal targeting of N-cad mutant ORNs, we
odorant receptors based on gain- and loss-of-function visualized their connectivity pattern using a set of ORN
genetic studies (Dobritsa et al., 2003). subclass-specific markers. To this end, different odor-

To uncover the molecular basis of wiring specificity ant receptor promoters were fused to Gal4 that, in turn,
in the olfactory system, we have initiated both forward activate expression of UAS-CD8-GFP or a presynaptic
genetic screens and candidate gene approaches for marker, UAS-N-synaptobrevin-GFP (Figure 2). Ten dif-
ORN targeting mutants. In this paper, we present evi- ferent subclasses of ORNs were tested, including seven
dence that N-cadherin (N-cad), a classical cadherin that from the antenna (Or22a, Or23a, Or47a, Or47b, GH298,
mediates calcium-dependent homophilic cell adhesion and two subclasses that express the enhancer trap
(Iwai et al., 1997), plays a crucial role at a discrete step marker 72OK, see Figure 7) and three that project from
in ORN targeting. ORN subclasses lacking N-cad project the maxillary palps (Or46a, Or59c, and Or71a). N-cad
to the appropriate region of the AL but do not form mutant ORNs were generated and selectively labeled
protoglomeruli and remain segregated from target den- using eyFLP and the MARCM system.
drites. We propose that N-cad acts in combination with All subclasses of ORNs exhibited a similar axonal phe-
additional specificity factors to promote selective asso- notype (Figures 2A–2V; data not shown). N-cad mutant
ciation of ORN growth cones expressing the same odor- axons typically targeted to the appropriate region of the
ant receptors in the target field. AL but failed to converge on a single glomerulus. This

is particularly clear for Or46a (Figures 2A–2C) and, to a
lesser extent, for Or47b (Figures 2D–2F). The localizationResults
of ORN axons to the surface of the AL is highlighted
by the examples for Or22a (Figures 2G–2I) and Or59cN-cad Mutant ORNs Fail to Innervate the AL

Dendritic Field (Figures 2J–2L). These fibers accumulated on the medial
surface of each AL. Although the phenotype of mutantTo assess the importance of N-cad in ORN targeting,

we generated mosaic flies with N-cad mutant ORNs and Or46a axons is similar to other ORN classes, it is more
severe. Mutant Or46a axons seldom converge close toa heterozygous (i.e., wild-type) AL target. Cells in the

antenna were rendered homozygous mutant for a null their targets, in contrast to most ORN subclasses where
at least a fraction accumulate in a region of the ALallele of N-cad using the MARCM system (Lee and Luo,

1999). eyeless-Flp (eyFLP) (Newsome et al., 2000; Stow- corresponding to their glomerular targets in wild-type.
Interestingly, the severity of the phenotype is similar toers and Schwarz, 1999) was used to induce mitotic re-

combination in ORN progenitor cells, but not their target Or71a mutant axons (data not shown), a different ORN
subclass projecting from the maxillary palps and termi-neurons (Hummel et al., 2003). All mutant ORNs were

visualized using elav-Gal4 to drive expression of UAS- nating, like Or46a, on the anterior face of the AL. This
does not reflect a difference in requirements for maxil-mCD8-GFP (Figure 1). Four different strong loss-of-

function N-cad alleles (see Experimental Procedures) lary palp ORNs, since Or59c, another maxillary palp ORN
that targets to the medial surface of the lobe, has aexhibited indistinguishable phenotypes and were fully

penetrant (n � 30 brains/genotype). phenotype similar to the antennal ORN, Or22a. Hence,
the discrepancies in phenotypes may reflect differentIn the adult, wild-type ORNs project from the antennal

nerve into the nerve fiber layer (NFL) surrounding the AL requirements for N-cad for targeting to different regions
of the AL or the variable contributions of redundantneuropil (Figures 1A and 1B–1D). Branches from these

axons project into specific glomeruli in the ipsilateral AL mechanisms in different ORN subclasses.
While most glomeruli in N-cad mosaics were not visi-and ramify throughout them. Axons continue to extend

across the AL to a mirror symmetric contralateral glo- ble using the neuropil marker nc82, there were several
prominent exceptions (Figures 2M–2R). These includedmerulus. The general neuropil marker nc82 highlights

the compact glomerular organization of the AL neuropil the glomeruli innervated by the ORN subclasses GH298
and Or47a. Despite the retention of glomerular structure,(Figure 1C). As in wild-type, N-cad mutant ORN axons

reached the AL, projected along the periphery in the N-cad mutant ORNs remained at the surface of these
glomeruli and did not penetrate them. This is particularlyNFL, and extended normally through the commissure

to the contralateral lobe (Figures 1E and 1G; see also evident for N-cad mutant GH298 axons that lie on the
ventral surface of the V glomerulus (Figures 2M–2O).Figure 3). In marked contrast to wild-type, however,

N-cad mutant ORN axon terminals remained largely on These weaker phenotypes may reflect redundant mech-
anisms (e.g., the contribution of other cadherin-like mol-the surface of the AL (Figures 1E and 1G). Indeed, only

a few ORN fibers penetrated the AL neuropil (arrows in ecules) or an increased fraction of wild-type ORNs
in these less affected subclasses (see Ebrahimi andFigure 1E). Defects in AL organization were also visible

using the nc82 marker (Figures 1C and 1F). ALs into Chess, 2000).
To assess whether the presence of wild-type ORNswhich N-cad mutant ORNs projected showed a marked
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Figure 1. Removal of N-cad from ORNs Disrupts the Structure of Glomeruli in the Antennal Lobe

