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In the olfactory system of Drosophila melanogaster, axons of olfactory receptor neurons (ORNs) and dendrites of second-order

projection neurons typically target 1 of ~50 glomeruli. Dscam, an immunoglobulin superfamily protein, acts in ORNs to

regulate axon targeting. Here we show that Dscam acts in projection neurons and local interneurons to control the

elaboration of dendritic fields. The removal of Dscam selectively from projection neurons or local interneurons led to clumped

dendrites and marked reduction in their dendritic field size. Overexpression of Dscam in projection neurons caused dendrites

to be more diffuse during development and shifted their relative position in adulthood. Notably, the positional shift of

projection neuron dendrites caused a corresponding shift of its partner ORN axons, thus maintaining the connection

specificity. This observation provides evidence for a pre- and postsynaptic matching mechanism independent of precise

glomerular positioning.

Sensory systems use spatial maps in the brain to represent and
process information received from the outside world. The organiza-
tional principles of olfactory maps in insects and mammals are similar1.
In Drosophila, each ORN typically expresses a single olfactory recep-
tor gene2–7. The cell bodies of ORNs expressing the same olfactory
receptor gene are dispersed in the olfactory epithelium, whereas
their axons converge to a single glomerulus in the antennal lobe
(equivalent to the olfactory bulb in vertebrates). ORNs expressing a
given olfactory receptor project their axons to a specific glomerulus at a
stereotypical position in the antennal lobe6–9. Within each glomerulus,
ORNs make synapses with dendrites of projection neurons. Typically
each projection neuron extends dendrites into a single glomerulus and
each glomerulus comprises dendrites from B3 different projection
neurons. Olfactory information is relayed by the projection neurons to
higher olfactory centers. The targeting of projection neuron dendrites
in the antennal lobe and the stereotypical axonal projection patterns of
these neurons in higher brain centers10,11 are genetically specified by
lineage and birth order12–14. Hence, the formation of the olfactory map
in the antennal lobe involves both specific targeting of ORN axons and
projection neuron dendrites (Fig. 1a).

How do the spatial maps for ORN axons and projection neuron
dendrites form during development? In Drosophila, both ORN
axons and projection neuron dendrites have substantial self-organizing
properties15–17. ORN axons and projection neuron dendrites may each
form a rigid spatial map based on interactions with cues other than
their synaptic partners. The convergence of the two maps in the same
spatial position dictates the connection specificities between ORN
axons and projection neuron dendrites. Alternatively, ORN axons

and projection neuron dendrites may initially form coarse and flexible
maps. The two maps register with each other through interactions
between ORN axons and projection neuron dendrites, finalizing
specific connections.

The molecular basis of olfactory map formation is poorly under-
stood. Indeed, despite the organizational similarity between mamma-
lian and fly maps, odorant receptors in Drosophila do not seem to
control targeting18,19 as they do in mammals20–22. Hence, the molecular
interactions underlying precise targeting must be substantially different
in some way. Dscam, a gene that generates tens of thousands of
isoforms of an immunoglobulin superfamily cell-surface protein23, is
required in ORNs for the targeting of axons to the correct glomeruli24.
Dscam also has widespread roles in axon guidance and branching23–27.
However, its role in dendrite development has not been investigated.

Here we show that Dscam regulates the dendritic patterning of
projection neurons, as well as that of local interneurons and a
specialized set of projection neurons that form large dendritic fields
innervating most or all glomeruli. The gain- and loss-of-function
experiments were consistent with matched Dscam isoforms promoting
repulsive interactions between dendrites of the same cell. The defects in
glomerular position induced by Dscam overexpression provided a
unique opportunity to investigate whether ORN axon targeting is
controlled by glomerular position or by identity. Notably, the change
in the projection neuron dendritic map resulted in a corresponding
change in the ORN axonal map, such that the connection specificity
between projection neurons and ORNs was maintained. This observa-
tion provides evidence for a pre- and postsynaptic recognition mechan-
ism independent of precise glomerular positioning.
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RESULTS

Dendritic elaboration of projection neurons requires Dscam

We found that Dscam is highly expressed in the developing projection
neuron dendrites in the antennal lobe before ORN axon invasion
(Supplementary Fig. 1 online). To study the Dscam loss-of-function
phenotype in projection neuron dendrites, we used the mosaic analysis
with a repressible cell marker (MARCM) method28 to generate green
fluorescent protein (GFP)-labeled Dscam homozygous mutant projec-
tion neuron clones using Gal4-GH146, which labels 90 of B150
projection neurons (refs. 12,29). For the projection neuron analysis,
we used two distinct Dscam alleles generated in different genetic
backgrounds, DscamP1 and Dscam23. Both alleles are protein-null23,24.

