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Neuronal wiring plasticity in response to experience or injury has been reported in many parts of the adult nervous system. For instance,
visual or somatosensory cortical maps can reorganize significantly in response to peripheral lesions, yet a certain degree of stability is
essential for neuronal circuits to perform their dedicated functions. Previous studies on lesion-induced neuronal reorganization have
primarily focused on systems that use continuous neural maps. Here, we assess wiring plasticity in a discrete neural map represented by
the adult Drosophila olfactory circuit. Using conditional expression of toxins, we genetically ablated specific classes of neurons and
examined the consequences on their synaptic partners or neighboring classes in the adult antennal lobe. We find no alteration of
connection specificity between olfactory receptor neurons (ORNs) and their postsynaptic targets, the projection neurons (PNs). Ablating
an ORN class maintains PN dendrites within their glomerular borders, and ORN axons normally innervating an adjacent target do not
expand. Likewise, ablating PN classes does not alter their partner ORN axon connectivity. Interestingly, an increase in the contralateral
ORN axon terminal density occurs in response to the removal of competing ipsilateral ORNs. Therefore, plasticity in this circuit can occur
but is confined within a glomerulus, thereby retaining the wiring specificity of ORNs and PNs. We conclude that, although adult olfactory
neurons can undergo plastic changes in response to the loss of competition, the olfactory circuit overall is extremely stable in preserving
segregated information channels in this discrete map.
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Introduction
Neuronal circuits can alter wiring in response to experience,
learning, and injury. Such plasticity includes changes at different
levels, from adjusting synaptic strength and making or breaking
synapses to large-scale structural reorganization involving
sprouting or pruning of axonal and dendritic branches. Examples
of wiring plasticity have been documented during critical periods
of neuronal circuit development, for example, in the mammalian
visual system (Wiesel, 1982).

Numerous studies have demonstrated that, in adult animals,
profound changes in neuronal connections in sensory and motor
systems occur in response to peripheral injuries (Kaas, 1991;
Buonomano and Merzenich, 1998). For example, Pons et al.
(1991) described a massive long-term reorganization in the so-
matosensory cortex after deafferentation of an arm: the primary
sensory cortex that previously represented the arm could respond

to face stimuli. Gilbert and Wiesel (1992) showed that, after ret-
inal lesion, visual cortical neurons representing the area of lesion
have remarkable recovery of visual activity after initial silencing.
The extent of plasticity and the underlying mechanisms are still
under debate (Lund et al., 1994; Smirnakis et al., 2005). It is likely
that short-term plasticity involves changes in the strength of ex-
isting connections, whereas long-term plasticity involves axonal
sprouting to form new connections. Indeed, axonal sprouting in
central (Darian-Smith and Gilbert, 1994; Florence et al., 1998)
and peripheral (Darian-Smith and Brown, 2000; Darian-Smith,
2004) sensory systems in response to peripheral lesions have been
reported. Dendritic reorganization also occurs in response to
sensory denervation (Hickmott and Steen, 2005).

Here we test whether and to what extent structural reorgani-
zation occurs in the adult Drosophila olfactory system in response
to injury. Olfactory systems differ from continuous maps used by
the visual and somatosensory systems. From insects to mammals,
olfactory receptor neurons (ORNs) expressing a given odorant
receptor (OR) converge their axonal projections onto a single
glomerulus in the antennal lobe/olfactory bulb (Axel, 1995;
Vosshall, 2000). Olfactory information is subsequently relayed by
projection neurons (PNs), each sending dendrites into a single
glomerulus and its axons to higher brain centers (see Fig. 1A).
The Drosophila olfactory system offers several experimental ad-
vantages for testing wiring plasticity. First, it is numerically sim-
pler. Second, individual glomeruli are identifiable based on their
stereotyped size, shape, and relative position (Laissue et al.,
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1999). Third, unlike mammalian ORNs that are continuously
born throughout life, all Drosophila ORNs are born and wiring of
the olfactory circuit is completed during pupal development.
Therefore, the assembly of neuronal connections during devel-
opment and their maintenance in adults are two clearly separable
phases. Last, genetic tools can be used to ablate and visualize
specific classes of ORNs, PNs, or both.

We find that, although adult olfactory neurons can undergo
plastic changes in response to loss of competition, the connection
specificity of ORNs and PNs is extremely stable. Neither ORN
axons nor PN dendrites sprout into neighboring glomeruli when
their neighbors or partners are ablated. Hence, the muddling of
information channels in this discrete map is prevented. We dis-
cuss possible mechanisms and the biological significance of this
wiring stability.

Materials and Methods
Fly stocks. We used the following Gal4 drivers for either labeling or killing
neurons: yw; Gal4-Mz19 UAS-mCD8GFP (see Figs. 1 B, 2 E, F, 4 D–F,
6 A, B, 7), yw; Gal4-GH146 UAS-mCD8GFP (see Fig. 6C–F ) specific for
subsets of PNs (Stocker et al., 1997; Jefferis et al., 2004); w; Or88aGal4/
CyO, w; Or47bGal4/CyO (see Figs. 2C,D, 3–5, 7, 8) positive for two
distinct antenna ORN classes, and w; Or46aGal4/CyO (see Figs. 4 B, C, 8)
as a maxillary palp-specific ORN class (Komiyama et al., 2004).

We used yw hs-Flp (or hs-Flp122) UAS-mCD8GFP to express Flp re-
combinase and label cell bodies with its neurites. We used HA-
synaptotagmin as a marker for presynaptic termini (see Fig. 2C,D) (Rob-
inson et al., 2002). The more active hs-Flp 122 insertion (gift from M.
Metzstein and M. Krasnow, Stanford University, Stanford, CA) was used
to achieve complete activation of ricin toxin A (RTA) expression.

For cell ablation with RTA, we used either w; UAS-FRT-w�FRT-
RTA1.1/CyO (see Fig. 2 F) or w; UAS-FRT-w�FRT-RTA19/TM3, Sb (see
Fig. 3) (Smith et al., 1996); for cell ablation with diphtheria toxin (DTI),
we used either w; UAS-DTI18/CyO (see Figs. 2 D, 5) or w; UAS-DTI14/
TM3, Sb (see Figs. 6, 7) (Han et al., 2000). To repress DTI expression
during development, we used either w; tubGal80ts#20; TM2/TM6b, Tb
(see Fig. 6) or w; Sco/CyO; tubGal80ts#7 (see Fig. 7) (McGuire et al., 2004).

Generation of the line Mz19mCD8GFP. To create a stock that labels
Mz19-Gal4-positive PNs without using the Gal4-UAS system, we used
the “transposon swap” strategy (Sepp and Auld, 1999). First, we con-
structed a new enhancer trap vector by replacing Gal4 and the mini white
gene in the pGalW enhancer trap vector with mCD8GFP and the yellow
gene, respectively (Gerlitz et al., 2002) (T. Chihara and L. Luo, unpub-
lished data). Transgenic flies were generated according to standard pro-
cedures. Then, P[Gal4, w�] from the Mz19-Gal4 locus on the second
chromosome was swapped with P[mCD8GFP, y�] on the X chromo-
some. We selected male flies negative for the white gene and positive for
the yellow gene in a yw background (Sepp and Auld, 1999) and screened
their brains for the presence of green fluorescent protein (GFP) signals in
Mz19-positive PNs of the antennal lobe.