(A and D) Schematic representations of the Drosophila olfactory system. (A) Olfactory receptor neurons (ORNs) project axons from the antenna
and maxillary palp into the antennal lobes (AL) through the antennal nerve (AN) or labial nerve (LbN), respectively. (D) ORNs course through
the nerve fiber layer (NFL) surrounding the AL neuropil. An individual ORN elaborates highly branched thin processes into a single target
glomerulus (see Figure 2).
(B) Wild-type ORN axons were labeled by elav-Gal4 driven CD8-GFP (green) and the MARCM method. ORNs extend processes throughout
the AL.
(C) The neuropil in the AL is organized into glomerular units, visualized by the mAb nc82 (blue). Identity of individual glomeruli can be determined
by their shape and relative position.
(D) Schematic representation summarizes organization of the AL (see above).
(E) N-cad mutant ORN axons reach the AL and project along the periphery. Only a few isolated ORN axons were seen within the AL neuropil
(arrows). ORN processes largely remain in the NFL (arrowhead).
(F) Severe disruption of the glomerular organization of the AL neuropil is seen in mosaic animals in which ORNs are N-cad mutant and the
target cells in the AL are wild-type. As shown here, no glomerular subdivision was detected at the anterior surface of the AL.
(G) Schematic representation of (E) and (F) illustrates the peripheral location of ORN axons within a thickened NFL and loss of glomerular
structure seen in ALs of mosaic animals with N-cad mutant ORNs and a wild-type target.
Neuronal nuclei (red) are labeled with anti-elav (B and E) and TOTO-3 (C and F). Genotypes: (B and C) eyFLP; FRT40/Gal80 FRT40; elav-Gal4
UAS-mCD8GFP; (E and F) eyFLP; N-cad FRT40/Gal80 FRT40; elav-Gal4 UAS-mCD8GFP.

innervating a given glomerulus may mitigate the severity single mutant Or22a axons in an otherwise wild-type
background (Figures 3C and 3D). Single-cell analysisof the glomerular defects, we increased the fraction of

mutant ORNs in mosaic animals by selecting against also revealed that single mutant Or22a fibers projected
to the appropriate region of the ipsi- and contralateralcells carrying two wild-type N-cad alleles using a cycE

mutation (see Experimental Procedures). In these ani- ALs. That these phenotypes reflect loss of N-cad only
was supported by the finding that all four N-cad allelesmals, glomeruli, which were still recognizable in MARCM

clones, largely disappeared. For instance, the DM3 glo- tested showed similar phenotypes and that defects were
rescued by expression of an N-cad cDNA transgenemerulus innervated by Or47a was missing and, although

the V glomerulus innervated by GH298 remained visible, specifically in homozygous mutant ORNs (Figures 3E
and 3F). In a similar rescue experiment, overall glomeru-it appeared reduced in size (data not shown). This in-

crease in phenotypic strength was also seen with Or47a lar organization, as well as ORN innervation throughout
the AL, was restored by the expression of single N-cadneurons marked with synaptobrevin-GFP. Terminals of

N-cad mutant Or47a neurons were no longer restricted cDNA in all mutant ORNs (data not shown). While alter-
native splicing at the N-cad locus can give rise to eightto the appropriate target region in the dorsomedial re-

gion of the AL but extended into the adjacent commis- different forms of N-cad (S. Hsu, H. Robertson, and
A. Chiba, personal communication), a single form ap-sure (compare Figures 2Q and 2S). By contrast, the

axonal phenotypes of most ORN subclasses (Or22a, peared to be sufficient for its function in ORNs.
In summary, these data establish that N-cad is notOr46a, Or47b, Or59c, and Or71a) were largely the same

in mosaics generated in a cycE and wild-type back- required in ORNs for targeting to specific regions of the
AL, but it mediates the ORN subclass-specific conver-ground, as shown for Or22a in Figures 2U and 2V.

To assess whether N-cad mutant ORNs extended gence of axon terminals in the AL dendritic field.
branches to the contralateral side, one antenna was
removed to promote the degeneration of ipsilateral pro- N-cad Mutant ORN Terminals Segregate

from PN and LN Dendritesjections and the projections of the Or22a subclass were
assessed (Figures 3A and 3B). This revealed that axons We set out to assess whether lack of N-cad in ORN

axons disrupted the organization of PN and LN den-branched as in wild-type and extended processes to
the contralateral side. These axons largely targeted to drites. LNs and PNs form characteristic patterns within

glomeruli and occupy distinct glomerular subcompart-the correct region of the AL but also remained separate,
lying above the neuropil and spreading into neighboring ments (Figures 4A–4D and 5A–5C). The dendrites from

a single LN typically ramify throughout each AL. Only aventral AL regions (Figure 3B, arrows). The failure of
N-cad mutant ORNs to invade their cognate glomeruli few LN dendrites protrude into a given glomerulus (e.g.,

DM2; Figures 4A–4D). These have thick profiles and areis a cell-autonomous function, as it was also seen for
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Figure 2. N-cad Mutant ORN Axons Project
to the Right Region of the AL but Remain at
the Surface of the Neuropil

Targeting of different ORN classes was visu-
alized by expressing UAS-synaptobrevin-
GFP under the control of OR-Gal4 driver lines
(green). The AL neuropil is labeled with the
mAb nc82 (red). The overlap between the two
markers is yellow. Different ORN classes
(Or46a, Or47b, Or22a, Or59c, GH298, and
Or47a) are shown in wild-type (A, D, G, J, M,
and P) and N-cad mutant clones (B, C, E, F,
H, I, K, L, N, O, Q–V). Wild-type ORNs express-
ing the same odorant receptor project into
the same glomerulus.
(A–C) Wild-type (A) and N-cad mutant (B and
C) Or46a projections. N-cad mutant axon ter-
minals spread out over the surface of the an-
terior central region of the AL.
(D–F) Wild-type (D) and N-cad mutant (E and
F) Or47b projections. Some mutant terminals
converge on their appropriate glomeruli while
others spread out over the anterior surface
of the AL.
(G–I) Wild-type (G) and N-cad mutant (H and
I) Or22a projections. N-cad mutant terminals
spread out over the posterior medial surface
of the lobe.
(J–L) Wild-type (J) and mutant (K and L) Or59c
projections. Mutant terminals also spread out
over the posterior medial surface of the lobe
just ventral to Or22a.
(M–O) GH298 projections. Mutant terminals
target to the appropriate glomerulus but do
not enter it.
(P–T) Wild-type (P) and mutant (Q–T) Or47a
projections.
(R) Mutant terminals lie on the surface of the
appropriate glomerulus.
(S and T) By increasing the fraction of Or47a
axons that are N-cad mutant, the DM3 glo-
merulus structure is lost (T) and fibers extend
past the dorsal medial region of the lobe and
into the adjacent commissure (S and T)
(see text).
(U and V) Increasing the fraction of N-cad
mutant ORNs using a cycE mutation does not
increase the strength of the phenotype for
Or22a (and most other ORN subclasses)
when compared to mosaics using a wild-type
chromosome (compare with the phenotypes
for 22a in G–I).
Genotypes: (A, D, G, J, M, P) eyFLP; FRT40/
Gal80 FRT40; Or-Gal4 UAS-sybGFP; re-
maining panels (except S–V) eyFLP; N-cad
FRT40/Gal80 FRT40; Or-Gal4 UAS-sybGFP;
(S–V) eyFLP; N-cad FRT40/cycE FRT40; Or-
Gal4 UAS-sybGFP.

