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The Drosophila mutant gigas produces an enlargement of post-
mitotic cells caused by additional rounds of DNA replication. In
neurons, the mutant cell establishes more synapses than nor-
mal. We have taken advantage of this feature to study the effect
of synapse number on odorant perception. Mosaic adults were
generated in which one antenna was homozygous for gigas,
whereas the contralateral side served as an internal control.
Morphological analysis indicates that the number and type of
sensory afferents forming the mutant antenna, as well as their
projection to the olfactory glomeruli, are normal. In contrast, the
volume of identified glomeruli increases to a variable extent,
and mutant sensory neurons branch profusely. The number of
synapses, estimated in the ventral (V) glomerulus that receives
ipsilateral afferents only, is increased twofold to threefold.
Large-dense-core vesicle-containing terminals that probably

modulate olfactory centers are identified in the V glomerulus.
Their number and size are not modified by the mutant input.
Sensory transduction, measured by electroantennograms, is
normal in amplitude and kinetics. In odorant tests, however, the
profile of the behavioral response to ethyl acetate shows at-
tractive responses to concentrations to which sibling controls
remain indifferent (10� 8 and 10� 7 v/v). In addition, the intensity
of the response is augmented both at attractive and repulsive
odorant concentrations with respect to that of controls. These
results demonstrate that increased synapse number in the
sensory neurons can modify the behavior of the organism,
allowing a higher sensitivity of perception.
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Nervous systems detect and process environmental features, gen-
erating and storing complex information with great accuracy.
These properties result from the regulation of cell and synapse
number, both during development and in activity-dependent pro-
cesses (Goodman and Shatz, 1993; Vaux and Korsmeyer, 1999).
Since the early postulate of Hebb (1949) that memory formation
is based on changes in the number of effective synapses, the
experimental evidences have been somewhat controversial about
the morphological changes while more supportive about the func-
tional modulation (Moser, 1999). Nonetheless, neural branching
and synaptogenesis are clearly related to usage in many species
(Valverde, 1967; Innocenti et al., 1977; Bailey and Kandel, 1993;
Heisenberg et al., 1995; Rajan and Cline, 1998; Maguire et al.,
2000). It is reasonable to assume that the large repertoire of
behaviors exhibited by large brains is sustained by a correspond-
ingly large number of synapses. The supporting experimental
evidence, however, is technically difficult to obtain. Thus far,
attempts to modify the number of synapses, N, to study potential
effects on behavior have been based on functional inactivation
(Sweeney et al., 1995) or surgical removal strategies, that is,
decreasing N. Here, we studied sensory perception effects after
increasing N after a genetic procedure.

To that end, we used the mutant gigas (gig) of Drosophila

(Ferrús and Garcı́a-Bellido, 1976). The relevant trait of this lethal
mutant is that homozygous cells are substantially larger than
normal because of additional rounds of DNA replication after
completion of the normal mitotic program (Canal et al., 1998).
The gene encodes a homolog of the human TSC2, a protein
involved in a benign form of tumor that contains giant cells (Ito
and Rubin, 1999). In mosaic eyes, mutant photoreceptors estab-
lish up to three times more synapses on genetically normal inter-
neurons of the first optic neuropil, the lamina, than do adjacent
normal photoreceptors (Canal et al., 1994). The phototactic re-
sponse of these mosaics differs from normal. Wild-type flies
follow a straight path toward the light source, whereas gig mosaics
describe a helical path, exposing the normal eye to the light
source (Canal et al., 1994). This qualitative observation suggested
that gig photoreceptors convey an excessive or modified light
input. Unfortunately, the distortion of corneal lenses produced by
the mutation makes the visual system unsuitable for quantitative
behavioral assays, and the olfactory system seems better suited for
this purpose. The structural organization of this sensory system is
quite similar in vertebrates and invertebrates (Hildebrand and
Shepherd, 1997). In Drosophila, most olfactory sensillae are lo-
cated in the antennal funiculus, and each includes one to four
sensory neurons (Stocker, 1994; Shanbhag et al., 1995). These
neurons express unique odorant receptor types, of the 57 known
so far (Vosshall et al., 2000), and project via the antennal nerve
(AN) to the primary olfactory neuropil, the antennal lobe (AL).
This structure is divided into 43 glomeruli (Laissue et al., 1999)
that are functional subunits involved in olfactory processing.
Sensory projections converge into specific glomeruli according to
the odorant receptor expressed, generating an odotopic map
(Gao et al., 2000). Stimulus processing yields spatial representa-
tions based on the combinatorial activation of glomeruli in insects
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(Rodrigues and Pinto, 1989; Joerges et al., 1997; Galizia et al.,
1999) as well as in mammals (Friedrich and Korsching, 1998;
Rubin and Katz, 1999). Finally, these maps are thought to trans-
late into odorant-specific patterns of coincident synaptic activity
(Laurent, 1999).