Or88a-CD2 and Or10a-CD2 constructs and transgenes. The rat CD2
coding region (Dunin-Borkowski and Brown, 1995) was cloned down-
stream of Drosophila Or88a and Or10a promoter fragments, respectively.
The following primer sequences were used to amplify promoter elements
from Drosophila genomic DNA: Or88a forward, 5�-(ATAAGAATGCG-
GCCGC)AATTCAATCTCAACCTTCTTTCCGATG-3�; Or88a reverse,
5�-(TATCAAATGCGGCCGC)ACTTAACTTTTCTGTATGGCTTCT-
ACTGTCTGAAC-3�; Or10a forward, 5�-(ATAAGAATGCGGCCGC)
GAAACGAAAGTAAATAAGCCCCAAAAA-3�; and Or10a reverse,
5�-(TATCAAATGCGGCCGC)GGATATAACTATGTGAACGACA-
TCCTGGCAAG-3�. Transgenic flies were generated following standard
procedures. Third chromosome insertions of Or88a-CD2 and Or47b-
CD2 were each recombined with Or10a-CD2.

Cell ablation protocols. Heat-shock (hs) induction in RTA cell ablation
experiments (see Figs. 2 F, 3) was started during pupal development at
44 h after puparium formation (APF) for Or47bGal4, 65 h APF for
Or88aGal4, and 48 h APF for Gal4-Mz19. Heat shocks at 37°C were

repeated three times a day for 30 min each for 14 –16 consecutive days,
and pupae/flies were otherwise kept at 25°C. Axons and dendrites can no
longer be detected by day 7 after eclosure, leaving at least 7 d to allow for
reorganization. To assess long-term effects on neurons, we waited 30 d
after cell ablation was complete.

UAS-DTI was induced directly from Or-Gal4 drivers by raising adult
flies at 29°C for 12 d before dissection (see Fig. 5). ORN cell bodies and
their axons were undetectable 5 d after emerging. This leaves an addi-
tional window of 7 d for possible reorganization to occur. For PN abla-
tions, using Gal4-Mz19 and Gal4-GH146, DTI production was develop-
mentally controlled via tubGal80ts. Flies were raised at 18°C until they
eclosed and shifted to 29°C for the first 12 d (see Fig. 6) or 8 d (see Fig. 7)
of adulthood, respectively, before they were dissected. After 3 d of tem-
perature shift, ORN cell bodies and projections were eliminated, whereas
in the control (no UAS-DTI, but tubGal80ts was present), the complete
Gal4 expression pattern was turned on. This leaves a time window for
possible wiring plasticity of 9 d (see Fig. 6) or 5 d (see Fig. 7) after PN
ablation or double PN and ORN ablation, respectively.

Immunostainings. The procedures for fixing, staining, and imaging
along with antibodies used have been described previously (Zhu and
Luo, 2004). Additionally, we used rabbit anti-GABA (Sigma, St. Louis,
MO) at 1:500 and rabbit anti-HA at 1:1000 (Abcam, Cambridge, MA).
We determined mean fluorescence intensities for the presynaptic marker
nc82 and GABA of single representative confocal sections and calculated
ratios between the glomeruli VA1d and DA4. To measure glomerular
volumes, adult whole-mount brains of the same age and sex were stained
with nc82 antibodies and imaged at 512 � 512 pixels in 1 �m confocal
sections on a Zeiss (Oberkochen, Germany) LSM510. The contours of
glomeruli VA1d and DA4 were traced in individual sections. Volumes
were calculated by summing individual areas multiplied by image thick-
ness (1 �m).

Results
Experimental system
The peripheral olfactory system of adult Drosophila contains �50
input information channels. With few exceptions (Couto et al.,
2005; Fishilevich and Vosshall, 2005; Goldman et al., 2005), each
of the 1300 ORNs expresses 1 of the �50 ORs (Clyne et al., 1999;
Gao and Chess, 1999; Vosshall et al., 1999). ORNs expressing the
same OR converge their axonal projections onto 1 of the �50
glomeruli in the antennal lobe (Gao et al., 2000; Vosshall et al.,
2000; Couto et al., 2005). Here, information is relayed to the
second-order olfactory PNs, most of which send dendrites to a
single glomerulus and axons to higher olfactory centers (Fig. 1A)
(Jefferis et al., 2001). An important feature of this system is that
most glomeruli in the antennal lobe are individually identifiable
by size, shape, and position (Laissue et al., 1999), such that a
general presynaptic marker allows us to distinguish individual
glomeruli (Fig. 1B, nc82 staining in red).

In this study, we focused our analysis on three large-landmark
glomeruli, VA1lm, VA1d, and DA1, that are adjacent to each
other on the lateral, anterior surface of the antennal lobe (Fig. 1B,
white rectangle). VA1lm and VA1d are innervated by ORNs ex-
pressing Or47b and Or88a, respectively (Vosshall et al., 2000;
Komiyama et al., 2004). The PN driver Gal4-Mz19 labels a subset
of PNs sending their dendrites to DA1 and VA1d (Fig. 1B, green)
along with a small posterior glomerulus DC3 (mostly masked by
VA1d in the z projection of Fig. 1B) (Jefferis et al., 2004). There-
fore, the use of these OR and PN promoters allows us to selec-
tively label and ablate respective ORNs and PNs genetically.

These tools allowed us to perform a series of experiments and
ask specific questions regarding neuronal reorganization in re-
sponse to ablation (Fig. 1C–E). First, if we ablate an ORN class,
what will happen to the dendritic projections of PNs that inner-
vate the same glomerulus or an adjacent glomerulus (Fig. 1C)?
Second, if we ablate an ORN class, what will happen to the axonal
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projections of ORNs normally innervating
an adjacent glomerulus (Fig. 1D)? Finally,
if we ablate specific PN classes, what will
happen to ORN axons projecting to the
same glomerulus or an adjacent glomeru-
lus (Fig. 1E)?

Regulated toxin expression effectively
ablates specific neuronal classes
We used two strategies to achieve cell-
autonomous ablation without compro-
mising the viability of the animals. In the
first strategy, we used transgenic flies that
allow for tissue-specific expression of the
RTA chain under Gal4 control only dur-
ing heat-shock-mediated Flp recombinase
induction (Smith et al., 1996). The recom-
bination in cis between two FRT (Flp re-
combinase target) sites, which flank a
transcription stop and lie between RTA
and the promoter, leads to the excision of
the stop and consequent expression of the
toxin (Fig. 2A). This strategy offers tem-
poral control of cell ablation and avoids
lethality, which could result from expres-
sion of RTA during development.