surrounded by ORN processes. Conversely, most PNs gated from LN dendrites. Similar experiments were done
using synaptobrevin-GFP-labeled N-cad mutant ORNsextend dendrites into a single glomerulus. These den-

drites are finer in appearance and course throughout and LacZ-labeled PN dendrites (under the control of
GH146-Gal4). For reasons that remain unclear, whilethe glomerulus, revealing extensive overlap with ORN

processes (Figures 5A–5C). To assess the relationship controls stained strongly for LacZ (Figure 5A), mosaic
ALs stained poorly. As such, we were unable to criticallybetween wild-type LNs and mutant ORN terminals, we

visualized both cell types in mosaic animals in which assess the spatial relationship between identified PN
dendrites and ORN terminals. However, as N-cad itselfN-cad mutant ORNs projected into a wild-type AL (Fig-

ures 4E–4H). The Or22a axon terminals were highlighted is expressed in PNs, as well as other processes within
the neuropil, we analyzed mosaic animals double-using synaptobrevin-GFP and the LN dendrites by

GH298-driven expression of LacZ. N-cad mutant Or22a stained with anti-N-cad and Or22a-sybGFP (N.B., Or22a
mutant axons do not stain with anti-N-cad). No overlapaxons were found at the medial surface of the AL segre-
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Figure 3. Phenotypic Characterization of N-cad Mutant Or22a Axons

(A and B) Or22a axons project to both the ipsilateral and contralateral DM2 glomerulus in the dorsal AL. (A) Wild-type Or22a axons project
to the ipsilateral side and send a branch contralaterally to the same glomerulus. The contralateral projections can be visualized by removing
the contralateral antenna. As in wild-type, N-cad mutant ORNs (B) send branches to the contralateral side, but mutant axon terminals spread
out into neighboring AL regions (arrows). The icons in the lower left in (A) and (B) indicate which antennae were removed.
(C and D) The projection phenotype of single wild-type and N-cad mutant Or22a fibers in an otherwise wild-type background. (C) Innervation
of two wild-ype Or22a axons on the ipsi- and contralateral DM2 glomerulus (single confocal section). (D) Single N-cad mutant Or22a axons
do not invade the glomerular neuropil and instead lie at the surface (merged image shows no evidence of fibers within the glomerulus). The
single N-cad mutant fiber also extends to the contralateral side where it terminated near, but not within, the DM2 glomerulus (circular
dashed lines).
(E and F) The N-cad mutant phenotype of Or22a (E) in genetically mosaic animals with mutant ORNs and a wild-type target (F). This phenotype
was rescued by expression of N-cad in mutant ORNs.
Genotypes: (A) eyFLP; FRT40/Gal80 FRT40; Or22a-Gal4 UAS-mCD8GFP; (B) eyFLP; N-cad FRT40/Gal80 FRT40; Or22a-Gal4 UAS-mCD8GFP;
(C) hs-Flp; FRT40/Gal80 FRT40; Or22a-Gal4 UAS-mCD8GFP; (D) hs-Flp; N-cad FRT40/Gal80 FRT40; Or22a-Gal4 UAS-mCD8GFP; (E) eyFLP
elav-Gal4/� ; Or22a-sybGFP N-cad FRT40/Gal80 FRT40; (F) eyFLP elav-Gal4/ UAS-N-cad ; Or22a-sybGFP N-cad FRT40/Gal80 FRT40.

between N-cad-staining dendritic processes and N-cad mutant ORNs retained many morphological features
characteristic of these cells innervated by wild-typemutant Or22a axons was observed (Figures 5D and 5E).

PN and LN dendrites in mosaic animals with N-cad ORNs (Figures 4A and 4E and Figures 5F and 5K). LNs,

Figure 4. The Spatial Relationship between ORN Axon Terminals and LN Dendrites Requires N-Cad in ORNs

The morphology of LNs in the ALs of wild-type animals (A–D) and after removing N-cad from ORNs (E–H). LNs and Or22a axons are in red
and green, respectively.
(A–D) In wild-type, LNs send their dendrites into multiple glomeruli (A), but their terminal branches occupy only a small region in the central
part of each glomerulus (B and C). Terminal branches of LN dendrites in the center of DM2 are surrounded by ORN 22a synaptic terminals
(B and D).
(E–H) In ALs receiving N-cad mutant ORNs (E), LNs elaborate extensive dendritic fields as in ALs innervated by wild-type ORNs. Rather than
surrounding LN dendrites, N-cad mutant ORNs remain separate from LN dendrites on the surface of the AL (F–H).
(A and E) TOTO-3 nuclear staining is shown in blue. (B, D, F, and H) Synaptobrevin-GFP expression driven by OR22a is shown in green. (A–C,
E–G) LacZ expression under the control of a GH298 is shown in red. GH298 is expressed in ORNs innervating the V glomerulus (see Figure
2) and in LNs. The staining of LNs is not seen in the analyses of targeting of GH298 ORNs in Figure 2 as it is suppressed by Gal80. Genotypes:
(A–D) eyFLP; Or22a-sybGFP FRT40/cycE FRT40; GH298-Gal4 UAS-LacZ; (E–H) eyFLP; Or22a-sybGFP N-cad FRT40/cycE FRT40; GH298-Ga4
UAS-LacZ.
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between their terminals and LN and PN dendrites and,
hence, in N-cad mutants, synapses between these ele-
ments are disrupted. The loss of glomerular structure
observed in ALs innervated by N-cad mutant axons re-
flects not only their failure to converge but also the
disorganization of their postsynaptic target dendrites.
This may reflect a requirement for N-cad to promote the
assembly of different neuronal processes into glomeruli
or for N-cad to maintain these structures.

