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Olfactory receptor neuron axon targeting: intrinsic
transcriptional control and hierarchical interactions

Takaki Komiyamal, John R Carlson? & Liqun Luo!

From insects to mammals, olfactory receptor neurons (ORNs) expressing a common olfactory receptor target their axons to
specific glomeruli with high precision. Here we show in Drosophila that the POU transcription factor Acj6 controls the axon
targeting specificity of a subset of ORN classes, as defined by the olfactory receptors that they express. Of these classes, some
require Acj6 cell-autonomously, whereas others require Acj6 cell-nonautonomously. Mosaic analyses show that cooperative
targeting occurs between axon terminals of the same ORN classes and that there are hierarchical interactions among different
ORN classes. We propose that the precision of ORN axon targeting derives from both intrinsic transcriptional control and

extensive axon-axon interactions.

Each class of ORNs in Drosophila melanogaster expresses 1-2 specific
olfactory receptors'= that presumably bind specific odorant mole-
cules. ORNs target their axons to structures called glomeruli in the
antennal lobe (equivalent to the vertebrate olfactory bulb) in a class-
specific manner, thereby creating a spatial olfactory map in the
brain®#. In the glomeruli, ORN axons synapse with dendrites of their
postsynaptic partners, projection neurons (equivalent to vertebrate
mitral or tufted cells), most of which send dendrites to one specific
glomerulus®. Projection neuron axons then relay specific olfactory
information to higher brain centers”. This organizational logic is
similar from flies to mammals®~12.

In mice, olfactory receptors themselves participate in ORN axon tar-
geting! 13, but Drosophila olfactory receptors do not seem to have an
axon targeting role>*. The Src homology domain 2 (SH2)/SH3 adapter
Dock!>, the serine/threonine kinase Pak!® and the cell surface proteins
Dscam!® and N-cadherin!” are required for axon targeting by many, if
not all, of the ORN classes that have been examined. Thus, although
these molecules are essential components of ORN axon targeting, it is
unclear whether they are used to distinguish among targets of different
ORN classes or whether they are required more generally for all ORN
classes. Different isoforms of Dscam are potential candidates for distin-
guishing among the targets of ORN classes, but this intriguing hypothe-
sis has yet to receive experimental support. In addition, the Robo
receptors have been implicated in the broad patterning of ORN axons!$.

Here we show that the POU transcription factor Acj6 is required for
axon targeting by a specific subset of ORN classes. Of these ORN,
some classes require Acj6 cell-autonomously, whereas others require
Acj6 nonautonomously. ORN axons of the same class tend to cluster
together even when mistargeted, suggesting that there is cooperative
targeting by axon terminals of the same ORN class (intraclass cooper-
ativity). Nonautonomous mistargeting is caused by the presence of
mutant ORNs of other classes (interclass interactions), and mosaic

analyses indicate that these interclass interactions are hierarchical.
Thus, we propose that both intrinsic transcriptional control and
extensive ORN-ORN interactions at the axon terminals contribute to
precise ORN axon targeting.

RESULTS

Acj6 is expressed in most postmitotic ORNs

We have previously shown that the POU transcription factors Acj6
and Drifter are expressed in nonoverlapping sets of projection neu-
rons in a lineage-specific fashion and that they regulate dendritic tar-
geting of these projection neurons'®. Acj6 is also expressed in adult
and developing olfactory sensory organs, the antenna and the maxil-
lary palp!?9, raising the possibility that this transcription factor also
controls ORN axon targeting.

We first confirmed and extended our previous expression studies.
We found that Acj6 is expressed in all ORNSs in the antenna and most
ORN s in the maxillary palp during development, and that Acj6 is
expressed only in postmitotic neurons (Fig. 1). By contrast, no ORNs
in the antenna and very few in the maxillary palp express Drifter (see
Supplementary Fig. 1 online). In the studies reported below, we
focused on the functions of Acj6 in ORN axon targeting.