Neuroblast clone analysis did not reveal obvious mistargeting errors
in Dscam mutant projection neurons (compare Fig. 1b with Fig. 1c;
data not shown). To study the projection neuron dendritic innervation
at single-cell resolution, we generated wild-type and Dscam mutant
single-cell clones for projection neurons innervating the DL1 glomer-
ulus. Compared with their wild-type counterparts (Fig. 1d), the
dendrites ofDscammutant cells innervated the correct DL1 glomerulus
but the dendritic elaboration was reduced, often only partially inner-
vating the DL1 glomerulus (Fig. 1e; 17 of 20). Analysis of projection
neurons from the ventral neuroblast (vNb) clones confirmed and
extended the requirement for Dscam in dendritic elaboration. The
vNb gives rise to six GH146-positive cells, at least one each innervating
the glomeruli DA1 and VA1lm10,12. In Dscam mutant vNb clones, the

innervation of DA1 and VA1lm was strongly reduced and was often
only partial within the glomeruli (compare Fig. 1f with Fig. 1g,
arrowheads; 13 of 15). These findings indicated that Dscam promoted
projection neuron dendrite elaboration within the correct target
glomerulus but was not required for the selection of the appropriate
glomerulus to innervate.

Formation of large dendritic fields requires Dscam

Two classes of neurons, local interneurons and a pan–antennal-lobe
(pan-AL) projection neuron, elaborate expansive dendritic fields
(Fig. 1h–m). Indeed, the dendrites of single cells ramified throughout
the AL and innervated most or all glomeruli (Fig. 1h,j). The pan-AL
projection neuron is derived from the vNb10; we visualized it with
GH146 either in vNb clones (Fig. 1f) or in single-cell clones (Fig. 1h).
In Dscam mutant vNb (Fig. 1g, 15 of 15) or single-cell clones (Fig. 1i,
3 of 3), the extent of the dendritic field was substantially reduced:
dendrites only innervated the medial part of the antennal lobe.
As in uniglomerular projection neurons, the dendrites were
frequently clumped.

To test whether the large dendritic fields formed by local interneur-
ons require Dscam, we performed MARCM analysis using the local
interneuron marker Gal4-GH29829. All the wild-type single-cell clones
we analyzed elaborated a uniform distribution of dendrites across the
entire antennal lobe (n¼ 12; Fig. 1j). By contrast, single Dscam mutant
cells (32/32; homozygous for one of the three null alleles, Dscam21,
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Figure 1 Dscam loss-of-function phenotypes in projection neuron and local interneuron dendrites. (a) Schematic of Drosophila olfactory system organization.

(b–g) Projection neuron MARCM clones in the wild type (b,d,f) and in Dscam–/– mutants (c,e,g), highlighting their dendritic projections in the antennal lobe.

(b,c) Anterodorsal neuroblast (adNb) clones; (d,e) single-cell DL1 clones; (f,g) ventral neuroblast (vNb) clones. Arrowheads indicate DA1 (top) and VA1lm

glomeruli. The boundary of the VA1lm glomerulus is indicated by dashed line in g. (h,i) Pan-AL single-cell clones. (j,k) Local interneuron single-cell clones

(LNSC). (l,m) Local interneuron neuroblast clones (LNNb). All images are representative of at least 15 samples with similar phenotypes, except i which is

representative of 3 samples. All images in this and subsequent figures are confocal sections of the antennal lobe oriented such that dorsal is up and medial is

to the left. Unless otherwise noted, brains in this and subsequent figures are stained with rat antibody to mCD8 to label projection neurons of MARCM clones

(green) and counterstained with mouse antibody nc82 to label the neuropil (magenta). PN, projection neuron.
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Dscam23 or Dscam33) did not evenly innervate all glomeruli. Indeed,
as in pan-AL projection neurons, dendrites in lateral regions were
more affected than those in the medial region (Fig. 1k). Dscam
mutant neuroblast clones containing 5–10 local interneurons also
showed severe clumping defects of dendritic patterning (Fig. 1m,
compared with control in Fig. 1l, 32 of 32): a massive aggregate of
dendrites formed as a condensed sphere-like structure within the
antennal lobe.