As a second ablation strategy, we used a
transgene containing the A chain of DTI
preceded by an upstream activating se-
quence (UAS) (Han et al., 2000). To avoid
lethality in combination with some Gal4
lines (e.g., Gal4-Mz19) and to gain tempo-
ral control of toxin expression, we used
a transgene encoding a temperature-
sensitive Gal80 (Gal80ts) (McGuire et al.,
2004). The animals were reared at permis-
sive temperature during development,
and adults were shifted to restrictive tem-
perature to inactivate Gal80 and permit
toxin expression (Fig. 2B).

To examine adult wiring plasticity, we
ablated ORNs and PNs after they have al-
ready established their neuronal connec-
tions. In fact, ablation before connection
formation was not possible because of ex-
perimental constraints. Specifically, Dro-
sophila OR expression is not detectable
until ORN axon targeting is essentially
completed and targeting specificity is
achieved. For example, Or88a-Gal4-
driven mCD8GFP expression is not de-
tectable until 65 h APF (data not shown).
This timing of OR expression is signifi-
cantly delayed compared with the matura-
tion of adult-like glomeruli in the anten-
nal lobe at 50 h APF (Jefferis et al., 2004).
Or47b-Gal4 is the first detectable OR
driver, with onset of reporter gene expres-
sion at 44 h APF (data not shown). Be-
cause we rely on OR-Gal4 to drive toxin
expression in both strategies (Fig. 2A,B),
we could only ablate the corresponding
ORNs after the initial wiring was com-

Figure 2. Cell-autonomous toxin expression causes neuronal death. A, B, Two different Gal4-UAS-based cell ablation methods
are shown. RTA is turned on by driving Flp recombinase from a heat-shock-inducible promoter. This leads to the removal of a stop
between two FRT sites, allowing Gal4-driven toxin transcription (A). DTI induction is regulated with Gal80ts, which binds to Gal4
at 18°C preventing transcription; at 29°C, Gal80 becomes inactive and toxin is expressed (B). C, D, Ablation of Or88a-expressing
ORNs using DTI. In the control, axon termini of Or88a-expressing ORNs (green) reside in VA1d (yellow circle) in which they form
synapses (blue and inset) (C). Toxin expression results in the loss of presynaptic termini indicated by HA-synaptotagmin (inset) and
degeneration of all axons, as indicated by the lack of green (D) in VA1d (yellow circle) and its contralateral projections to the
opposite antennal lobe (arrowhead). E, F, Ablation of Mz19-positive PNs using RTA. In the control, Mz19-positive dendrites (green)
innervate the glomeruli VA1d and DA1 (black circles) (E). RTA effectively kills PNs shown by the absence of GFP-labeled PN cell
bodies and dendrites (F ). G, Quantification of glomerular volumes resulting from VA1d ORN ablation. Volumes of ORN axon-free
VA1d glomeruli (green bars) are reduced by �40% for RTA- and DTI-induced cell ablations, whereas the volume of the adjacent
and unperturbed glomerulus DA4 remain unchanged (red bars). n � 7–9 glomeruli. Error bars indicate SEM. Genotypes: yw hs-Flp
UAS-mCD8GFP/yw UAS-HA-syt; Or88a-Gal/CyO (C), (CON in G); yw hs-Flp UASmCD8GFP/yw UAS-HA-syt; Or88a-Gal4 UAS-DTI/CyO
(D) (DTI in G); yw hs-Flp122 UAS-mCD8GFP; Gal4-Mz19 UAS-mCD8GFP/CyO (E); yw hs-Flp122 UAS-mCD8GFP; Gal4-Mz19 UAS-
mCD8GFP/UAS-FRT w� FRT-RTA (F ); and yw hs-Flp122 UAS-mCD8GFP; Or88aGal4/UAS-FRT w� FRT-RTA (RTA in G).

Figure 1. Schematic overview of cell ablation experiments. A, Schematic showing the organization of the Drosophila olfactory
circuit. B, The antennal lobe of the Drosophila adult brain is shown by staining using the nc82 antibody (in red), which serves as a
presynaptic marker. The three glomeruli that are the focus of this study are outlined by the white rectangle. Two of these three
glomeruli are dendritic targets of second-order PNs expressing Gal4-Mz19 (green), which labels approximately six dorsal PNs
(projecting to VA1d and DC3, a posterior glomerulus behind VA1d in this confocal z stack) and approximately seven lateral PNs
(projecting to DA1). Genotype: Gal4-Mz19 UAS-mCD8GFP. C–E, Schematics illustrating a series of cell ablation experiments that
eliminate one specific class of olfactory receptor neurons (e.g., ORNs dotted line in red) while monitoring either the fate of its
corresponding postsynaptic PNs (in green) (C) or ORNs projecting to the adjacent glomeruli (in blue) (D), or eliminate PNs (dotted
line in green) and observe the fate of their presynaptic partners (ORNs in red) or neighbors (ORNs in blue) (E). Unless otherwise
indicated, all images in this study are maximum-intensity z projections of 1 �m spaced confocal stacks. Dorsal is up and the
midline is to the left in each panel.
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pleted. Likewise, all PN ablation experi-
ments were performed after the initial PN
targeting was completed because PN
driver-mediated toxin expression during
development leads to lethality (see below).

We optimized protocols for each com-
bination of toxin and cell types to achieve
complete ablation of intended cell types
(see Materials and Methods). Figure 2C–F
shows two examples for DTI ablation of
ORNs and RTA ablation of PNs. In the first
example, we ablated Or88a-expressing
ORNs, which send their axons to VA1d
glomeruli in both the ipsilateral and con-
tralateral antennal lobes (Fig. 2C). Induc-
tion of DTI led to ORN death (see below),
loss of presynaptic terminals (Fig. 2C,D,
compare insets) and axons in the corre-
sponding glomerulus, and loss of its con-
tralateral projections (Fig. 2D, yellow cir-
cle and arrowhead, respectively). Ablation
of an entire ORN class also results in a
significant reduction of the corresponding
glomerular size (Fig. 2, compare circles in
D with C; quantified in G).

In the second example, we used Gal4-
Mz19 to ablate �13 PNs, including the
PNs innervating DA1 and VA1d (Fig. 2E,
black circles). After RTA expression, all
Mz19-positive PNs were ablated and their dendrites were absent
from the glomeruli (Fig. 2F, white circles), as shown by a com-
plete lack of GFP staining.

Unless otherwise mentioned, we used the two methods for cell
ablation described above (Fig. 2A,B) in parallel. For all experi-
ments in which a single neuronal class was eliminated, we as-
sessed the effects of the elimination on other neurons at least 7 d
and for some as long as 30 d after cells were completely ablated.
We obtained similar results using either RTA or DTI for each
experiment (summarized in supplemental Table 1, available at
www.jneurosci.org as supplemental material).