Three categories of acj6-null phenotypes for 13 ORN classes

Because acj6 is located on the X chromosome and null mutants are
viable2021) we studied 13 classes of ORNs (out of a total of about
40-50 in Drosophila) individually in hemizygous mutant males
(acj67/Y) and heterozygous female controls (acj6~/*). The bound-
aries of some glomeruli appeared less discrete in acj6 /Y as visualized
by a general neuropil marker monoclonal antibody (mAb) nc82.
This reduction in boundary definition occurred, at least in part,
because a subset of projection neurons require Acj6 for dendritic tar-
geting!®. Many glomeruli could, however, be identified. We visual-
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ized axon targeting by specific ORN classes by using OR-Gal4 driv-
ers (promoters of individual ORs drive expression of the yeast tran-
scription factor Gal4; see Methods) to drive the expression of a
membrane-targeted form of green fluorescent protein (mCD8-
GFP), which allowed visualization of ORN axon targeting to specific
glomeruli counterstained with nc82.

The acj6-null mutant phenotypes could be divided into three cate-
gories (Table 1). In the first category (Or22a, Or42a, Or46a and Or92a),

Figure 1 Acj6 is expressed in developing ORNs. (a—c) At 18 h APF (a), Acj6
is expressed in a large subset of postmitotic ORNs defined by expression of
the pan-neural postmitotic marker Elav in the developing third antennal
segment (outlined in images on right; the cells outside the outlines are not
ORNSs); at 24 and 50 h APF (b,c), Acj6 seems to be expressed in all Elav-
positive ORNs. (d,e) At both 50 and 72 h APF, Acj6 is expressed in most
ORNSs in the developing maxillary palp (outlined in images on right).

mCD8-GFP expression was not detected in acj6é mutant antennal lobes
(data not shown) or in olfactory sensory organs (Fig. 2). This observa-
tion is consistent with the previous finding that a subset of ORNs
requires Acj6 for olfactory receptor expression! and therefore these OR-
Gal4 drivers are inactive in acj6 mutants. These classes were excluded
from further analyses because we do not have Acj6-independent class-
specific markers with which to examine their axon targeting.

In the second category (Or47b, Or85e and Or88a), ORN axon tar-
geting was normal in acj6 mutant flies (Fig. 3). Of these classes,
Or85e-Gal4 seemed to have lower expression in acj6 mutant flies as
compared with wild type, although the axon projection pattern was
still visible. Because most ORNSs also send axons to the same glomeru-
lus in the contralateral antennal lobe>*, we tested whether contralat-
eral targeting by these ORNs was affected by examining axon
projections in the brain 10 d after excising one antenna (which allows
ORN axons from the excised antenna to degenerate). We observed
normal targeting to the same glomeruli on both ipsi- and contralat-
eral sides (Supplementary Fig. 2 online).

In the third category (Or43a, Or47a, Or59¢c, Or71a, Or83c and
Gr21la), ORN axons did not target appropriately. Although in each
case ORN axons entered the antennal lobe, they spread over a larger
region, sometimes including the appropriate area, and often formed
ectopic clusters (Figs. 4b,i,p and 5b,j,q; compare with Figs. 4a,h,0 and
5a,i,p). We observed almost identical targeting defects when we
used the presynaptic marker n-syb-GFP??, suggesting that the ectopic
clusters represent synaptic terminals rather than en passant axons
(Supplementary Fig. 3 online).

Acj6 functions in ORNs for their axon targeting

This above analysis of ‘whole-fly’ mutants showed that Acj6 is
required for axon targeting of a specific subset of ORN classes. To
determine where in the olfactory system Acj6 functions for proper

Table 1 ORN axon targeting data and Acj6 expression in corresponding projection neurons

ORN class Olfactory organ acj6™+ acj67 Y eyFlp hsFlp eyFlp reverse Acj6 in PN
Or22a AT DM2 - No
Or42a MP VM7 - Yes
Or46a MP VA5 - No
Or92a AT VA2 - Yes
Or47b AT VAllm VAllim (9/9) Yes
Or85e MP VC1 VC1 (7/7) No
Or88a AT VAld VA1ld (10/10) Yes
Or59c MP 1 def. (5/5) def. (9/10) 1(9/9) def. (13/13) Yes
Or71a MP vC2 def. (11/12) def. (8/10) VC2 (9/9) def. (10/14) No
Gr2la AT \ def. (8/8) def. (11/12) V(37/42) def. (8/12) ND
Or43a AT DA4 def. (7/7) def. (5/5) def. (10/10) DA4 (13/13) ND
Or47a AT DM3 def. (7/7) def. (4/4) def. (4/4) DM3 (18/19) ND
Or83c AT VA6 (+DA3) def. (6/6) def. (10/10) def. (8/8) VA6 (7/7) Yes