In summary, these loss-of-function analyses indicated that Dscam
was required for the elaboration of large dendritic fields within the
antennal lobe. The reduction in the extent of the dendritic fields seen in
mutant local interneurons and pan-AL projection neurons was similar
to that observed for uniglomerular projection neurons. By contrast,
although mutant uniglomerular projection neurons showed defects of
dendritic elaboration within the appropriate glomerulus, Dscam
mutant local interneuron dendrites and pan-AL projection neurons
frequently did not innervate many glomeruli.

Dscam overexpression causes dendrite diffusion in pupa

To assess the effects of overexpressing Dscam transgenes in projection
neuron dendrites, we used Mz19-Gal4 (ref. 15) to target Dscam
expression in projection neurons innervating three neighboring glo-
meruli (Fig. 2): VA1d and DA1 on the anterior surface and DC3
posterior to VA1d. We visualized the dendrites at different develop-
mental stages. As early as 24 h after puparium formation (24-h APF),
when dendritic arborization of the Mz19-positive (Mz19+) projection
neurons could first be visualized, the wild-type dendrites formed two
overlapping dendritic arbors adjacent to each other at the anterior
surface of the antennal lobe. These arbors represented glomeruli VA1d
and DA1 (Fig. 2a; ref. 15). By contrast, in projection neurons over-
expressing a single Dscam isoform (encoded by the transgene Dscam1-
30-30-1, which is named according to its distinct combinations of the
variable exons; ref. 30), the two dendritic arbors were clearly separable
by 24-h APF (Fig. 2e). Furthermore, at this early stage, dendrites
extended over broader regions of the antennal lobe than those in the
wild type in all samples examined (n ¼ 14).

During later developmental stages, the dendrites of wild-type Mz19+

projection neurons gradually refined and form two distinct glomeruli
by 50-h APF; in contrast, the separation of dendrites persisted in
projection neurons overexpressing Dscam (Fig. 2f–h compared with
Fig. 2b–d). These phenotypes were seen before the onset of the
majority of olfactory receptor gene expression and before the
maturation of synaptic connections in the antennal lobe15; thus, it is
unlikely that the overexpression phenotype involves sensory input or
synaptic activity.

Dscam overexpression shifts dendritic position in adult

Using Gal4-Mz19, we examined adult antennal lobes in which Dscam
isoforms were expressed and found a striking defect in glomerular
organization. Although DA1 and DC3 dendrites were at their normal
positions in the antennal lobe, VA1d dendrites were often shifted to a
more ventral position on the anterior surface and were now separated
from DA1 dendrites by another glomerulus (Fig. 3; compare Fig. 3a
and b, arrowhead). Therefore, the overexpression of Dscam seemed to
cause a change in the spatial position of VA1d projection neuron
dendrites in the adult antennal lobe.

To examine whether this overexpression phenotype is unique to a
specific isoform, we tested transgenes expressing different Dscam
isoforms. To control for the variability of transgene expression
level, we tested two independent inserts for each transgene
isoform. We found that the overexpression phenotypes were present
in all isoforms tested, with variable penetrance from 5% to 85%
(Fig. 3b–e, quantified in Fig. 3g). These results indicated that the
ventral shift of VA1d projection neuron dendrites was not unique to a
specific Dscam isoform.