N-Cad Is Expressed on Developing ORN Axons
and on Target Neuron Dendrites prior
to Glomerulus Formation
As a first step toward assessing whether N-cad is re-
quired for formation or maintenance of glomeruli, we
followed N-cad protein expression at different develop-
mental stages. This was done using an antibody directed
against the extracellular domain of N-cad (Figure 6).
N-cad is expressed in ORNs projecting from the antenna
(Figure 6A) and maxillary palp (Figure 6B). The AL was
stained at various stages of pupal development. To cor-
relate the expression of N-cad with developing ORN
axons and PN dendrites, preparations were costained

Figure 5. N-cad Mutant ORN Terminals Do Not Overlap with Wild- for CD8-GFP driven by the ORN- and PN-specific en-
Type PN Dendrites and Disrupt PN Dendritic Arbor Morphology

hancer trap lines SG18.1-GAL4 (Figures 6C–6F) and
(A–C) Innervation of glomeruli by PN dendrites in wild-type. In con-

GH146-GAL4 (Figures 6G–6J), respectively. These mark-trast to LNs, the dendrites of the PNs (a subset of which are labeled
ers are expressed in most, but not all, ORNs and PNswith the GH146 marker) extend throughout the whole DM2 glomeru-
early during pupal development. N-cad was observedlus (outline of dashed lines in C), overlapping extensively with

ORN terminals. in the developing AL neuropil at 15% pupal development
(D and E) N-cad mutant Or22a axon terminals do not contact the (PD), prior to the arrival of ORN growth cones (Jefferis
postsynaptic target field. For unknown reasons, the GH146 marker et al., 2004; T.H. and S.L.Z., unpublished data). This
was very weak in PNs after removing N-cad from ORNs (data not

staining colocalized with PN dendrites but may alsoshown). Hence, the postsynaptic neuropil was labeled here with
have included LN dendrites (the LN marker GH298 startsanti-N-cad antibody (red). As N-cad is not expressed in N-cad mu-
to be expressed after glomerulus formation). By 25%tant ORNs, this provides a convenient marker.

(F–K) PN dendritic patterns were disrupted by N-cad mutant ORNs. PD, N-cad was expressed on ORN axons within the
(F–H) Wild-type PN dendritic fields are largely uniglomerular (in F nerve fiber layer surrounding the AL (Figures 6C, 6D,
multiple cells were labeled, whereas single cells were labeled in G 6G, and 6H) and in the commissure (Figures 6C and 6D).
and H). Typically dendritic fields are spherical. (I–K) In contrast, wild-

Processes extended from the nerve fiber layer into thetype PN dendrites in a N-cad ORN mutant background appeared
AL neuropil where they overlapped with PN dendritesflattened and more dispersed. A small number of labeled PNs is
(Figure 6D, inset). Glomerulus formation was visualizedshown in (I) with single mutant clones shown in (J) and (K).

TOTO-3 nuclear staining is shown in blue (A, F–K). Synaptobrevin- with ORN markers (green in Figures 6E and 6F), N-cad
GFP expression driven by OR22a is shown in green and GH146 Gal4 (red in Figures 6E, 6F, 6I, and 6J), and PN markers (green
driving UAS-lacZ is in red (A–C). Anti-N-cad (D and E) and neuropil in Figures 6I and 6J). N-cad was strongly localized to
marker mAb nc82 (F–K). Genotypes: (A–C) eyflp; GH146-Gal4 FRT40/

ORN and PN processes from 25% PD through glomeru-cycE FRT40; OR22a-sybGFP UAS-lacZ; (D and E) eyflp;OR22a-
lus formation (Figures 6D–6J). N-cad expression in glo-sybGFP N-cad FRT40/cycE FRT40; (F–H) eyflp/hsflp; GH146-Gal4
meruli persisted into the adult (data not shown). In sum-FRT40/cycE FRT40; UAS�CD2�CD8-GFP; (I–K) eyflp/hsflp; GH146-

Gal4 N-cad FRT40/cycE FRT40; UAS�CD2�CD8-GFP. mary, the expression pattern of N-cad is consistent with
a role in glomerulus formation, maintenance, or both.

N-cad Mutant ORN Axonsfor instance, coursed broadly thoughout the neuropil
with thickened terminal branches (Figures 4A and 4E). Do Not Form Protoglomeruli

We sought to assess whether N-cad is required in ORNsSimilarly, PN dendrites (Figures 5F–5K) extended pro-
cesses in localized regions of the AL. In contrast to for glomerulus formation or maintenance. As Or promot-

ers are expressed after glomerulus formation, it was notwild-type, however, PN dendrites in mosaics frequently
elaborated highly irregular shapes (Figures 5I–5K). In possible to assess the role of N-cad in a large set of

different subclasses of ORNs. As such, we turned towild-type, PN dendrites appeared as densely stained
structures with precisely defined smooth, often-rounded ORNs labeled at an early stage of development with

the 72OK Gal4 driver expressing CD8-GFP (Acebes andborders (Figures 5F–5H). By contrast, PN dendrites in
mosaics had poorly defined borders, extended through Ferrus, 2001). This marker persists into the adult. It la-

bels axons that converge onto two ventral-medial glo-larger regions of the lobe, and intermingled with PN
dendrites that in wild-type animals innervate different meruli, VM1 and VM4 (Figure 7A). As Figure 7A shows

in a merged image of multiple optical sections, VM1 andglomeruli (Figures 5I–5K and data not shown).
In summary, N-cad is required in ORNs for overlap VM4 appear to be direct neighbors. They are, however,
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Figure 6. N-Cad Expression in the Developing Olfactory System

Anti-N-cad is shown in red. Markers for ORNs (SG18.1-Gal4; C–F) and PNs (GH146-Gal4; G–J) are shown in green. These markers are expressed
in many, but not all, ORNs and PNs, respectively.
(A and B) N-cad expression in the peripheral olfactory organs, the antenna (A) and the maxillary palps (B) at about 40% pupal development
(PD). N-cad is highly enriched in outgrowing ORN axons (arrow) projecting in three main fascicles in the antenna (A) as well as in axons of
maxillary palp ORNs. (B) In addition, N-cad localizes to the sensory dendrites of ORNs (arrowhead in A).
(C–J) N-cad expression in the developing ALs during two different pupal stages, 25% PD (C, D, G, and H) and 45% PD (E, F, I, and J). Neuronal
cell bodies stained with an antibody against the nuclear protein Elav are shown in blue. In the AL, N-cad colocalizes with ingrowing ORN
axons as well as the dendrites of AL target neurons. (C and D) At about 25% PD, ORN axons leaving the antennal nerve project along the
periphery of the AL toward the dorsal-medial commissural tract, where they cross the midline to innervate the contralateral AL. (D) Different
levels of N-cad expression were detected in the dendritic field and on ORNs projecting in the NFL and commissure. (G and H) At 25% PD,
the dendrites of different PNs (arrowhead) are largely separated from the NFL (arrow). Contact between ORNs and dendrites may take place
within a narrow domain at the periphery of the dendritic field. (Inset in D�) Between 40% and 45% PD, glomeruli form, leading to the characteristic
subdivision of the adult AL neuropil.