PN, projection neuron; ‘yes’, partner PNs express Acj6; ‘no’, partner PNs do not express Acj6; ND, not determined; def., defective; —, OR-Gal4 not expressed in hemizygote (see
text); AT, third antennal segment; MP, maxillary palp. Data in the last column are from ref. 19 or inferred from ref. 8. See ref. 19 for a functional study in projection neurons.

Numbers of examples of the described phenotypes are shown in parentheses.
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Figure 2 Some OR-Gal4 drivers are not expressed in acj6 mutant ORNs. (a—d) The OR-Gal4 drivers
of Or22a (a), 0r92a (b), Or42a (c) and Or46a (d) are expressed in heterozygous (acj6*) controls
(left) but not in hemizygous (acj6-/Y) mutants (right). UAS-mCD8GFP was used as a marker. The

third antennal segment (a,b) and the maxillary palp (c,d) are outlined.

Maxillary palp
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(arrows in Figs. 4d,k,r and 5d,l,s) rather
than to spread diffusely; these phenotypes
suggested that there was cooperative target-
ing by axons of ORNs of the same class even
when the axons were mistargeted (intraclass
cooperativity). We quantified clusters of
axon terminals both at the correct targets
and at ectopic locations in each brain (two
antennal lobes; Fig. 6a).

Wild-type clones had two correct clusters
(with the exception of the Or83c class; Fig. 6)
and no ectopic clusters, whereas mutant clones
of all six classes showed significant numbers of
ectopic clusters in addition to or instead of
clusters in their correct glomeruli. Notably, we
did not observe extensive axon fasciculation
among ORNs of the same class, in either the
wild type or the mutants, before the axons
reached their target (Supplementary Fig. 4
online), and the ectopic clusters were strongly

ORN axon targeting, we carried out mosaic analyses using the
MARCM system (mosaic analysis with a repressible cell marker)?* on
all six classes that showed defects in the whole-fly mutant analysis
(Table 1), using Flp recombinase driven by the eyeless promoter
(eyFlp)?4. eyFlp induces mitotic recombination in the antenna and
maxillary palp but not in the central brain'®, which renders 30-50%
of all ORNs homozygous mutant for acj6, while all neurons in the
central brain, including projection neurons, remain heterozygous
(ref. 16; and T.K., D. Berdnik and L.L., unpublished data). It was for-
mally possible that eyFlp might create mutant clones of non-neuronal
cells in the brain but, because Acj6 expression in the brain is restricted
to postmitotic neurons in all developmental stages examined!®, we
consider that loss of Acj6 expression in non-neuronal cells should
have no effect on phenotype.

All six classes examined in this eyFlp MARCM analysis had axon
targeting defects (Figs. 4d,k,r and 5d,l,s; compare with Figs. 4c,j,q and
5¢,k,r) that were very similar to the whole-fly mutant phenotypes.
Because the glomerular morphology in the eyFlp experiment was
similar to that of the wild type, these data ruled out the possibility
that the axon targeting defects in whole-fly acj6é mutants were second-
ary to a general disruption of antennal lobe patterning. In addition,
because Acj6 expression was restricted to postmitotic neurons in the
antenna and maxillary palp (Fig. 1), we conclude that the ORN axon
targeting phenotypes are caused by a lack of Acj6 in ORNS.

Evidence for intraclass cooperativity
As in the whole-fly mutants, mutant ORN axon terminals in eyFLP
experiments tended to form distinct clusters in the antennal lobe

Figure 3 Some ORN classes do not require Acj6 for axon targeting.