Examination of PN dendrites after ORN ablation
To study the effect of ablations of single class ORNs on PN den-
drites, we used Gal4 lines of Or88a and Or47b. Both Or88a and
Or47b are expressed in 50 – 60 cell bodies per antenna (Fig.
3A,E). Or88a axons innervate VA1d (Figs. 2C, 3B), and Or47b
axons target the adjacent VA1lm (Fig. 3F). In the same animals,
we labeled a subset of PNs using an enhancer trap line Mz19-
mCD8GFP (green). This strain was generated by replacement of
Gal4 with mCD8GFP via transposon swapping (see Materials and
Methods), thus allowing the visualization of Mz19-positive PNs
independent of the Gal4-UAS system.

Figure 3, C and G, shows additional examples of effective ORN
ablation after induction of ricin A expression. Even after overex-
posure (Fig. 3, compare C,G with A,E), only few GFP-positive
cells were barely detectable, and no axons were visible within the
third antennal segments. No axons were detectable in the anten-
nal lobe (Fig. 3D,H, open arrowheads, compared with B,F). The
targeted glomeruli were smaller in size (Figs. 3, compare circles in
B with D and F with H, 2G) but were still clearly distinguishable
by nc82 staining despite the loss of all ORN axons.

What happens to the PN dendrites after their presynaptic
ORNs are ablated? A priori, we conceived several possibilities:

PNs might withdraw from the glomerulus for the lack of presyn-
aptic partners that stabilize synaptic connections; they might in-
vade neighboring glomeruli to establish new connections; or
these PNs might altogether die for lack of innervation. However,
after Or88a ORNs (projecting to VA1d) were ablated, we found
that Mz19-positive PN dendrites remained within the borders of
the VA1d glomerulus despite the complete lack of ORN axons
(Fig. 3D) (supplemental Table 1, available at www.jneurosci.org
as supplemental material). They did not invade neighboring glo-
meruli (e.g., VA1lm).

In a separate experiment, we ablated the VA1lm ORNs using
Or47b-Gal4 (Fig. 3, compare G, E). Mz19 PN dendrites remained
confined to their target glomeruli after ORN axons from the
adjacent glomerulus were removed (Fig. 3H) (supplemental Ta-
ble 1, available at www.jneurosci.org as supplemental material).
Thus, ablation of single ORN classes does not alter the dendritic
innervation pattern of PNs normally projecting to the same or a
neighboring glomerulus. In addition, PN dendrites remained at
their correct glomerular targets for up to 30 d after any of the two
ORN classes had been ablated (see brackets in supplemental Ta-
ble 1, available at www.jneurosci.org as supplemental material).

PN dendrite stability after many ORN classes are ablated
To extend the above finding, we examined the effects of ORN
elimination on PN dendrite stability by ablating many ORN
classes. Approximately 90% (�1200) of all ORN cell bodies are
located in the third antennal segment (Fig. 4A, red), whereas the
remaining 10% (�120) are found in the maxillary palps (Fig. 4A,
blue) (Stocker, 1994). Cutting off the third antennal segments on
both sides should result in ablation of all ORNs that reside in the
antennae but not those in the maxillary palps. To verify specificity
of this procedure, we used two Or-Gal4 lines crossed to UAS-
mCD8GFP to label axons from two ORN classes. Or88a ORNs
reside in the antenna and project their axons to VA1d (circle),

Figure 3. Examination of PNs after ORN ablation. A, B, In the control, Or88a is expressed in �50 – 60 ORNs located in the adult
third antennal segment (A). Their axons (green) project into glomerulus VA1d (black circle), which is also positive for Mz19-labeled
PN dendrites (green) (B). C, D, Ablation of Or88a-expressing ORNs using RTA. Both cell bodies in the antenna (C) and axons
invading VA1d (white circle) in the antennal lobe (D) are eliminated (open arrowhead). Mz19 PN dendrites remain in VA1d despite
the absence of their presynaptic partners. E, F, In the control, Or47b is expressed in �50 – 60 ORNs (E), which project their axons
from the third antennal segment into glomerulus VA1lm (black circle) in the antennal lobe (F ). G, H, Ablation of Or47b-positive
neurons with RTA (G) has no effect on its adjacent Mz19 PN dendrites (H ). Green is mCD8GFP (labeling both Mz19-positive PN
dendrites and axons from Or88a and Or47b ORNs); red is nc82. Genotypes in A, B, E, and F: yw hs-Flp UAS-mCD8GFP/yw hs-Flp122;
Or-Gal4 Mz19mCD8GFP; MKRS/�. Genotypes in C, D, G, and H: yw hs-Flp UAS-mCD8GFP/yw hs-Flp122; Or-Gal4 Mz19mCD8GFP;
UAS-FRT w� FRT-RTA/�. All antennal lobe images are highly overexposed to visualize the weak Mz19-mCD8GFP line together
with the strong Or-Gal4 lines in one image. The appearance of ORN axons spilling into adjacent glomeruli (asterisks in B and F ) is
caused by axon accumulation at the surface of the adjacent glomeruli before entering into the correct glomerulus.
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whereas the maxillary palp Or46a ORN axons innervate VA7l
(Couto et al., 2005) (Fig. 4B, filled arrowhead). At 72 h after
antennae removal, all axons targeting VA1d (circle) had degen-
erated (Fig. 4, compare C with B), whereas axons projecting to
VA7l persisted (Fig. 4C, filled arrowhead).

To test the dependence of PN dendrites on their presynaptic
input, we used Gal4-Mz19 in combination with UAS-mCD8GFP
to label a subset of PNs (green) invading three glomeruli that all
receive sensory input from antennal ORNs (Fig. 4D). At 4 d after
antennae removal from young animals, PN dendrites still re-
mained at their correct glomeruli (VA1d and DA1 are encircled
based on nc82 staining), although the axons of their partners had
already degenerated by this time (Fig. 4E, circle). At 15 d after
surgery, a time when all examined antennal axons have degener-
ated (Vosshall et al., 2000), the presynaptic marker nc82 pattern
(Fig. 4F, red) was less discrete, presumably attributable to abla-
tion of the majority of ORNs. Although we observed in 16 of 24

antennal lobes a few minor branches that sprouted into random
areas within the antennal lobe (asterisks), the majority of PN
dendrites still resided at their appropriate glomerular positions
(Fig. 4F). Thus, PNs dendrites remain at their correct glomeruli
even after the majority of ORN axons are ablated.

Examination of ORN axons after ablation of ORNs projecting
to an adjacent glomerulus
In the mammalian cortex, peripheral lesions generate cortical
areas that are devoid of sensory input. Later, these cortical areas
can recover activity, likely via widespread expansions of axonal
processes representing sensory input surrounding the lesion (see
Introduction). It is therefore possible that, in the Drosophila ol-
factory circuit, adjacent ORN axons may invade the glomerulus
in which the native ORN axons are ablated. This may also ac-
count for PN dendrite stability despite the loss of their natural
partners.