sufficiently distant along both the dorsoventral and ante- GFP labeling. This early appearing structure is similar to
so-called protoglomeruli described in various vertebraterioposterior axes to identify the individual target sites

in both the developing and adult ALs. In eyFLP-induced and invertebrate species (Oland et al., 1990; Potter et al.,
2001; Treloar et al., 1999). Protoglomeruli predominantlyclones, N-cad mutant 72OK axons spread out over the

medial surface of the adult AL, a phenotype similar to comprise knots of ORN terminal arbors and some PN
and LN dendritic processes. By 45% PD, however, ex-that described above for Or22a and Or59c (Figure 7B,

compare to Figure 2). tensive intermingling of PN and ORN dendrites (Figure
7F) leads to glomerulus formation. This is seen as anA time course of wild-type 72OK axonal targeting and

subsequent VM1 glomerulus maturation from 25% to apparent loosening of the protoglomerulus and yellow
staining reflecting the intermixing of red and green la-45% PD is shown in Figures 7C–7F. Target dendrites

express high levels of N-cad throughout pupal develop- beled fibers.
Differences in N-cad mutant 72OK targeting werement and were used as postsynaptic markers; it is ex-

pressed at lower levels in ORN axons (see Figures 6C seen at early stages of AL development (Figures 7G–7J).
As in wild-type, N-cad mutant 72OK axons selectivelyand 6D). At 25% PD, labeled ORNs projected along the

ventral side of the AL and extended dorsally toward the sent fine processes into a restricted region in the ventral
medial AL (Figure 7G). Whereas by 30% PD, wild-typecommissure and into the contralateral lobe (Figure 7C).

Small processes extending from the nerve fiber layer 72OK ORN processes converged to a tightly packed
patch, N-cad mutant processes extended throughout awere seen in the ventral medial aspect of the developing

lobe in an area roughly corresponding to the position large region of the ventral medial AL without any sign
of fiber convergence (Figure 7H). While N-cad mutantto be occupied by the future VM1 target glomerulus. By

30% PD, a single tight cluster of 72OK fibers was seen processes began to retract from the dendritic layer by
35% PD (Figure 7I), they did not form protoglomeruli.(Figure 7D). Clusters became intensely stained by 35%

PD (Figure 7E). While AL dendrites were in close proxim- As development proceeded, mutant ORN processes
segregated from dendrites and retracted to the surfaceity to ORN terminals at this early stage, they did not

extensively mix with them, exhibiting an intense axonal of the AL (Figure 7J), a phenotype similar to that de-
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scribed in the adult for all subclasses of ORNs studied
(Figures 2 and 7B). These data indicate that N-cad is
essential for glomerulus formation and acts in ORNs at
an early step prior to protoglomerulus formation but
after initial targeting to the appropriate region of the AL.

Discussion

A striking feature of olfactory system organization is the
evolutionarily conserved arrangement of ORN terminals
into an odortopic map. Here, ORNs expressing the same
odorant receptors innervate common targets in a highly
organized neuropilar structure, the glomerulus. In this
paper, we demonstrated that mosaic animals in which
N-cad was selectively removed from ORNs were largely
devoid of glomeruli. Using a panel of ORN subclass-
specific markers, we showed that ORN targeting to the
appropriate region of the AL was not dependent upon
N-cad. Developmental analysis revealed that N-cad is
essential for protoglomerulus formation at an early stage
of AL development. The analysis of N-cad thus supports
the notion that targeting and glomerulus formation are
distinct steps in constructing an olfactory sensory map.

N-Cad Is Required to Form Protoglomeruli
A series of studies in both vertebrate and invertebrates
has underscored the key role played by ORNs in regulat-
ing glomerulus formation. Surgical ablation of the anten-
nal primordium from the moth Manduca sexta results in
the loss of glomerular structures (Tolbert and Sirianni,
1990), as does the genetic disruption of ORN develop-
ment in Drosophila (Ang et al., 2003; Jhaveri and Rod-
rigues, 2002). Mouse ORNs form glomerular structures

Figure 7. N-Cad Is Required in ORNs for Protoglomerulus For-
when forced to innervate ectopic sites in response to mation
surgical or genetic ablation of the olfactory bulb (Gra- The marker line 72OK highlights ORNs innervating VM1 and VM4
ziadei and Kaplan, 1980; St John et al., 2003). These glomeruli both early during pupal development (C–J) and in the adult
interactions may be instructive, as the pattern of sexu- olfactory system (A and B). While there are many ORN subclass-

specific markers in the adult, they are not expressed sufficientlyally dimorphic glomeruli in gynandromorphs in the moth
early for developmental studies. (B) Targeting phenotype of 72OK-reflects the sex of the ORNs, not the sex of AL cells
expressing N-cad mutant axons seen in the adult is similar to ORN(Rossler et al., 1999). The molecular mechanisms that
classes shown in Figure 2. In eyflp-induced N-cad clones, terminals

mediate the intrinsic capacity of ORNs to sort out in a were spread over the medial surface of the AL. Development of
subclass-specific manner are unknown. Our finding that wild-type (C–F and schematics in C�–F�) and N-cad mutant (G–J and
genetically mosaic animals in which ORNs deficient in schematics G�–J�) 72OK axons. Four stages of pupal development