(a—c) Or47b (a), Or85e (b) and Or88a (c) ORNSs target their axons to glomeruli
VAllm, VC1 and VA1d, respectively, in both heterozygous controls (acj67*,
left) and hemizygous mutants (acj67/Y, right). Expression of Or85e-Gal4 is
weak in hemizygous (b, right) as compared with heterozygous (b, left) flies.
Arrows indicate less-discrete glomerular boundaries. All images in this and
subsequent figures are confocal zstacks (either full or partial) oriented with
dorsal up; either the right hemisphere is shown with the midline to the left,

or both hemispheres are shown with the midline indicated by a broken line.
Green indicates mCD8-GFP, magenta indicates mAb nc82. Scale bar, 50 um.

labeled by presynaptic marker n-syb-GFP
(Supplementary Fig. 3 online). Thus, the clus-
ters are likely to represent cooperative axon targeting by ORNs of the
same class at the level of synaptic terminals rather than at the level
of axon paths.

Cell-autonomous and -nonautonomous ORN classes

To test the cell autonomy of the Acj6 requirement, we generated small
MARCM clones by using heat-shock promoter—driven Flp recombi-
nase (hsFlp) and by inducing clones late in larval development.
Usually 0-2 cells were labeled by each OR-Gal4 driver in each hemi-
sphere, and therefore the number of acj6~~ ORNs was much smaller
than that observed by eyFlp MARCM. We found that Or43a, Or47a
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Figure 4 Some ORN classes require Acj6 cell-autonomously for axon targeting. (a—f) Or43a ORNSs target glomerulus DA4 in acj6 heterozygous
controls (a), but have defective projections in acj6 hemizygous mutants (b). eyFlp acj6~ (d) and hsFlp acj6~~ (f) clones also have defective
projections as compared with their wild-type control (c,e), showing a cell-autonomous requirement of Acj6. (h-m) Or4d7a ORNs target glomerulus
DM3 in acj6 heterozygous, wild-type eyFIp and hsFlp MARCM controls (h,j,1), but have defective projections in acj6 hemizygous mutants

(i), eyFIp MARCM (k) and hsFlp MARCM (m). (o-t) Or83c ORNSs target glomerulus VA6, and sometimes another glomerulus (DA3) weakly, in acjé6
heterozygous, wild-type eyFlp and hsFlp MARCM controls (o,q,s), but have defective projections in acj6 hemizygous mutants (p), eyFIp MARCM
(r) and hsFIp MARCM (t). Reverse eyFIp MARCM experiments show normal targeting for these three classes (g,n,u). Arrows in d,k and r indicate

ectopic clusters of axon terminals. Dotted lines indicate the midline.

and Or83c showed a phenotype qualitatively similar to that seen on
eyFlp MARCM: individual axon branches and terminals were distrib-
uted over a large area of the antennal lobe (Fig. 4f,m,t; compare with
4e,l;s). These data indicate that the mistargeting phenotypes of these
three classes are cell-autonomous. By contrast, Or59¢, Or71a and
Gr21la axons targeted correctly in hsFlp MARCM (Fig. 5g,n,u; com-
pare with 5f,m,t), indicating that these three classes do not require
Acj6 cell-autonomously for axon targeting and that the defects
observed in whole-fly and eyFlp MARCM experiments were caused
by an Acj6 requirement in other cells.

What is the source of cell-nonautonomous mistargeting of Or59c,
Or71aand Gr21a? Perdurance of Acj6 protein from progenitor cells in
small hsFlp clones is unlikely because Acj6 was detected only in post-
mitotic ORNs (Fig. 1). The difference between the eyFlp MARCM
and the hsFlp MARCM strategies was that many more ORNs were
mutant for acj6 in eyFlp MARCM than in hsFlp MARCM. Thus, the
axon mistargeting of these three classes was probably caused by
mutant ORNs of other classes. This model of interclass interactions
received further support from the fact that in rare cases where only
one labeled Or59c¢ cell was acj6~~ in eyFlp MARCM, the axon of this
single mutant cell was still mistargeted (Fig. 5e). In these cases, all of
the other Or59c neurons were acj6~/* or wild type (acj6*/*); thus, the
mistargeting of the single acj6~~ Or59c ORN must have been caused
by the presence of unlabeled mutant ORNs of other classes.