Overexpressed Dscam acts autonomously in dendritic shift

How does Dscam overexpression alter the glomerular pattern? It is
possible that the positional shift of VA1d dendrites is caused by the
isoform-specific repulsive interaction between the neighboring DA1
and VA1d dendrites. If this were true, one would predict that over-
expressing only a single isoform of Dscam in both DA1 and VA1d at the
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Figure 2 Projection neurons overexpressing Dscam elaborate more diffuse dendrites in the developing antennal lobe. (a–h) Representative confocal images

of dendrites of Mz19+ projection neurons expressing only mCD8-GFP (a–d) or together with the Dscam1-30-30-1 transgene (e–h) at different developmental

stages. Consistent results were obtained for different samples examined (n Z 8). Yellow and blue arrows, dendritic mass of VA1d and DA1, respectively. White

arrow in h, ectopic glomerulus between VA1d and DA1. Pupal brains from 24-h (a,e) and 30-h (b,f) APF were stained with rabbit antibody to GFP (green) to

label MARCM clones and with rat antibody to N-cadherin (magenta) to label the developing antennal lobe.

NATURE NEUROSCIENCE VOLUME 9 [ NUMBER 3 [ MARCH 2006 351

ART ICLES
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

en
eu

ro
sc

ie
nc

e



same time could cause the phenotype. Another possibility is that DA1
dendrites overexpressing Dscam repel the VA1d dendrites or attract
more ventral VA1lm dendrites. Alternatively, Dscam overexpression
may affect VA1d dendritic targeting autonomously.

To distinguish between these three possibilities, we used MARCM to
express Dscam1-30-30-1 in subsets of Mz19+ projection neurons. These
cells originate from two distinct cell lineages: the projection neurons
innervating the DA1 glomerulus are from the lateral neuroblast
whereas those innervating VA1d and DC3 are from the anterodorsal
neuroblast. This allowed us to express Dscam transgenes in either the
projection neurons innervating DA1 or in those innervating VA1d and
DC3, in MARCM neuroblast clones (Fig. 4). The overexpression of
Dscam1-30-30-1 in only the projection neurons innervating DA1 did
not result in a ventral shift of the VA1d glomerulus, as indicated by an
ORN axon marker for VA1d (Fig. 4a, n¼ 10; see Fig. 5 for detail of the
ORN axon marker). This observation excluded the possibility that the
overexpression of Dscam in projection neurons innervating DA1 repels
VA1d dendrites or attracts VA1lm dendrites in a non–cell-autonomous
manner. When we overexpressed Dscam transgenes in VA1d and DC3,
we observed the ventral shift of the VA1d dendrites and the ORN axon
marker in 42% of the brain hemispheres examined (Fig. 4b, n¼ 12). In
contrast, the posterior DC3 glomerulus remained unchanged and in
contact with the ventrally shifted VA1d glomerulus (data not shown).
This result argued against the possibility that the phenotype was caused
simply by a single isoform of Dscam mediating repulsive interactions
between DA1 and VA1d dendrites.

To investigate whether Dscam-mediated signaling is required for the
shift in glomerular position, we generated a variant of the Dscam1-30-
30-1 transgene in which we replaced the cytoplasmic domain of Dscam
with GFP. We tested five different insertion lines of the transgene and
did not observe any shift in glomerular position, even though the fusion
proteins were highly expressed in the dendrites (Fig. 3f,g). This result, in
combination with the above MARCM overexpression results, indicated

that overexpressed Dscam acts as a cell-surface receptor in the dendrites
of VA1d projection neurons to affect the neuron’s dendritic position in
the antennal lobe. The fact that loss-of-function Dscam does not result
in a positional shift suggested one of two possibilities: either Dscam acts
in a redundant manner in this process or Dscam overexpression
activates or inhibits, in a non–physiologically relevant fashion, a
signaling pathway that normally regulates glomerular position.

Partner ORN axons follow shifted dendrites

The shift of position of the VA1d projection neuron dendrites caused by
the overexpression of Dscam in these neurons offered a unique
opportunity to investigate the logic of olfactory circuit assembly.
Because projection neuron dendrites form a coarse spatial map before
ORN axons invade15, ORN axons could use the projection neuron
dendritic map as a cue to determine their spatial position in the
antennal lobe. To date, however, there is no experimental support for
this hypothesis. Alternative proposals are that ORN axons recognize
non–projection neuron cues within or surrounding the antennal lobe
and/or that they self-organize through axon-axon interaction17,31 to
reach their spatially invariant targets.

