Neuron

Semaphorin Directs Axon Traffic
in the Fly Olfactory System
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The convergence of olfactory sensory axons that express the same receptor onto specific glomeruli
is a common organizing principle in animal olfactory systems. In this issue of Neuron, two beautiful
studies in Drosophila by Lattemann et al. and Sweeney et al. show that Semaphorin repulsion regu-
lates interactions between olfactory receptor neurons to help axons find their correct targets.

Representation of sensory information
in the nervous system relies on precise
patterns of connectivity between pre-
and postsynaptic neurons. The repre-
sentation of smell in the olfactory
system is an exquisite example of
such high-precision neural connectiv-
ity. The seminal discovery of olfactory
receptors by Buck and Axel (1991)
paved the way for a molecular genetic
dissection of wiring specificity in this
system. Drosophila has proven to be
an excellent model in which to study
mechanisms of olfactory development
because of (1) the strong similarities
between the organization of fly and
mammalian olfactory circuits, (2) the
reduced numerical complexity—Dro-
sophila has orders of magnitude fewer
olfactory receptor neurons, receptors,
and glomeruli than mice, and (3) the
powerful mosaic genetic approaches
that allow the visualization and manip-
ulation of neurons in the circuit with
very high (often single-cell) resolution
(Hallem and Carlson, 2004; Komiyama
and Luo, 2006). In addition, the recent
publication of nearly complete olfac-
tory receptor (OR) expression and
olfactory receptor neuron (ORN) con-
nectivity maps has laid the foundation
for an unprecedented exploration of
the molecular mechanisms that medi-
ate connection specificity in the fly
olfactory system (Couto et al., 2005;
Fishilevich and Vosshall, 2005).

One common feature of insect and
mammalian olfactory systems is the
striking convergence of ORN axons
that express the same receptor onto
discrete glomeruli in the fly antennal

lobe or mammalian olfactory bulb,
where they meet and synapse with
dendrites of second-order neurons—
projection neurons in Drosophila or mi-
tral cells in mammals (Komiyama and
Luo, 2006). How is this precise conver-
gence of olfactory axons achieved?
Evidence from genetic studies in
mice suggests that the ORs them-
selves contribute to the convergence
of like ORN axons but that other in-
structive cues are also involved. In
contrast, fly ORs do not regulate guid-
ance and targeting (Dobritsa et al.,
2003), raising the question of what
molecules are involved in these pro-
cesses in Drosophila. While several
factors have been implicated in ORN
axon targeting to the fly antennal
lobe, including Dscam (for Down’s
syndrome cell adhesion molecule;
Hummel et al., 2003), N-Cadherin
(Hummel and Zipursky, 2004), and
the POU transcription factor Acj6
(for abnormal chemosensory jump 6;
Komiyama et al., 2004), it is clear that
many additional instructive forces
remain to be identified.

In this issue of Neuron, two groups
have independently converged on an
important role for the transmembrane
Semaphorin-1a (Sema-1a), and its
receptor PlexinA in contributing to the
fidelity of ORN axon targeting. Semas
and Plexins comprise large evolution-
arily conserved families of guidance
cues and receptors that are well known
for mediating a range of predominantly
repulsive effects on axons in the devel-
oping nervous system (Pasterkamp
and Kolodkin, 2003). Semas and Plex-

Neuron 53, January 18, 2007 ©2007 Elsevier Inc.

ins have been implicated in many
guidance and targeting functions, in-
cluding the regulation of axon fascicu-
lation, influencing steering decisions,
sorting axons into distinct zones, and
contributing to the specificity of moto-
neuron target selection (Pasterkamp
and Kolodkin, 2003).

To identify additional regulators of
ORN connectivity, Lattemann et al.
(2007) (this issue of Neuron) performed
a mosaic genetic screen where flies
with mutations specifically in the ORNs
were created and examined for de-
fects in targeting. Genetic mapping
and complementation testing identi-
fied sema-1a as one of the genes that
when mutated leads to characteristic
and robust axon misprojection pheno-
types in some classes of ORNs. Anti-
body staining revealed strong expres-
sion of Sema-1a in developing ORNSs,
which are housed in distinct sensory
sensilla found in two separate periph-
eral structures, the third antennal seg-
ment (AT) and the maxillary palps (MP).
Intriguingly, examination of Sema-1a
expression in the antennal lobe re-
vealed that developing glomeruli ex-
press different levels of Sema-1a,
ranging from undetectable to high-
level expression, and that often, neigh-
boring glomeruli express different
levels. Could this differential expres-
sion account for the differential sensi-
tivity of specific classes of ORNs to
loss of sema-1a function? Further-
more, could the differences in Sema-
1a levels on neighboring glomeruli
underlie the class specific segregation
of ORN axons?
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The authors went on to test these
ideas by conducting an extensive se-
ries of loss- and gain-of-function ge-
netic experiments. Using the MARCM
(mosaic analysis with a repressible
cell marker) system (Lee and Luo,
1999) to generate clones of mutant
ORNs, the authors examined the
targeting of many specific classes of
ORNs and attempted to correlate
mutant phenotypes with Sema-1a
expression levels. sema-1a mutations
led to disruptions in about half of the
22 ORN classes examined and af-
fected the targeting of ORN axons
originating from both the AT and MP.
Two types of defects were observed:
axons either spread beyond their nor-
mal glomeruli boundaries (type 1) or
reached their appropriate targets but
also accumulated in ectopic locations
in relative proximity to the correct glo-
merulus (type 2). In addition, MP ORN
axons were sometimes observed to
innervate targets outside of the anten-
nal lobe. Further phenotypic analysis
of pairs of neighboring glomeruli re-
vealed that the ectopic type 2 axon
accumulations do not invade nontar-
get glomeruli but rather form new “glo-
merulus-like” structures. Comparison
of the observed differences in Sema-
1a expression levels between different
glomeruli with the class-specific ORN
axon-targeting defects did not reveal
a simple predictive relationship be-
tween the two; however, the fact that
equalizing Sema-1a expression levels
in adjacent glomeruli that normally ex-
press different levels leads to defective
targeting supports the idea that the
differences in relative Sema-1a levels
contribute to ORN wiring specificity.