Interclass interactions are hierarchical

To investigate further this interclass interaction model, we used a
reverse MARCM strategy in which only homozygous wild-type cells
were labeled (Methods). With eyFLP, 30-50% of all ORNs were
acj6~~ but not visualized; only the siblings of mitotic recombination
that were wild type could be visualized by specific OR-Gal4 drivers in
the presence of unlabeled mutant ORNs. As predicted from our

model, wild-type axons of the three nonautonomous classes showed
targeting defects (Fig. 5h,0,v; Table 1) analogous to those in ‘forward’
eyFlp MARCM (Fig. 5d,l,s). Thus, correct targeting of these ORNs
requires Acj6 function in other ORNSs. By contrast, reverse MARCM
analysis showed normal targeting for the three classes that required
Acj6 cell-autonomously (Fig. 4g,n,u; Table 1); these wild-type ORNs
were able to target correctly in spite of mistargeting of other ORNS,
including mutant ORNs of their own classes.

There are several implications from the reverse MARCM analyses.
First, these observations confirm that the mistargeting phenotypes of
Or43a, Or47a and Or83c are cell-autonomous, whereas those of Or59c,
Or71aand Gr21a are cell-nonautonomous. Second, the different results
in eyFLP MARCM and eyFLP reverse MARCM experiments for the
three autonomous classes rule out the possibility, at least for these three
classes, that the intraclass interaction is responsible for axon targeting
defects; in other words, the mutant axons do not ‘drag’ their wild-type
counterparts of these classes to cause them to mistarget.

Third, these results indicate that the interclass interactions are hier-
archical—the nonautonomous classes depend on classes that require
Acj6 autonomously for their axon targeting, but the autonomous
classes are not affected by mistargeting of autonomous or nonau-
tonomous ORNs. Thus, the autonomous classes seem to be higher in
the hierarchy (more independent) than the nonautonomous classes.
This hierarchical interaction model also explains the three ORN
classes that target normally in acj6 whole-fly mutants (Or47b, Or85e
and Or88a, Fig. 3): these classes depend neither on Acj6 nor on inter-
actions with other ORNSs that are affected in acj6 mutants. It remains
to be determined whether these ‘unaffected’ or ‘autonomous’ classes
can target independently of any other ORN classes, or whether they
depend on other ORN classes that are not affected in the acjé mutant.

Notably, the autonomous and nonautonomous classes of ORNs
were distinct in the nature of their mistargeting. We quantified
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Figure 5 Some ORN classes require Acj6 cell-nonautonomously for axon targeting. (a—g) Or59c ORNs target glomerulus 1 in acj6 heterozygous, wild-type
eyFlp and hsFlp MARCM controls (a,c,f), but have defective projections near glomerulus 1 in acj6 hemizygous mutants (b). acj6~~ clones in eyFIp MARCM
also have defective projections (d), even when only a single cell is labeled in the whole brain (e; n = 2; in the example shown, the single labeled ORN axon
enters through the right antennal lobe). By contrast, in hsFlp MARCM, where fewer total ORNs are mutant for acj6, the axons target glomerulus 1 correctly
(g). (i-n) Or71a ORNSs target glomerulus VC2 in acj6 heterozygous, wild-type eyFlp and hsFlp MARCM controls (i,k,m), but have defective projections near
VC2 in acj6 hemizygous mutants (j). acj6™~ clones in eyFIp MARCM also have defective projections (1), but in hsFlp MARCM the axons target VC2 correctly
(n). (p—u) Gr21a ORNs target glomerulus V in acj6 heterozygous, wild-type eyFlp and hsFlp MARCM controls (p,r,t), but have defective projections near V in
acj6 hemizygous mutants (q). acj6~~ clones in eyFIp MARCM also have defective projections (s), but in hsFIp MARCM the axons target V correctly (u). These

classes show mistargeting in reverse eyFIp MARCM (h,o,v) similar to ‘forward’

eyFIp MARCM phenotypes. Arrowheads in h and o indicate axon tracts, not

mistargeted axon terminals. Arrows in d, | and s indicate clusters of axon terminals.

targeting frequency to the correct glomeruli and to six zones that
were most often mistargeted by each of the six ORN classes (Fig. 6b).
This analysis showed that mistargeting was stereotypical. For
autonomous classes, most often axons did not invade the correct
glomeruli and ectopic clusters frequently formed far away from the
correct glomeruli (for example, Or43a or Or83c). These observations
indicate that coarse axon targeting by these classes is altered by the
loss of Acj6 functions in these ORNs. For nonautonomous classes,
however, axon targeting usually included the correct target, and
ectopic clusters were located adjacent to the correct target, indicating
that ORN-ORN interactions may be used to locally refine targeting
specificity of these ORNG.