(PD) between 25% and 45% PD are shown. (C and C�) BetweenN-cad lack glomeruli provides further evidence that
20% and 25%, 72OK-positive axons were seen along the medialORNs are essential for glomerular development and si-
(right) surface of the AL projecting dorsally (up) and into the contra-multaneously identify a molecular component required
lateral AL (not shown). In an area where the future VM1 glomerulus

in this process. will form, 72OK axons extended short processes into the periphery
Developmental studies revealed a stereotyped pat- of the dendritic field elaborated by AL target neurons. (D and D�)

tern of glomerulus development in flies. ORNs send ax- Axonal processes accumulated within a restricted region of the
neuropil. (E and E�) At 35% PD, axon terminals formed a protoglom-ons into the AL from early (�18 hr) through late (�100
erulus, a tight discrete aggregate largely devoid of PN dendriteshr) pupal development. Axons extend into the nerve fiber
(see text). (F and F�) At 45%, ORN terminals intercalate with targetlayer surrounding the incipient AL. Most ORNs project
dendrites (arrows). (G and G�) Initial targeting of processes of N-cad

through the commissure to the contralateral AL. Studies mutant axons to the ventral medial region of the AL at about 25%
with a panneuronal marker reveal that ORNs extend PD was similar to wild-type. (H and H�) In contrast to wild-type,
processes from the nerve fiber layer into the developing N-cad mutant ORNs did not converge to a discrete spot at 30%

PD; they extended profusely through the AL. A protoglomerulus diddendritic layer immediately after they reach the AL, on
not form at 35% PD (I and I�). By 45% PD, most ORN processestheir way to the commissure. Using the 72OK marker,
retracted to the surface of the lobe (J and J�). Some processeswe demonstrated that axons of the same ORN subclass
remained in the neuropil in a region corresponding to the VM1 target

extend thin processes into a restricted area of the AL area (arrows). AL dendrites were stained with anti-N-cad (see Figure
corresponding to the approximate position of the future 6 and text). Genotypes: (A, C–F) eyFLP; 72OK-Gal4FRT40/Gal80
glomerulus. These processes quickly grow and rapidly FRT40; UAS-mCD8GFP; (B, G–J) eyFLP; 72OK-Gal4 N-cad FRT40/

Gal80 FRT40; UAS-mCD8GFP.condense into a protoglomerulus.
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Protoglomeruli are largely peripheral to the mass of ORNs mutant for Dscam (Hummel et al., 2003). ORNs
dendrites of AL projection neurons. Glomerulus forma- lacking Dscam target to inappropriate regions of the AL;
tion ensues as ORN processes and PN dendrites inter- indeed, several subclasses of ORNs terminate in the
mingle. The sequence of events leading to glomerulus wrong ganglion in these mutants. Nevertheless, ORNs
formation is in many ways phylogenetically conserved of the same subclass sort out from fibers of other ORN
(Kasowski et al., 1999; Klenoff and Greer, 1998; Oland classes to form separate, often adjacent, ectopic glo-
et al., 1990; Treloar et al., 1999). It is important to note, meruli.
however, that the dynamics of glomerulus formation dif- The homophilic cell adhesion activity of N-cad (Iwai
fer between different subclasses of mouse ORNs (Potter et al., 1997) supports a simple model for its function in
et al., 2001; Royal and Key, 1999; Treloar et al., 2002; the developing fly olfactory system. Here N-cad acts
Zheng et al., 2000). Nevertheless, in both vertebrates to promote interactions between ORN terminals of the
and invertebrates, the formation of protoglomeruli largely same subclass. It is likely that this interaction is largely
comprising the processes of ORNs occurs prior to exten- permissive in nature as N-cad is widely expressed, and
sive intercalation with dendrites of target neurons. removal of N-cad from ORNs leads to a similar axonal

N-cad mutant ORNs do not form protoglomeruli. 72OK phenotype for all 10 ORN subclasses tested. In contrast
ORNs lacking N-cad extend processes into the appro- to the permissive function for N-cad in protoglomerulus
priate region of the lobe. In striking contrast to wild-type, formation in flies, odorant receptors appear to play an
however, rather than condensing into protoglomeruli at instructive role in this process in vertebrates. Genetic
35% PD, ORN axons extend farther throughout the ven- and expression studies indicate that odorant receptors
tral medial region of the AL before retracting back to do not play a role in ORN convergence in flies (Dobritsa
the surface of the neuropil. They remain segregated from et al., 2003), although it remains possible that a subset
the dendrites of target neurons. While markers for other of these receptors not yet tested will, as in vertebrates,
subsets of ORNs early in development are not available, serve this function.
it is likely that the process visualized with 72OK will Could N-cad play an instructive role in sorting? As
extend to other ORNs, as developmental analysis with ORNs target to the appropriate region of the lobe, the
a panneuronal marker reveals a widespread failure of

sorting problem is reduced to sorting among a small
protoglomerulus formation (data not shown). Further-

number of different ORN subclasses within a local re-
more, adult N-cad mutant ORN processes terminate on

gion. Modulation of N-cad activity in different classes
the surface of the lobe in close proximity to the position

may provide sufficient specificity for sorting. Indeed,of the glomerulus in a wild-type animal. These studies
cells in culture expressing different levels of cadherinsestablish N-cad as a key regulator of the cellular interac-
sort out from one another (Steinberg and Takeichi, 1994).tions underlying the formation of protoglomeruli.
As panneuronal expression of a single form of N-cad in
ORNs rescues the N-cad mutant targeting phenotypes,

N-Cad Promotes Subclass-Specific
it is unlikely that different levels of N-cad protein speci-

Convergence of ORNs
fied at the level of transcription or different isoforms

The subclass-specific convergence of ORN axons re-
produced by alternative splicing underlie specific sort-

flects specific interactions between ORN terminals
ing. Presumably, other cell surface components in flywithin the target region. In both the mouse and fly, the
ORNs mediate subclass-specific sorting to protoglom-cell bodies of different ORN subclasses are scattered
eruli modulating the core homophilic cell adhesion activ-throughout the nasal epithelium and the antenna, re-
ity of N-cad.spectively. ORN axons do not segregate into subclass-