To test the possibility of ORN axonal plasticity, we performed
similar ORN ablation experiments, as documented in Figure 3,
but focused our analysis on the ORN axons innervating a target
adjacent to the ablated glomerulus (Fig. 5). As a control, we also
monitored axons that originate from Or10a-expressing ORNs
and project to a posterior glomerulus DL1 (Couto et al., 2005),
which contacts neither VA1d nor VA1lm. To visualize ORN ax-
ons independently of the Gal4-UAS system, which we used for
cell ablation, we used an existing Or47b-CD2 transgene (Zhu and
Luo, 2004), in which the Or47b promoter directly drives the CD2
marker expression that labels ORN axons in VA1lm (Fig. 5A,A�).
We also generated new transgenes Or88a-CD2 and Or10a-CD2,
which label VA1d and DL1, respectively (Fig. 5C,C�).

After Or88a ORNs were ablated (indicated by the lack of green
signal within the circle in Fig. 5B), Or47b axons remained con-
fined to the adjacent VA1lm glomerulus (Fig. 5B�, blue in B)
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material). Anti-CD2 antibody staining showed that
Or47b axons neither spilled over into the ORN axon-depleted
VA1d glomerulus nor appeared destabilized, similar to the inter-
nal control, DL1 axons (Fig. 5A,B). Likewise, ablating Or47b
axons did not cause Or88a axons to invade the adjacent ORN
axon-free VA1lm glomerulus (Fig. 5D) (supplemental Table 1,
available at www.jneurosci.org as supplemental material). These
experiments indicate a lack of axonal sprouting when deaffer-
ented territories nearby become available, even after long-term
sensory deprivation of up to 30 d (see brackets in supplemental
Table 1, available at www.jneurosci.org as supplemental
material).

Examination of ORN axons after PN ablation
So far, we have shown that PN dendrites are stable in the absence
of their natural presynaptic partners, and their maintenance is
not attributable to invasion of nearby ORN axons of a different
class. These experiments demonstrate the extreme stability of PN
dendrites in the adult olfactory circuit. Do PN dendrites serve to
stabilize their presynaptic partners? If so, we would expect
changes of their partner ORN axons when we ablate the PNs:
these axons could withdraw or invade adjacent glomeruli to form
new connections with dendrites of neighboring PN classes.

To address this question, we first performed cell ablation ex-
periments in a small subset of PNs using Gal4-Mz19 and followed
the fate of their presynaptic partners. Because Gal4-Mz19 is ex-
pressed during development in essential tissues such as the larval
ventral nerve cord and muscles (data not shown), we used
Gal80ts to suppress DTI transcription at a permissive tempera-

Figure 4. Examination of PNs after antennae removal. A, ORNs are removed by cutting off
both third antennal segments (red) from the head leaving maxillary palp ORNs (blue) intact. B,
C, Antenna ORNs expressing Or88a target axons to glomerulus VA1d (white circle), whereas
maxillary palp ORNs expressing Or46a target to the ventral glomerulus VA7l (filled arrowhead)
(B). Three days after antennae removal, Or88a axons in VA1d (white circle) and their contralat-
eral axonal projections (open arrowheads) are not detectable (C). VA7l axons remain undis-
turbed (filled arrowhead). Genotype in B and C: yw UAS-mCD8GFP/�; Or88aGal4/Or46aGal4.
D–F, Mz19-labeled PN dendrites invade two superficial glomeruli, DA1 and VA1d (white circle)
(D). Four days after antennae removal, Mz19-labeled PN dendrites still innervate their correct
glomeruli (E). Even 15 d after surgery, dendrites stay at their correct glomeruli (F ). Green is
Mz19-driven mCD8GFP, and red is nc82. Genotype: yw; Gal4-Mz19 UAS-mCD8GFP.
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ture (18°C) until pupa eclose into adults
(Fig. 2B). Then, we shifted to a restrictive
temperature (29°C) for 12 consecutive
days before brains were dissected (Fig. 6).
DTI expression led to PN death 3 d after
rearing flies at 29°C (data not shown);
thus, our protocol left �9 d to examine
effects on ORN axons after PN ablation.
PN death (lack of green staining in Fig. 6B
compared with A; also compare Fig. 2E,F)
did not appear to alter the glomerular size,
as indicated by nc82 staining. What hap-
pens to the ORN axons that innervate the
same glomerulus?

As shown in Figure 6, B and B�, Or88a
axons still properly innervated the VA1d
glomerulus after Mz19-positive PNs had
been ablated. Both methods of cell abla-
tion yielded similar results (supplemental
Table 1, available at www.jneurosci.org as
supplemental material). This selective PN
ablation did not affect ORN axons that
project to Mz19-negative glomeruli, includ-
ing the neighboring VA1lm (supplemental
Table 1, available at www.jneurosci.org as
supplemental material) and the posterior
DL1 glomerulus (Fig. 6, compare B,B� with
A,A�). Thus, VA1d PN dendrites do not ap-
pear to be required for the maintenance of
axons of their partner ORNs or other ORNs.

We also used a second PN Gal4 driver
GH146 (Stocker et al., 1997) that is ex-
pressed in the majority of PNs. Gal4-
GH146 combined with UAS-mCD8GFP
(in green) labels �40 of the �50 glomeruli
in the antennal lobe, including VA1d,
VA1lm, and DL1 (Fig. 6C,E). We used the
same Gal80ts-DTI method (Fig. 2B) for
ablations of GH146-positive PNs. Expres-
sion of DTI toxin effectively ablated
GH146-labeled PNs in adults (see the loss
of green signal in Fig. 6D,F). Despite the
elimination of the majority of PNs, the
glomerular structures of the antennal lobe
remained essentially organized, with most
individual glomeruli still recognizable by
nc82 staining, including VA1d, VA1lm,
and DL1 (Fig. 6D,F). Remarkably, ORN
axons projecting to these three glomeruli
remained intact and did not expand to
neighboring glomeruli (Fig. 6D,F, blue,
D�,F�). Together with the results from the
Mz19-positive PN ablation, we conclude
that, in the adult antennal lobe, PN den-
drites are not essential for maintaining
normal axon projections of their synaptic
partners, the ORNs.

Double-ablation experiments and the
contribution of local interneurons
Ablation of neither ORNs alone nor PNs
alone resulted in the elimination of the
corresponding glomerulus (Figs. 2– 6).