Given these mutant phenotypes, the
authors next asked where and how
sema-1a exerts its effects on ORN
axons and found strong evidence indi-
cating that sema-7a acts nonautono-
mously to influence neighboring axons.
First, single-cell MARCM clones did
not reveal the strong defects observed
in the larger clones and second, re-
verse MARCM analysis (a mosaic
technique in which wild-type axons
are visualized in a background where
neighboring unlabeled axons are mu-
tant) resulted in targeting defects com-
parable to those observed in large

MARCM clones, an observation argu-
ing that Sema-1a acts as a ligand for
neighboring ORN axons. Genetic inter-
action experiments in which sema-1a
and plexinA gene dose were partially
reduced resulted in similar defects to
those observed in sema-71a mutants,
suggesting that PlexinA is likely to be
the relevant Sema-1a receptor in this
context, and that axon-axon interac-
tions among in-growing ORNs play
an important role in controlling target
selection.

In the second study, Sweeney et al.
(2007) (this issue of Neuron) were inter-
ested in exploring the role of axon-
axon interactions between ORNs in
contributing to the establishment of
the olfactory map. The Luo lab had
previously obtained evidence for
such arole in their analysis of ORN tar-
geting phenotypes in acj6 mutants,
where they found that acj6 function in
certain classes of ORNs is required
for appropriate target selection of
other classes (Komiyama et al.,
2004). Furthermore, genetic studies in
mice also support the proposition
that ORN axon-axon interactions are
important for regulating the conver-
gence of ORN axons onto specific glo-
meruli (Feinstein and Mombaerts,
2004). However, neither the cellular
context of these putative axon-axon
interactions nor the surface molecules
involved in mediating such interac-
tions were known. These unanswered
questions provided the motivation for
the current study.

To begin to address these ques-
tions, the authors took advantage of
two important aspects of the organiza-
tion and development of the peripheral
olfactory sensory organs in the fly.
First, as noted above, the third anten-
nal segments and the maxillary palps
are spatially segregated, allowing for
a certain degree of independent ma-
nipulation of the ORNs that reside in
these distinct structures. Second, the
authors demonstrate in a time course
analysis that AT ORN axons arrive
at the antennal lobe well in advance
of the MP ORN axons (~12 hr) and fur-
thermore that the entry points of MP
and AT ORN axon bundles into the
antennal lobe are spatially distinct. To
determine whether the AT ORN axons
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might influence the subsequent target-
ing of MP ORN axons, the authors
performed a series of clever genetic
ablation experiments that capitalized
on the opportune observation that
smoothened mutant clones occasion-
ally result in loss of one or both third
antennal segments or maxillary palps.
In the absence of both third antennal
segments (and both populations of
AT ORN axons), MP ORN axons were
frequently mistargeted, invading areas
normally occupied by AT ORN axons.
This finding suggests that AT ORN
axons could restrict the growth of MP
ORN axons by repulsion. In contrast
loss of both MPs did not affect target-
ing of AT ORN axons.