N-cad may not mediate adhesion between ORNs, butspecific fascicles as they project to the target (Treloar
rather may promote interactions between ORNs andet al., 2002; T.H. and S.L.Z., unpublished observation).
target dendrites. In the fly visual system, for instance,Association between axon terminals takes place within
we previously showed that N-cad is required in R7 pho-the target region itself. That different ORNs show affinity
toreceptor neurons to select the appropriate target re-for fibers of the same subclass is supported by studies
gion (Lee et al., 2001). Genetic mosaic studies supportin both organisms. In the mouse extratoes mutant, the
the view that this reflects interactions between R7olfactory bulb fails to form. ORNs terminate instead in
growth cones and their targets rather than between R7a fibrocellular mass lacking PNs and only a small number
neurons and other photoreceptor neurons (A. Nern andof LNs (St John et al., 2003). Despite the lack of target
S.L.Z., unpublished data). Since N-cad is expressed onneurons, P2 neurons sort out into a glomerular-like
both ORNs and target neurons as ORNs enter the targetstructure. Additional studies by Mombaerts and col-
region, it is expressed at the right place and time toleagues (Vassalli et al., 2002) indicate that ORNs ex-
mediate interactions between them. Recent studies re-pressing the same odorant receptors show selective
ported in this issue of Neuron by Zhu and Luo (2004),affinity. Mice expressing odorant receptor transgenes
however, indicate that glomerulus formation does notin ORNs that lie in inappropriate epithelial zones form
require N-cad in PN dendrites. N-cad may also play aectopic glomeruli in regions of the olfactory bulb distinct
subsequent role in mediating interactions betweenfrom those formed by ORNs expressing the endogenous
ORNs and targets, but it will be necessary to assessreceptor. In some cases, however, axons from ORNs
glomerulus development in animals in which N-cad isexpressing the endogenous receptors are recruited into
removed after formation of protoglomeruli to criticallythese ectopic glomeruli. We reached a similar conclu-

sion in previous studies exploring targeting defects in address this issue.
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Interactions between Axonal Processes other cell surface and signaling proteins identified in
ongoing genetic screens for targeting mutants in theMay Be a Common Mechanism Regulating

Connection Specificity olfactory system, will lead to a detailed molecular under-
standing of the cellular interactions underlying the ex-While adhesion between ORN terminals has emerged

as a common theme from work in both vertebrate and quisite specificity of neuronal connections in the fly ol-
factory system.invertebrate systems, specific interactions between ax-

ons within the target region may be a more widespread
Experimental Proceduresphenomenon. Indeed, in the Drosophila visual system,

the exquisite target specificity of different subclasses
Geneticsof R1-R6 photoreceptor axons relies upon interactions
Fly stocks were maintained in standard medium at 22�C unless

between them (Clandinin and Zipursky, 2000). In wild- stated otherwise. Four different N-cad alleles were analyzed,
type animals, R1-R6 axons from a single ommatidium N-cadM19 (Iwai et al., 1997), N-cad405 (Clandinin and Zipursky, 2000),
project away from each other to a distinct set of targets. N-cadB11 (Lee et al., 2001), and N-cad4C (Lee et al., 2001). All N-cad

alleles lead to similar axonal defects in MARCM-induced ORNWe previously demonstrated that this requires N-cad
clones.(Lee et al., 2001) and proposed that N-cad mediates

adhesive interactions between R cells and their targets.
Markers for Different ORN Subclasses and AL NeuronsWhile biochemical studies support an adhesive function
To label a subset of ORNs, we used the following promoters fused

for classical cadherins, the N-cad phenotypes in R1-R6 to Gal4: Or22a, Or23a, Or46a, Or47a, Or47b (Vosshall et al., 2000),
and ORNs are also consistent with a repellent function. Or59c, and Or71c (Hummel et al., 2003). Axons innervating the V
N-cad on R cell axons may promote repulsive interac- glomerulus were detected using the enhancer trap insertion GH298-

Gal4 (Stocker et al., 1997). The reporters to visualize axons andtions between them rather than mediating adhesion be-
synaptic terminals were UAS-mCD8-GFP (Lee and Luo, 1999),tween R cell axons and target cells. In the olfactory
UAS�CD2�CD8-GFP (Wong et al., 2002), and UAS-N-synapto-system, N-cad may promote repulsive interactions be-
brevin-GFP (Estes et al., 2000). To visualize all ORNs in mosaics,

tween different classes of ORNs, thereby leading to their the enhancer trap line Gal4-C155 (elav-Gal4; Lin and Goodman,
segregation rather than promoting interactions between 1994) was used. SG18.1-Gal4 is preferentially expressed in early
axon terminals of the same class. That N-cad may medi- projecting ORNs (Jhaveri and Rodrigues, 2002). In addition to ORNs

innervating the V glomerulus, the GH298-Gal4 line is expressed inate repellent interactions between neurites is supported
LNs (Stocker et al., 1997). Projection neurons were visualized withby elegant genetic analysis by Zhu and Luo (2004) of a
the enhancer trap line GH146-Gal4 (Stocker et al., 1997). For simulta-requirement for N-cad in mediating interactions be-
neous visualization of target neurons and ORN terminals, the

tween PN dendrites. We previously proposed that repel- N-synaptobrevin-GFP was directly expressed under OR22a promo-
lent interactions between R8 axons play a crucial role tor control (A.I. Domingos and L.B. Vosshall, personal communi-
in elaborating a precise topographic map in the fly visual cation).
system and that the protocadherin Flamingo serves this
function (Lee et al., 2001). Whether interactions between Genetic Mosaics

The majority of the genetic mosaics were generated using theafferents are adhesive or repulsive, or indeed whether
MARCM system (Lee and Luo, 1999) with various Gal4 drivers (seethey interact in a more complex and instructive fashion,
previous section) and TubP-Gal80 FTR40. For large clones in thethese studies raise the important issue that afferent in-
antenna and maxillary palps, an eyFLP insertion on the X chromo-

teractions may play crucial and hitherto poorly appreci- some was used (Newsome et al., 2000). For small clones and single-
ated roles in the elaboration of specific patterns of syn- cell analysis, a hsp70-Flp transgene on the X chromosome was used

(Golic and Lindquist, 1989). To visualize all ORNs, mosaics wereaptic connectivity.
generated in flies of the following genotype: eyFLP; FRT40/Gal80
FRT40; elav-Gal4 UAS-mCD8GFP and eyFLP; N-cad FRT40/Gal80N-Cad and Dscam Mediate Distinct Steps
FRT40; elav-Gal4 UAS-mCD8GFP. To visualize ORN subclasses,

in Targeting of ORNs mosaics were generated in flies of the following genotype: eyFLP;
The molecular mechanisms underlying the formation of FRT40/Gal80 FRT40; Or-Gal4 UAS-sybGFP and eyFLP; N-cad