Figure 6. Examination of ORN axons after PN ablation. A, B, Control (A) and cell ablation with DTI (B) of Gal4-Mz19-positive PNs
(green in A). The presynaptic partner (Or88a) axons remain stable as the distant control axons (compare blue staining in B with A;
or axon only channel in B� with A�). C–F, Control (C, E) and cell ablation with DTI (D, F ) of Gal4-GH146-positive PNs (green in C, E).
After their postsynaptic PN partners are ablated, axons of three ORN classes as indicated (blue in D, F; or alone in D�, F�) remain
intact compared with controls (blue in C, E; or alone in C�, E�). Green is mCD8GFP, red is nc82, and blue is CD2. A�–F� shows CD2
only channels for A–F. Note that variations in the mounting angles result in changes of distances between glomeruli in projections
of z stacks shown in different samples. Genotypes: w; Gal4-Mz19 UAS-mCD8GFP/tubGal80ts; Or88a-CD2 Or10a-CD2/TM6b (A), w;
Gal4-Mz19 UAS-mCD8GFP/tubGal80ts; Or88a-CD2 Or10a-CD2/UAS-DTI (B), yw hs-Flp122 UAS-mCD8GFP/w; Gal4-GH146 UAS-
mCD8GFP/tubGal80ts; Or88a-CD2 Or10a-CD2/TM6b (C), yw hs-Flp122 UAS-mCD8GFP/w; Gal4-GH146 UAS-mCD8GFP/tubGal80ts;
Or88a-CD2 Or10a-CD2/UAS-DTI (D), yw hs-Flp122 UAS-mCD8GFP/w; Gal4-GH146 UAS-mCD8GFP/tubGal80ts; Or47b-CD2 Or10a-
CD2/TM6b (E), and yw hs-Flp122 UAS-mCD8GFP/w; Gal4-GH146 UAS-mCD8GFP/tubGal80ts; Or47b-CD2 Or10a-CD2/UAS-DTI (F ).

Figure 5. ORN axons do not invade adjacent axon-free glomeruli. A, B, Control (A) and cell ablation (B) of Or88a ORNs
projecting to VA1d (circle, compare green signal in B with A). ORN axons projecting to the adjacent (VA1lm) or another nonadja-
cent glomerulus (DL1) remain intact (compare blue in B with A; or axon only staining in B� with A�). C, D, Control (C) and cell
ablation (D) of Or47b ORNs projecting to VA1lm (circle, compare green signal in D with C). ORN axons projecting to the adjacent
glomerulus (VA1d) or another glomerulus a few glomeruli away (DL1) remain intact (compare blue in D with C; or axon only
staining in D� with C�). Green is mCD8GFP, red is nc82, and blue is CD2. A�–D� shows CD2 only channels for A–D. Genotypes: yw
hs-Flp UAS-mCD8GFP; Or88aGal4/CyO; Or47b-CD2 Or10a-CD2/� ( A), yw hs-Flp UAS-mCD8GFP; Or88aGal4/Or88aGal4 UAS-DTI;
Or47b-CD2 Or10a-CD2/� (B), yw hs-Flp UAS-mCD8GFP; Or47bGal4/CyO; Or88a-CD2 Or10a-CD2/� (C), and yw hs-Flp UAS-
mCD8GFP; Or47bGal4/Or47bGal4 UAS-DTI; Or88a-CD2 Or10a-CD2/� (D).
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Remaining structures in the glomerulus could be contributed
from either the remaining synaptic partners or processes from
other cell types. To distinguish between these two possibilities, we
simultaneously ablated ORNs and PNs projecting to the VA1d
glomerulus (Fig. 7). Remarkably, the VA1d glomerulus was still
readily distinguishable by the presynaptic nc82 marker staining
(Fig. 7B�, red circle). The size of the VA1d glomerulus was signif-
icantly smaller (compared with Fig. 7A�; quantified in C), but this
size reduction was similar in magnitude compared with ORN
ablation alone (Fig. 2G). This experiment indicates that processes
from other cell types contribute significantly to the volume of
glomeruli.

Indeed, in addition to ORN axons and PN dendrites, the in-
sect antennal lobe also contains a third, less characterized neuro-
nal element: the dendrites of local interneurons (LNs). Each LN
sends out profuse dendrites to innervate large areas of the anten-
nal lobe without projecting axons to higher brain centers (Fig.
1A). They form widespread, inhibitory connections to PNs, other
LNs, and ORN axons (Stocker, 1994; Ng et al., 2002). To test
whether the residual cellular elements were contributed by LNs,
we stained the antennal lobe with an anti-GABA antibody to
visualize LN processes in the control and double-ablated glomer-
ulus (Fig. 7A�,B�). LNs are known to be mostly inhibitory neu-
rons whereas ORNs and PNs are excitatory, so GABA staining
should selectively label LNs. Indeed, GABA-positive cell body
distribution around the antennal lobe was consistent with what
was known about the location of LNs (Ng et al., 2002). Consistent
with the extensive distribution of LN dendrites, GABA immuno-
reactivity was found uniformly throughout the antennal lobe in
controls (Fig. 7A�). As predicted, GABA immunoreactivity was
present to a similar extent in the remaining VA1d glomerulus
after ORNs and PNs had been ablated (Fig. 7B�,D).

Studies from various insect species suggest that, within glo-
meruli, extensive synapses possibly occur between ORN3PN,
ORN3LN, PN3LN, LN3PN, LN3ORN, and LN3LN
(Stocker, 1994; Distler and Boeckh, 1998; Ng et al., 2002). All but

the last synaptic connections should be
disrupted in the double-ablation condi-
tion of VA1d. A priori, one might expect a
severe reduction of synaptic density in
VA1d. However, apart from the reduction
of the glomerular volume, most likely
caused by loss of ORN axons, the remain-
ing glomerulus showed only a slight re-
duction of total presynaptic density as
judged by nc82 staining in the double-
ablation condition compared with the
control (Fig. 7D). The overall mainte-
nance of synaptic density did not appear
to be caused by an increase in the density
of LNs processes, because there was no
change of the density of GABA immuno-
reactivity (Fig. 7D). A parsimonious ex-
planation is that LN processes are a major
contributor to the normal glomerular vol-
ume and LN–LN synapses contribute a
significant portion of total synapses in glo-
meruli. The high LN cell number per an-
tennal lobe (�100) (Stocker, 1994; Ng et
al., 2002) and their capability to invade
many if not all glomeruli make this expla-
nation plausible. Because of the lack of
available Gal4 lines that selectively label

large subsets of antennal lobe-specific LNs, we were not able to
experimentally test the contribution of LNs to the stability of the
olfactory circuit at the antennal lobe.

Intraglomerular plasticity after unilateral antenna removal
The lack of wiring plasticity in our experiments so far could be
explained by the inability of the Drosophila olfactory system to
undergo any plastic changes. Alternatively, the laboratory condi-
tions for rearing flies might prevent plasticity. However, the fol-
lowing experiment indicates that, under the same culture condi-
tions, wiring plasticity in the adult olfactory system can occur,
albeit restricted within a glomerulus.

Previous work demonstrated that most ORNs project their
axons to both the ipsilateral and contralateral glomerulus of the
same type in the left and right antennal lobes (Stocker et al.,
1990). After unilateral deafferentation, the position and size of
the glomerulus were unaffected, but the axon density was signif-
icantly decreased (Vosshall et al., 2000). Using this property of
the Drosophila olfactory system, we tested whether ORN axons
could adjust their axon terminal densities when ORN input from
one side was removed.