Having established that AT ORN
axons provide targeting information
to the MP ORN axons, the authors
took a candidate gene approach as
well as an unbiased genetic screen us-
ing a library of transgenic UAS RNAI
lines to independently identify Sema-
1a and PlexinA as likely mediators of
AT/MP axon-axon interactions. Ex-
pression analysis of Sema-1a and
PlexinA revealed that both are present
on MP and AT ORN axons as they en-
ter the antennal lobe. To assess the
functional requirement for sema-1a,
the authors next performed a series
of mosaic genetic experiments includ-
ing MARCM and reverse MARCM
analyses similar to those conducted
by Lattemann et al. (2007), although
with a greater emphasis on MP ORNs.
Phenotypes of AT ORNs in sema-1a
mutants include spreading beyond
normal glomeruli boundaries for cer-
tain ORN classes as well as ectopic
class-specific ORN axon accumula-
tions, while MP ORN axons exhibited
extra-antennal lobe terminations as
well as mistargeting within the
antennal lobe, phenotypes largely
consistent with those described by
Lattemann and colleagues. Reverse
MARCM and single-cell clone experi-
ments again support a predominantly
non-cell-autonomous  function  for
sema-1a, while genetic interaction ex-
periments using UAS-plexinA RNAI
transgenes bolster the argument that
PlexinA acts as a receptor for Sema-
1a during ORN axon targeting; here
it should be noted that significant
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differences in the phenotypes be-
tween sema-1a and plexinA are ob-
served, raising the possibility that there
could be non-sema-71a-dependent
roles for plexinA in olfactory wiring.
Furthermore, it is important to point
out that although the most likely inter-
pretation of these findings is that Plex-
inA acts cell autonomously on axons
that receive Sema-1a signal, the inabil-
ity to analyze plexinA by MARCM
(olexinA is on the fourth chromosome
where MARCM is not possible) coun-
sels caution in definitively ascribing
PlexinA’s site of action.

In a final set of experiments, Swee-
ney et al. (2007) developed an inge-
nious method to independently manip-
ulate AT and MP ORNs to further
define the cellular mechanism of
Sema-1a action. By generating mutant
clones in both of the ATs and either
zero, one, or both MPs, coupled with
unilateral severing of MPs, the authors
established unambiguously that sema-
1a is required specifically on AT ORN
axons to regulate the targeting of ipsi-
lateral MP ORN axons within the an-
tennal lobe, while sema-1a is required
earlier in the MP ORN axons to regu-
late axon entry into the antennal lobe,

in a manner akin to that proposed
for Sema-1a-mediated control of axon
defasciculation during motor axon
guidance in the fly embryo (Paster-
kamp and Kolodkin, 2003).

Although these two studies strongly
suggest that Sema-1a and PlexinA
influence ORN axon targeting by medi-
ating axon-axon repulsion, neither
study provides proof that Sema-1a
acts as a repellant; other possible
mechanisms exist. However, in light of
the observed mutant phenotypes and
the well-documented repulsive func-
tions of Semas in general and specifi-
cally of Sema-1a in the fly embryo,
repulsion seems the most likely mech-
anism. Together the elegant genetic
experiments in these two reports
support a major role for Sema-1a
and PlexinA in controlling connection
specificity in the antennal lobe and
highlight the importance of axon-axon
interactions in organizing complex
neural circuits.

REFERENCES

Buck, L., and Axel, R. (1991). Cell 65, 175-187.

Couto, A., Alenius, M., and Dickson, B.J.
(2005). Curr. Biol. 15, 1535-1547.

Dobritsa, A.A., van der Goes van Naters, W.,
Warr, C.G., Steinbrecht, R.A., and Carlson,
J.R. (2003). Neuron 37, 827-841.

Feinstein, P., and Mombaerts, P. (2004). Cell
117, 817-831.

Fishilevich, E., and Vosshall, L.B. (2005). Curr.
Biol. 15, 1548-1553.

Hallem, E.A., and Carlson, J.R. (2004). Trends
Genet. 20, 453-459.

Hummel, T., and Zipursky, S.L. (2004). Neuron
42, 77-88.

Hummel, T., Vasconcelos, M.L., Clemens,
J.C., Fishilevich, Y., Vosshall, L.B., and Zipur-
sky, S.L. (2003). Neuron 37, 221-231.

Komiyama, T., and Luo, L. (2006). Curr. Opin.
Neurobiol. 16, 67-73.

Komiyama, T., Carlson, J.R., and Luo, L.
(2004). Nat. Neurosci. 7, 819-825.

Lattemann, M., Zierau, A., Schulte, C., Seidl,
S., Kuhimann, B., and Hummel, T. (2007).
Neuron 53, this issue, 169-184.

Lee, T., and Luo, L. (1999). Neuron 22, 451-
461.

Pasterkamp, R.J., and Kolodkin, A.L. (2003).
Curr. Opin. Neurobiol. 13, 79-89.

Sweeney, L.B., Couto, A., Chou, Y.-H.,
Berdnik, D., Dickson, B.J., Luo, L., and
Komiyama, T. (2007). Neuron 53, this issue,
185-200.

A Neural Protection Racket:
AMPK and the GABAg Receptor
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The cellular energy-sensing kinase AMPK is known to be activated in neurons in response to
metabolic insults, but the downstream consequences have been unclear. A study by Kuramoto
and colleagues in this issue of Neuron favors the idea that AMPK activation is neuroprotective,
and suggests a potential mechanism for this effect involving phosphorylation of the GABAg receptor.

The nervous system accounts for
a high proportion of total body energy
turnover, and neurons are particularly
vulnerable to energy deficits due to

their rather inflexible metabolism and
poor capacity to store nutrients. It is
therefore not surprising that 5’ AMP-
dependent protein kinase (AMPK),
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part of a signaling system that is a cen-
tral player in the maintenance of en-
ergy balance at both the cellular and
whole body levels, should be highly
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