DISCUSSION

We have identified a transcription factor, Acj6, that controls ORN
axon targeting. Acj6 controls axon targeting by a specific subset of
ORNs cell-autonomously. Combinations of transcription factors
including Acj6 should presumably determine the intrinsic targeting
specificity of ORNs by controlling the expression of cell surface mol-
ecules that steer ORN growth cones. Future studies should identify
these molecules and shed light on the molecular mechanisms under-
lying precise axon targeting of ORNS.

Because Acj6 is required in a subset of both ORNs and projection
neurons for, respectively, their axonal and dendritic targeting speci-
ficity in the antennal lobe, an attractive possibility is that Acj6 con-
trols the specificity of connections between pre- and postsynaptic
neurons that are destined to synapse with each other. This ‘matching’
scheme by transcription factors has been proposed in the vertebrate
spinal cord circuit?»?°. Our study of 13 ORN classes argues against
this possibility (Table 1). For example, of the classes that do not

require Acj6 cell-autonomously, Or47b, Or59¢ and Or88a target
glomeruli innervated by dendrites of Acj6-positive projection neu-
rons, whereas Or71a and Or85e target glomeruli innervated by Acj6-
negative projection neurons.

The lack of matching could be exlained if both ORNs and projec-
tion neurons possess substantial self-organizing properties in their
targeting, which would reduce the requirement of specific recogni-
tions between ORNs and their partner projection neurons. Indeed,
we have previously shown that, before ORN axon arrival, dendrites of
projection neurons have already created a prototypic map in the
antennal lobe, likely through projection neuron dendrite-dendrite
interactions?”28, Furthermore, on the basis of this study, we propose
that ORNSs also have self-organizing capabilities that rely on axon-
axon interactions among ORNS, as discussed below.

Axon-axon interactions
In addition to the intrinsic transcriptional program that is likely to
be used to specify coarse targeting, our genetic mosaic analyses
implicate the presence of extensive ORN-ORN interactions that
might help to refine local targeting by positioning axon terminals
relative to each other. Axon terminals of the same ORN classes
show cooperativity to achieve convergent targeting (intraclass
cooperativity), as shown by the significant clustering of axon ter-
minals of the same ORN class even when the axons were mistar-
geted. This could be mediated by homophilic adhesion between
axon terminals of the same ORN classes. Notably, similar intraclass
cooperativity has been implicated in mice, and olfactory receptors
seem to contribute to this cooperativity??-3!,

We have also shown that ORNG of different classes show hierarchi-
cal interactions (interclass interactions), implying that different ORN
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Figure 6 Quantitative analysis of mistargeting defects in eyFIp MARCM.
(a) Number of axon terminal clusters at ectopic and correct targets

per brain (two antennal lobes). Or43a, Or47a and Or83c have ectopic
clusters, but rarely have clusters in the correct targets in acj6~ clones,
whereas Or59c, Or71a and Gr21a almost always have clusters in the
correct targets in addition to ectopic clusters. Wild-type Or83c ORNs
target VA6 invariably and sometimes also DA3 weakly, giving an average
of about 3.1 clusters at correct targets (n= 7 for Or71a acj6 and 0r83c
wild type; n = 6 for other genotypes). Error bars indicate the s.e.m.

(b) Mistargeting is stereotypical. Six small zones (labeled A-F) are most
frequently mistargeted by each of the six ORN classes. Zone A, medial
quarter of DA1 and its posterior adjacent; B, medial quarter of VA1d and
VAllm, and its posterior adjacent; C, DL1 and DL5; D, lateral adjacent
of 1; E, medial and ventral adjacent of VC2; F, dorsal adjacent to V. Top,
zones A-F are most frequently mistargeted by Or43a, Or47a, Or83c,
0r59c, Or71a and Gr21a, respectively, but they are rarely mistargeted by
other classes. Bottom, location of glomeruli and zones A-F in the antennal
lobe (the three-dimensional antennal lobe is represented by three circles
at different z planes). White glomeruli are innervated by Or47b, Or85e
and Or88a, the three classes that are not affected in acj6 hemizygous
mutants. D, dorsal; V, ventral; L, lateral; M, medial.