We cut off the left third antennal segment of young adults and
followed the change of fluorescence intensity of Or88a-Gal4-
driven mCD8GFP over time as a measure of axon density in the
left and right VA1d glomerulus. As a built-in calibration for the
fluorescence intensity measurement, we introduced in the same
animal the maxillary palp-specific Or46a-Gal4 driver to label
projections to VA7l, which is unaffected by the antenna removal
(Fig. 8A–D, green) (see also Fig. 4). In the control, antennae are
intact and projections in VA1d and VA7l are identical for both
antennal lobes (Fig. 8A,E). After both antennae are cut off, VA1d
axons cannot be detected any more in both glomeruli after 3 d,
whereas axons in VA7l remain unchanged (Fig. 8B). However,
3 d after, only the left antenna was removed (by this time, all
VA1d axons originating from the left antenna should have degen-
erated); we detected a twofold difference in fluorescence intensity

Figure 7. Double ablation of VA1d ORNs and PNs. A, B, Control (A) and DTI ablation (B) of Mz19 PNs and Or88a ORNs projecting
to VA1d. Green in A shows GFP-labeled Or88a ORN axon terminals and MZ19 dendrites, both of which are ablated in experimental
conditions (B). A� and B� show single confocal sections of the nc82 staining alone (magenta in A, B). A� and B� show the single
confocal sections of GABA staining alone (blue in A, B). C, Quantification of VA1d glomerular volumes in control (CON VA1d) and
double-ablation (double-ablation VA1d) experiments (green), with DA4 as a control (red). n � 13 for control, 12 for experiment.
Error bars indicate SEM. D, Quantification of ratios of relative mean fluorescence intensities (number of pixels per measured area)
between VA1d and DA4 for nc82 (purple) and GABA (blue) stainings. We observe a slight but significant relative decrease in nc82
staining in VA1d glomeruli without ORN and PN processes (double ablation) compared with the control (CON) (*p � 0.02 in
two-tailed t test), whereas relative GABA levels are unchanged. n � 13 for control, 12 for experiment. Error bars indicate SEM.
Genotypes: yw hs-Flp UAS-mCD8GFP/w; Gal4-Mz19 UAS-mCD8GFP/Or88aGal4 Mz19mCD8GFPy�; tubGal80ts/TM6b (A) (CON in C,
D), and double ablation is yw hs-Flp UAS-mCD8GFP/w; Gal4-Mz19 UAS-mCD8GFP/Or88aGal4 Mz19mCD8GFPy�; UAS-DTI/
tubGal80ts (B) (double ablation in C, D).
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between the left and right antennal lobes.
The simplest explanation for this differ-
ence is that, in normal animals, Or88a
ORNs have twice as many axon terminal
arborizations in the ipsilateral as con-
tralateral VA1d glomerulus, assuming
that no plastic changes occur within the
first 3 d after unilateral denervation (but
see below).

Interestingly, 7 d after unilateral an-
tenna removal, this twofold asymmetry in
relative fluorescence intensity is signifi-
cantly reduced to 1.5-fold (Fig. 8, compare
green signal within white circles in C,D;
quantified in E). This result indicates that
ORNs readjust the densities of their axon
arborizations when competing input from
ORNs from the other side is removed.
However, this plasticity is confined within
the glomerulus, because Or88a-positive
axon terminals are confined within its ap-
propriate VA1d glomerulus.

The decrease in the ratio of relative flu-
orescence intensity between the left and
right VA1d glomerulus over time could
result from increased arborization of the
contralateral or reduced arborization of
the ipsilateral axons from the intact an-
tenna, or both. We compared the relative
fluorescence intensities (VA1d/VA7l) of
the left and right VA1d glomerulus be-
tween 3 and 7 d after left, unilateral deaf-
ferentation. In the left antennal lobe, a sig-
nificant increase in VA1d fluorescence
intensity was detected at 7 d, whereas in
the right antennal lobe, the VA1d fluores-
cence intensity is similar at 3 and 7 d (Fig.
8F). This suggests that intraglomerular
plasticity is mostly contributed by increased terminal arboriza-
tions of contralateral projections.

We also measured the axon densities 10 and 14 d after unilat-
eral antenna removal. The 1.5-fold asymmetry was not reduced
further (Fig. 8E). This could be because either intraglomerular
plasticity can only occur during a limited time window in young
adults or equality cannot be reached because of cell biological
constraints: for instance, contralateral branches need to be main-
tained by ORN axonal transport of longer distances. The latter
may explain why axon terminal arborizations seem twice as dense
in the ipsilateral as contralateral glomerulus in normal animals.
The twofold difference, assessed 3 d after unilateral denervation,
is likely an underestimate, because intraglomerular plasticity
could already occur within 3 d after antennal removal.

In summary, we show that intraglomerular plasticity in VA1d
occurs between 3 and 7 d after unilateral antenna removal and is
likely caused by an increased arborization of contralateral projec-
tions. Therefore, we conclude that the olfactory circuit can ex-
hibit plasticity under our experimental conditions. However, the
plasticity is confined within an individual glomerulus.

Discussion
Stability of the olfactory circuit
We used a genetic approach using cell-type-specific promoters
driving toxin expression to ablate defined presynaptic and

postsynaptic neuronal classes in the adult Drosophila olfactory
circuit to examine the extent of its wiring plasticity. A similar
approach has been used previously to ablate a specific class of
mouse olfactory sensory neurons (Gogos et al., 2000) to answer a
different question: do axons of sensory neurons born during
adulthood rely on existing axons of the same class to reach their
glomerular target? In mice, olfactory sensory neurons continu-
ously renew throughout adult life. In contrast, fly ORNs are born
only during a defined window of pupal development and are used
throughout the fly’s short life. Because ORNs are not replenished
in the adult fly, we could study possible wiring reorganization
after complete removal of a sensory neuron class. We were also
able to specifically ablate certain classes of postsynaptic neurons
in this circuit and to monitor the consequences on their presyn-
aptic partners. Our general finding is that the adult olfactory
circuit in the antennal lobe is extremely stable.

Before our study, several reports suggested the stability of dif-
ferent aspects of the olfactory circuit. In Drosophila, removing the
entire population of ORNs does not significantly alter the axonal
projections of PNs in higher brain centers when examined at a
single-cell level (Wong et al., 2002) or in small groups (Tanaka et
al., 2004). The gross connectivity of PNs with third-order neu-
rons is not altered either (Tanaka et al., 2004). In mice, an in vivo
imaging study in the mouse olfactory bulb showed remarkable
stability of the apical dendrites of mitral/tufted (M/T) cells, the