FRT40/Gal80 FRT40; Or-Gal4 UAS-sybGFP. To increase the fractionan odortopic map presents a complex problem in cellu-
of N-cad mutant ORNs, we generated N-cad mutant clones in alar recognition (Brunjes and Greer, 2003; Lin and Ngai,
genetic background in which heterozygous cells were also heterozy-1999; Mombaerts, 2001). A major advance in this field
gous for a cycE mutation; after mitotic recombination, cells homozy-was the discovery that odorant receptors in the mouse
gous for the wild-type allele of N-cad were homozygous for cycE.

play an instructive role in ORN targeting (Chess, 2000; Cells homozygous for the cycE mutation cannot proliferate, and
Hellman and Chess, 2002). Given the striking conserva- cycE/� cells compete poorly for growth with cells homozygous

for N-cad mutant cells carrying two wild-type copies of cycE. Astion in the cellular organization in the olfactory system
recombination promoted by eyFLP occurs multiple times in a givenof the mouse and fly, it is surprising that fly odorant
lineage, the inclusion of a cycE mutation linked to the wild-typereceptors do not serve this key targeting function. Target
N-cad allele markedly increases the proportion of disc cells homozy-specificity in this system must rely on other cellular rec-
gous for N-cad. Genotype used: eyFLP; Ncad FRT40/cycE FRT40;

ognition mechanisms. In previous work, we demon- Or-Gal4 UAS-sybGFP. Single-cell clones were obtained by heat
strated that the Ig superfamily protein Dscam plays a shocking late third instar larvae (30 min at 37�C) of the following

genotypes: hs-Flp; FRT40/Gal80 FRT40; Or22a-Gal4 UAS-crucial role in targeting some, but not all, ORNs (Hummel
mCD8GFP and hs-Flp; N-cad FRT40/Gal80 FRT40; Or22a-Gal4et al., 2003). In the absence of Dscam, some subclasses
UAS-mCD8GFP. In rescue experiments, the phenotype of the fol-of ORNs target to inappropriate regions of the AL, where
lowing to genotypes were compared: eyFLP elav-Gal4/� ; Or22a-they form ectopic glomeruli. Hence, Dscam contributes
sybGFP N-cad FRT40/Gal80 FRT40 and eyFLP elav-Gal4/ UAS-

to target specificity, whereas N-cad acts at a later step to N-cad ; Or22a-sybGFP N-cad FRT40/Gal80 FRT40. To visualize ORN
promote the formation of protoglomeruli. We anticipate terminals and target cell dendrites, we used the following genotype:

eyFLP; Or22a-sybGFP FRT40/cycE FRT40; GH298-Gal4 UAS-LacZthat further studies on N-cad and Dscam, as well as



N-Cadherin Regulates Protoglomerulus Formation
87

and eyFLP; Or22a-sybGFP N-cad FRT40/cycE FRT40; GH298-Ga4 Synaptic localization and restricted diffusion of a Drosophila neu-
ronal synaptobrevin–green fluorescent protein chimera in vivo. J.UAS-LacZ and eyflp/hsflp; GH146-Gal4 N-cad FRT40/cycE FRT40;

UAS�CD2�CD8-GFP. Developmental studies with the marker Neurogenet. 13, 233–255.
72OK were performed using pupae of the following genotypes: Gao, Q., Yuan, B., and Chess, A. (2000). Convergent projections of
eyFLP; 72OK-Gal4FRT40/Gal80 FRT40; UAS-mCD8GFP and eyFLP; Drosophila olfactory neurons to specific glomeruli in the antennal
72OK-Gal4 Ncad FRT40/Gal80 FRT40; UAS-mCD8GFP. lobe. Nat. Neurosci. 3, 780–785.

Goheen, B.L., Kott, J.N., Anderson, N.L., Kim, A., and Westrum, L.E.
Immunohistology (1995). Host primary olfactory axons make synaptic contacts in a
Primary antibodies used for immunohistochemistry were rat anti- transplanted olfactory bulb. J. Comp. Neurol. 352, 203–212.
N-cadherin extracellular domain (Iwai et al., 1997), rabbit anti-GFP

Golic, K.G., and Lindquist, S. (1989). The FLP recombinase of yeast(Molecular Probes) and nc82 (Stortkuhl et al., 1994), and mouse
catalyzes site-specific recombination in the Drosophila genome.anti-ELAV (DSHB). Secondary antibodies used were goat anti-rabbit
Cell 59, 499–509.F(ab)’ fragment coupled to Alexa-488 (Molecular Probes), goat anti-
Goodhill, G.J., and Richards, L.J. (1999). Retinotectal maps: mole-mouse F(ab)’ fragment coupled to Alexa-568 (Molecular Probes),
cules, models and misplaced data. Trends Neurosci. 22, 529–534.goat anti-rat F(ab)’ fragment coupled to Alexa-568 (Molecular

Probes), and goat anti-mouse F(ab)’ fragment coupled to Alexa-648 Graziadei, P.P., and Kaplan, M.S. (1980). Regrowth of olfactory sen-
(Molecular Probes). For general nuclear staining, TOTO-3 (Molecular sory axons into transplanted neural tissue. 1. Development of con-
Probes) was used. nections with the occipital cortex. Brain Res. 201, 39–44.

Immunostaining of brains of adult flies and pupae were carried Graziadei, P.P., and Monti Graziadei, G.A. (1986). Principles of orga-
out essentially as described in Van Vactor et al. (1991), with the nization of the vertebrate olfactory glomerulus: an hypothesis. Neu-
following exceptions: (1) adult brains were fixed in 2% PFA for 90 roscience 19, 1025–1035.
min, and (2) for the dissection of the pupal brains, the pupal cases Hellman, A., and Chess, A. (2002). Olfactory axons: a remarkable
were open, 2% PFA was added, and the brains were allowed to fix convergence. Curr. Biol. 12, R849–R851.
for 10 min before further dissection in 2% PFA. The overall time of

Hildebrand, J.G., and Shepherd, G.M. (1997). Mechanisms of olfac-fixation in 2% PFA was 90 min. Fluorescent samples were analyzed
tory discrimination: converging evidence for common principlesusing a Bio-Rad MRC1024 confocal microscope.
across phyla. Annu. Rev. Neurosci. 20, 595–631.
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