The overexpression of Dscam in projection neuron alters the initial
spatial map of the projection neuron dendrites before ORN invasion;
therefore, we can ask whether the change in the spatial map of the
projection neuron dendrites affects the targeting of the corresponding
ORN axons. If projection neuron dendritic maps were used as cues for
ORN axon targeting, one would predict a corresponding shift of ORN
axon position. Alternatively, if the spatial positions of ORN axons were
solely determined by interactions among ORN axons or with non–
projection neuron cues, changing the spatial map of projection neuron
dendrites would lead to a mismatch of projection neuron dendrites and
ORN axons and would result in a change in connection specificity.

To distinguish between these two possibilities, we examined ORN
axon innervation patterns in the antennal lobe in response to the
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Figure 3 Dscam overexpression in Mz19+ projection neurons results in specific dendritic position shift in the adult antennal lobe. (a–f) Representative confocal

images of Mz19+ projection neurons expressing mCD8-GFP alone (a) or with different Dscam transgenes (b–f), highlighting their dendritic projections in the

antennal lobe. Transgenes tested include Dscam1-30-30-1 (b), Dscam11-31-25-1 (c), Dscam1-30-30-2 (d), Dscam11-31-25-2 (e) and Dscam1-30-30-1C

with the cytoplasmic domain replaced by GFP (f). Dscam1-30-30-1 and Dscam1-30-30-2 have identical extracellular domains and different transmembrane

domains. The same is true for the other two Dscam isoforms. Arrowheads, ectopic glomeruli between DA1 and VA1d. In f, brains were stained with rabbit

antibody to GFP (green) and with mouse antibody nc82 (magenta). (g) Quantification of the penetrance of Dscam transgene overexpression phenotype

represented in percentile (n ¼ 20 for each transgenic insertion tested). Two independent insertions (a,b; gray and black, respectively) were quantified

for each transgene.
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dendritic map shift induced by Dscam overexpression in projection
neuron dendrites. The ORNs innervating the VA1d glomerulus
express Or88a (ref. 17). To label these ORN axons, we used the
transgene Or88a-CD2 in which the Or88a promotor drives the expres-
sion of the membrane marker CD2 (D.B. and L.L., unpublished data).
In the same brain, Mz19+ projection neurons were labeled by the
membrane marker mCD8-GFP using the Gal4/UAS system. In the wild
type, Or88a axons synapsed with Mz19+ projection neuron dendrites
innervating VA1d, which is adjacent to the DA1 glomerulus (Fig. 5a).
In 13 brain hemispheres where Mz19+ projection neurons also
overexpressed Dscam, the spatial position of the VA1d projection
neuron dendrites shifted ventrally, away from the DA1 glomerulus.
Notably, Or88a axons shifted to a ventral position accordingly in each
case, maintaining the correct connections with the VA1d projection
neuron dendrites (Fig. 5b). In the seven hemispheres in which
Dscam overexpression did not induce a dendritic shift, Or88a axon
targeting was normal. These results demonstrated that Or88a axons
recognized VA1d projection neuron dendrites, thereby maintaining
their connection specificity even when these dendrites were shifted
to a different position.

Overexpressing Dscam in Mz19+ projection neurons shifted the
VA1d dendrites to a ventral position equivalent to VA1lm, which is
normally innervated by ORN axons expressing Or47b (Fig. 5c). Would
Or47b axons still innervate the same position in the antennal lobe and
therefore connect incorrectly with the ventrally shifted VA1d projection
neuron dendrites? Or would they avoid the ventrally shifted VA1d
dendrites and target a new position? To address this question, we
labeled the Or47b axons using the transgene Or47b-CD2 (ref. 16). We
found that, in each hemisphere, when Dscam overexpression caused a
ventral shift of VA1d dendrites (n ¼ 12), Or47b axons shifted to a
dorsal position and innervated the glomerulus situated ectopically
between DA1 and VA1d, avoiding the VA1d dendrites completely

(Fig. 5d). In hemispheres where no projection neuron dendritic
position shift occurred, Or47b axons targeted normal positions
(n ¼ 8). Note that for this VA1lm glomerulus, neither the pre- nor
the postsynaptic partners had been subjected to any genetic modifica-
tions. Their positional shifts were the sole result of the expression of
Dscam in projection neurons in glomeruli neighboring VA1lm.