Figure 8. Intraglomerular axonal plasticity after unilateral antenna removal. A–D, Left (L) and right (R) antennal lobes in
control (A), 3 d after cutting both antennae (B), and 3 d (C) or 7 d (D) after cutting only the left antenna. Or88a-positive axons from
the antenna innervating the VA1d glomerulus and Or46a-positive axons from the maxillary palp innervating the VA7l glomerulus
are labeled in green, and nc82 is in red. Left and right antennal lobes of the same brains were imaged individually with identical
confocal settings. E, Right/left ratios of relative axon densities under different conditions. The relative axon density is defined as
the mean fluorescence intensity of VA1d divided by that of VA7l (as an internal control) in the same antennal lobe. The relative
axon density value of the right is divided by the value of the left antennal lobe of the same brain to calculate the right/left ratio. n�
10, 23, 31, 18, and 14 for the five conditions. Error bars indicate SEM. *p � 0.0005 in two-tailed t test. F, Relative axon densities
are compared on the same side of the brain between 3 and 7 d after left antenna removal. n � 10, 23, and 31 for control, left
antenna cut after 3, and left antenna cut after 7 d, respectively. Error bars indicate SEM. *p � 0.005 in two-tailed t test. Genotype:
yw hs-Flp UAS-mCD8GFP/w; Or88aGal4/Or46aGal4 (A–F ).
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equivalent of Drosophila PNs. M/T cell dendrites in the glomeruli
receive presynaptic input from ORNs and periglomerular cells,
both of which turnover throughout life (Altman, 1969; Mackay-
Sim and Kittel, 1991). Despite the death and birth of their synap-
tic partners, M/T cell dendritic branching patterns remain highly
stable; this stability is also not affected by olfactory learning
(Mizrahi and Katz, 2003).

Our study differs from these previous studies in its focus on
examining the cross-wiring between different information chan-
nels. This is made possible by the glomerular organization of the
Drosophila antennal lobe, in which individual classes of ORN
axons make specific connections with individual PN dendrites at
stereotypical glomeruli, and our ability to ablate specific classes of
these channels either presynaptically (ORNs) or postsynaptically
(PNs) using genetic tools. The majority of the experiments in our
study is based on the ablation of specific classes of neurons, which
could be more effective in generating changes compared with
large-scale perturbations (Zhao and Reed, 2001; Yu et al., 2004).
Thus, our study is conceptually similar to lesion studies in mam-
malian somatosensory or visual systems, in which profound wir-
ing reorganization was reported (see Introduction). However,
the results of all neuronal ablation experiments in the adult Dro-
sophila olfactory system we performed support a common theme:
when synaptic partners or neighbors have been eliminated, ORN
or PN processes do not sprout to neighboring glomeruli and
therefore wiring specificity is not altered.

Why do our findings differ from previous work in mammals
on lesion-induced neuronal wiring? One possibility is that neu-
ronal circuits in Drosophila (and perhaps invertebrates in gen-
eral) are inherently much more hardwired and not adaptable to
changes. Although little has been reported on injury-induced
wiring plasticity in adult Drosophila, developmental wiring plas-
ticity can certainly occur. For example, the stereotypic neuro-
muscular connections in Drosophila larvae are able to reorganize
after the ablation of a specific motoneuron during development.
The corresponding target muscle can receive synaptic input from
neighboring motoneurons as a result of axonal sprouting of
neighboring motor neurons (Chang and Keshishian, 1996). Like-
wise in the Drosophila visual system, photoreceptor axons can
sprout into neighboring empty space created by a cell fate trans-
formation (Ashley and Katz, 1994). In addition, significant
changes of neuropil volumes in the adult Drosophila brain in
response to sensory experience have been reported (Heisenberg
et al., 1995; Devaud et al., 2001).

Importantly, we show directly that unilateral deafferentation
of antennal ORNs leads to a significant increase of axon density of
contralateral projections from the intact antenna (Fig. 8). This
finding indicates that ORN axons are capable of altering their
axon terminal arborizations when competing axons are removed
and that the Drosophila adult olfactory circuit can adapt to
changes under our culture conditions. However, such plasticity is
restricted within an individual glomerulus.

Continuous versus discrete neuronal maps
A fundamental difference of this study and previous studies on
lesion-induced wiring plasticity is the nature of the neural maps.
Whereas most previous studies focus on systems with a continu-
ous map (e.g., somatosensory and visual systems), the olfactory
map is discrete. As in mammals, most Drosophila olfactory recep-
tor neurons express a single, specific olfactory receptor, and
ORNs expressing the same receptor converge onto the same glo-
merulus in the antennal lobe, creating discrete channels for in-
formation processing. Thus, unlike the visual or somatosensory

system in which neighboring neurons represent neighboring sen-
sory space, neighboring glomeruli in the olfactory system may
not necessarily represent neighboring odor space or convey sim-
ilar biological values.

The olfactory circuit may be built to ensure the discreteness of
these information channels. In Drosophila, the establishment of
wiring specificity of the olfactory circuit is primarily achieved
before the onset of sensory experience, as judged by detectable
OR expression or maturation of synaptic specialization (Jefferis
et al., 2004 and references therein). The current study further
shows that, in adults, this circuit is extremely stable in response to
ablation of specific neuronal elements. The developmental hard-
wiring coupled with the maintenance of wiring specificity in
adults may be essential for the olfactory system to mediate innate
behaviors such as detecting food, predators, or mating partners.
Indeed, unknown to us when we initiated this study, two of the
three glomeruli (DA1 and VA1lm but not the intervening VA1d)
we focus on are likely used for perception of sex pheromones
during male courtship (Manoli et al., 2005; Stockinger et al.,
2005). One can imagine that reorganization of neuronal wiring in
response to injury, causing the muddling of information chan-
nels, may be more harmful for the fly than simply losing a single
information channel.

Two properties of the olfactory circuit could contribute to
wiring stability in the antennal lobe. First, each glomerulus in
adults is wrapped by glial processes (Jefferis et al., 2004), which
could prevent wiring plasticity by inhibiting axonal or dendritic
sprouting across the glomerular border. Second, in addition to
ORN axons and PN dendrites, dendrites of LNs also contribute
significantly to the synaptic architecture of the glomeruli (Fig. 7).
Although dendrites of each LN cover many, if not all, glomeruli
and therefore do not represent channel-specific information,
they are also postsynaptic targets of ORNs and may form recip-
rocal connections with PNs (Distler and Boeckh, 1998). Thus,
after ablation of ORNs or PNs, the remaining partners can still
retain synaptic connections with LNs. Even when ORNs and PNs
are ablated simultaneously, the glomerulus still remains and
maintains similar levels of GABA staining and close to normal
levels of presynaptic terminals (Fig. 7), suggesting that a rich
network of LN dendrites contributes significantly to the stability
of the glomeruli.

Our results do not rule out the possibility of functional plas-
ticity in the absence of structural changes. For instance, in the
case of ORN ablation, the corresponding PN partners could rep-
resent other olfactory information through their remaining con-
nections with LNs. Our results also do not exclude the possibility
that wiring plasticity could still occur in higher olfactory centers
when single input channels are removed from the periphery. It
will be intriguing in the future to determine whether spatial maps
in higher olfactory centers are plastic.

In summary, our results suggest that the balance between plas-
ticity and stability of neuronal circuits, as assayed by lesion-
induced structural changes, may differ for neuronal circuits that
serve different functions. It will be important to investigate not
only the mechanisms underlying neuronal plasticity and stability
but also how their balance is regulated in different neuronal
circuits.
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