classes use different strategies for axon targeting. How could acj6
mutant ORNs (autonomous classes) affect the targeting of other
ORNSs (nonautonomous classes)? Because disruption of the interclass
interactions results in local mistargeting (Fig. 6b), such interactions
probably act locally in the antennal lobe. In principle, mutant axons
could affect other axons indirectly, for example, by inducing defects in
dendrites of target neurons that in turn affect targeting of other
axons. It has been shown, however, that mistargeted projection neu-
ron dendrites do not affect targeting of partner ORN axons?®. Thus,

we favor the possibility that ORN axons of different classes directly
interact with each other.

One scheme could be that pioneering axons of some classes are
used as either attractive or repulsive cues by later-innervating
axons. Indeed, two of the three nonautonomous classes that we
identified are ORNs in the maxillary palp (Or59¢ and Or71a),
whereas all three autonomous classes are ORNs in the antenna
(Table 1); at least some axons from the antenna reach the develop-
ing antennal lobe well before any axons from the maxillary palp?’.
A rigorous test of this timing hypothesis requires future identifica-
tion of class-specific markers expressed early in development; the
OR-Gal4 drivers used in this study are switched on too late
(Methods) to facilitate studies of the early development of ORN
axons in a class-specific manner.

Axon-axon interaction has been proposed to regulate axon pattern-
ing and wiring specificity in several other systems®>~>. Superimposed
on the intrinsic targeting specificity of each ORN controlled by Acj6
and other transcription factors, we propose that the intraclass coop-
erativity and interclass interactions identified in this study contribute
significantly to ensure the precise targeting of about 50 ORN classes
to about 50 glomerular targets in the Drosophila antennal lobe, and
perhaps of a much larger number of ORN classes to their glomerular
targets in the mammalian olfactory bulb.

METHODS

OR-Gal4 drivers. The OR-Gal4 drivers were generated by using the promoters
of olfactory receptor genes to direct expression of the yeast transcription fac-
tor Gal4. OR-Gal4 fusions for the following receptors have been described:
Or47a3, Or47b3, Or22a®, Or43al4, Or59¢'®, Gr21a3°. Additional OR-Gal4
fusions for the receptors Or42a, Or46a, Or92a, Or85e, Or88a, Or71a and
Or83c were made by similar strategies (C. Warr, A. Goldman, C. Miller, D.
Lessing, A. Ray, and R. Ignell; unpublished data; details available from J.R.C.
on request). For all classes examined, the onset of olfactory receptor expres-
sion during development was significantly later than 50 h after puparium for-
mation (APF), a time point after the completion of major targeting events.
Thus, although OR-Gal4 drivers are excellent markers for examining class-
specific axon targeting in adults, they are not suitable for descriptive studies or
transgenic manipulations during development.

Mosaic analyses. We carried out MARCM analyses as described??. In short, the
mutation acj6 and the Gal4 repressor Gal80 were placed trans-heterozygous to
each other. Flp-mediated recombination created homozygous acj6 cells that
had lost Gal80 and were therefore labeled by the Gal4-UAS system. The geno-
type was TubP-Gal80, eyFlp (or hsFLP), FRTI19A/acj6%, FRTI19A;OR-
Gal4/UAS-mCDS8GFP (or UAS-nsybGFP). For hsFlp MARCM, late third-instar
larvae were heat shocked for 1 h at 37 °C. For reverse MARCM, Gal80 and acj6
were placed on the same chromosome arm, and recombination created both
homozygous wild-type cells that had lost Gal80 and were therefore labeled and
unlabeled cells homozygous for acj6 and Gal80. The genotype was eyFip,
FRT19A / TubP-Gal80, acj6®, FRT19A;OR-Gal4/UAS-mCDS8GEFP. Fixation,
immunostaining and imaging were done as described®!°.

It should be noted that although all labeled cells were homozygous mutant
(or wild type) in the MARCM (or reverse MARCM) strategy, only a small sub-
set of homozygous cells (those expressing a particular OR-Gal4) were labeled.

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