Together, these data supported the notion that glomerular targeting,
at least in the two ORN classes examined, requires specific recognition
between ORN afferents and projection neuron dendrites.

DISCUSSION

Dscam function in dendritic patterning

Individual neurons express different arrays of isoforms in a largely
stochastic fashion27,32. It is proposed that such expression provides

a

b
INb

adNb

W
ild

 ty
pe

O
r8

8a
-C

D
2

W
ild

 ty
pe

O
r4

7b
-C

D
2

D
sc
am

 O
E

O
r8

8a
-C

D
2

D
sc
am

 O
E

O
r4

7b
-C

D
2

PN dendrites ORN axons Mergeda

b

c

d

Figure 4 MARCM overexpression of the Dscam transgene in projection

neuron dendrites and its effect on ORN axons. Axonal projections of Or88a

ORNs were labeled with the Or88a-CD2 transgene and visualized with an

antibody to CD2 (blue; becomes white when overlaid with nc82 staining (red)

and mCD8-GFP staining (green)). White-dashed straight lines, midlines.

White-dashed circles, boundaries of the glomeruli of interest (DA1, VA1d and

VA1lm). White, yellow and blue arrows, glomeruli DA1, VA1d and VA1lm,

respectively. (a) Axonal projections of Or88a ORNs were compared in brain
hemispheres with no clones (left, n 4 20) and with lateral neuroblast

MARCM clones (innervating DA1, green) overexpressing the Dscam-1-30-30-1

transgene (right). Note the normal position of Or88a ORN axons (in

10 of 10 samples examined). (b) Axonal projections of Or88a ORNs were

compared in brain hemispheres with no clones (left, n 4 20) and with

anterodorsal neuroblast MARCM clones (innervating VA1d; green,

looks white and magenta because of overlaying with nc82 in red

and Or88a in blue) overexpressing the Dscam1-30-30-1 transgene

(right). Note the ventral shift of VA1d dendrites and the Or88a ORN axons

(in 5 of 12 samples examined).

Figure 5 Shift of spatial position of projection neuron dendrites causes a

corresponding shift of its partner ORN axons. (a–d) Axon projections from

Or88a (a,b; targeting the VA1d glomerulus) and Or47b (c,d; targeting the

VA1lm glomerulus) ORNs in brain hemispheres where Gal4-Mz19 drives
expression of mCD8-GFP alone (a,c) or together with Dscam1-30-30-1

transgene (b,d). White-dashed lines, ectopic glomerulus between VA1d and

DA1 in Drosophila with Dscam1-30-30-1 transgene expression (b,d). ORN

axonal projections were labeled with the Or88a-CD2 (a,b; middle and right

panels) and Or47b-CD2 (c,d; middle and right panels) transgenes,

respectively, and visualized with an antibody to CD2 (blue).
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each neuron with a unique identity32. Biochemical studies demonstrate
that Dscam promotes isoform-specific binding: isoforms sharing the
same extracellular domain bind to each other, whereas isoforms that
are different do not30. Furthermore, interactions between identical
Dscam proteins seem to promote contact-dependent repulsion25,30.
One phenotype in the Dscam mutant axon is the failure to segregate
sister branches24, which is also the case for projection neuron axons
(Supplementary Fig. 2 online).

How might Dscam contribute to dendrite branching? To efficiently
innervate the target areas, some neurons possess an intraneuronal
tiling mechanism such that dendritic branches of the same neuron
do not overlap33. On the basis of expression studies in other neu-
rons27,32, we propose that the array of Dscam isoforms expressed on a
dendrite’s surface provides each projection neuron and local inter-
neuron with a mechanism by which to distinguish its own dendrites
from those of neighboring cells. Thus, Dscam isoforms expressed on
sister branches will be the same; however, they will share little, if any,
overlap with the isoforms expressed on dendrites of other projection
neurons or local interneurons innervating the same glomurulus. Thus,
Dscam diversity provides a mechanism by which dendrites from the
same neuron can avoid each other as they elaborate their receptive
fields, while overlapping with dendritic processes of other cells within
the neuropil.

Implications for the logic of olfactory circuit assembly

Developmental studies have led to a model in which ORNs and
projection neurons initially develop spatial maps that are independent
of each other15–17. When the two spatial maps converge, the connection
specificity between a given ORN–projection neuron pair can be
determined solely by matching the positional coordinates of the
respective spatial maps for ORN axons and projection neuron den-
drites. Such an extreme model would predict that if a change is made to
the positions of projection neuron dendrites before and independent of
the arrival of ORN axons, the positional maps of ORN axons and
projection neuron dendrites would be misaligned. Under these cir-
cumstances, ORN axons should innervate projection neuron dendrites
positioned as they would be in the wild type, rather than as they are in
the reordered state; thus the ORN axons would select the incorrect
target. Alternatively, these two maps may be rather coarse and specific
recognition between appropriate ORN axons and their dendritic targets
may be required to refine the map.

Our findings that changing the spatial map of the projection neuron
dendrites also leads to corresponding changes of the ORN axon
map strongly argues against a strict spatially regulated matching of
the afferent axonal and dendritic maps. Our data indicate that ORN
axons are influenced by their corresponding postsynaptic projection
neuron dendrites in determining their spatial position in the antennal
lobe, at least at the local level for the two classes of ORNs analyzed.
This finding by no means contradicts the contribution of projection
neuron–independent mechanisms in ORN axon targeting. Such
mechanisms may be used to set up a coarse map for the ORN axons,
limiting the approximate spatial position that a given ORN axon
can target. ORN axons would then be faced with only a few projection
neuron dendritic targets in the neighborhood, which they can sample
through ORN–projection neuron recognition in order to solidify
the final synaptic partners. Sensory input and synaptic activity are
unlikely to play a role in matching ORN axons and projection
neuron dendrites because this process is completed before olfactory
receptor expression and synaptic maturation15. It is more likely that
these processes recognize each other through yet to be identified
‘chemoaffinity tags’ (ref. 34).

METHODS
Clonal analysis. The MARCM method was applied as described previously28.

Briefly, Dscam alleles were placed transheterozygous to Gal80 on the FRT 42D

chromosome. Flipase activity induced by heat shock causes mitotic recombina-

tion of the FRT chromosomes such that one of the daughter cells becomes

homozygous for Dscam and simultaneously loses Gal80. This cell can therefore

be labeled by the Gal4/UAS system. For projection neuron analysis, Drosophila

were heat-shocked between 0 and 18 h after larval hatching for 1.5 h at 37 1C.

Adult flies were dissected 5–7 d after eclosion. Genotype: hsFlp, UAS-

mCD8GFP;FRT42D, Dscam, GH146 /FRT42D, Gal80. Mitotic clones in

local interneurons were induced in the first and second instar larvae of the

following genotype: hsFlp; FRT42D, Dscam /FRT42D, Gal80; GH298-Gal4,

UAS-mCD8GFP/+. Heat shocks were carried out at 37 1C for 20 min. Induced

clones were analyzed in dissected brains of adult flies 5 d after eclosion.

Transgenes. Dscam cDNAs encoding the full-length isoforms 1-30-30-1 and

1-30-30-2 were isolated as 6.8-kilobase (kb) AseI-SpeI restriction fragments,

blunted and then ligated into blunted EcoRI and XbaI sites of the Drosophila

transgene vector pUAST. Expression constructs encoding 11-31-25 iso-

forms were subsequently created by replacing the 1.9-kb KpnI-XhoI fragment,

containing the 1-30-30 sequences, with a partially digested 1.9-kb KpnI-

XhoI fragment encoding the 11-31-25 isoform. Dscam1-30-30-1C was created

by replacing the C-terminal 358 amino acids of the cytoplasmic domain

with GFP coding sequence by polymerase chain reaction. These constructs

were introduced into the Drosophila genome using standard germline

transformation procedures.

Immunochemistry. The procedures for fixation, immunochemistry and

imaging were as described previously12,27.

Note: Supplementary information is available on the Nature Neuroscience website.
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