MATERIALS AND METHODS
Fly strains and genetic procedures. The g igas gene is represented by three
independently induced alleles, g ig109, g ig25, and g ig8C5; the first two were
induced by ethyl-methane-sulfonate, and the last appeared spontane-
ously. All alleles show virtually the same phenotype. Genetic mosaics
were obtained by mitotic recombination after x-ray irradiation of the
following genotypes: (1) mwh jv gig109 red ro/M(3)i55; Gal4–72OK/UNG6,
(2) mwh jv gig109 red ro/M(3)i55, and (3) Gal4-C155; UNG6/�; mwh jv
gig109 red ro/ M(3)i55. Irradiation was delivered between 0 and 48 hr of
development at a dosage of 500 rad (Philips MG 102; 150 rad/min, 100
kV, 15 mA, 2 mm Al filter). Only mosaics with a whole M� g ig antenna
were selected for this study. The extent of the mutant clone was deter-
mined by the mwh and jv markers that become homozygous in the same
recombination event as g ig. Behavioral experiments and quantitative EM
observations were performed on 3- to 5-d-old flies. Antennae from
wild-type Canton-S flies (C-S) were used as controls for sensillae and
axonal countings. In electrophysiological and behavioral experiments,
irradiated mwh jv gig109 red ro/M(3)i55 siblings without visible clones were
used as genetic controls.

Light microscopy procedures. To count sensillae, whole antennae from
control (C-S) (n � 6) and mosaic (n � 3) flies were mounted in a
glycerol–PBS (1:1 v/v) solution, between two coverslips allowing access
to both sides of the antenna. The number and distribution of sensillae
were obtained from drawings using a camera lucida coupled to a Nikon
Optiphot light microscope. For histology, mosaic (n � 11) and control
(n � 15) heads were fixed overnight at 4°C in alcoholic Bouin’s (10%
formaldehyde, 6.7% glacial acetic acid, 0.44% w/v picric acid, and 50%
ethanol) and embedded in paraffin. Serial sections of 10 �m, obtained on
a Reichert-Jung 2050 microtome, were silver-impregnated by the
Holmes-Blest method (Blest and Davie, 1980). Golgi impregnations were
as described (Bausenwein et al., 1992). Photographs were taken with a
Zeiss Axiophot light microscope.

Visualization and volumetric measurements of glomeruli. We used the
Gal4/UAS system (Perrimon, 1998; Phelps and Brand, 1998) to visualize
glomeruli in the antennal lobe. The UAS line UNG6 expresses the green
fluorescent protein (GFP) coupled to the synaptic protein
n-synaptobrevin, and C155 is a pan-neural Gal4 line (Stimson and
Ramaswami, 1999); both lines were kindly provided by Dr. M. Ra-
maswami (Tucson University, Tucson, AZ). Line Gal4–72OK labels
sensory afferents projecting to a subset of glomeruli in the antennal lobe
(VM1, VM4, and DL1) (referred to as Gal4 line C in Ferveur et al.,
1997), and was kindly provided by Dr. C. O’Kane (Cambridge Univer-
sity, Cambridge, UK). Dissected brains from mosaic (n � 8) and non-
mosaic (n � 6) individuals of genotypes Gal4–72OK/UNG6; mwh jv
gig109 red ro/M(3)i55 and Gal4-C155; UNG6/�; mwh jv g ig109 red ro/
M(3)i55 were mounted in PBS and observed as whole mounts in a
confocal microscope (Leica, Nussloch, Germany; TLS4D) using a fluo-
rescein filter block, with the krypton–argon laser light source set for
excitation at 488 nm. Serial optical sections of 1 �m (512 � 512 pixels)
were obtained to generate volumetric measurements using the Q500
software (Leica). The CorelDraw computer program was used to draw
glomerular contours, and Q500 was used to measure areas from these
contours.

Electron microscopy. To analyze antennal nerves, heads (n � 5) were
fixed overnight at 4°C (4% paraformaldehyde, 1% glutaraldehyde in 0.1
M phosphate buffer, pH 7.2) after removal of the proboscis. After several
washes in 0.1 M phosphate buffer, heads were post-fixed in 2% OsO4 in
phosphate buffer for 45 min at 4°C in the dark, dehydrated in a graded
ethanol series, and included in Araldite resin. Ultrathin silver sections
(60–70 nm) from a Reichert Ultracut E ultramicrotome were collected
on Formvar-coated, single-slot grids and stained with uranyl acetate (10
min) and lead citrate (10 min). Micrographs were obtained in a JEOL
1200 EX electron microscope, and large paper copies of scanned nega-
tives were used for counting axons. To analyze the number of synapses in
the antennal neuropil, the fixative was modified (1% paraformaldehyde,
2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2), as were the
counterstaining solutions and incubation times. Here we used uranyl

acetate (2% in double distilled water, 1 hr) and lead citrate (15 min).
These modifications yield a better visualization of synaptic specializa-
tions. Using semithin frontal sections, the ventral (V) glomerulus was
localized in each antennal lobe (n � 8), and ultrathin serial sections
were taken at this level. This glomerulus receives sensory afferents
from the ipsilateral antenna only and, thus, the comparison between
contralateral homologs provides an internal control for the mutant
effect. Synapse quantification was performed by the disector technique
(Sterio, 1984; West, 1999). Alternate ultrathin sections were estab-
lished as the suitable distance between disectors because, by our
estimations, a synaptic specialization never spans beyond two adjacent
sections (140 nm). In each mosaic, electron micrographs obtained from
both V glomeruli were printed at the same magnification, coded, and
randomized for blind analysis. A total of 25–30 disectors were ana-
lyzed for each V glomerulus in each mosaic. The same disectors were
used to estimate the number of boutons containing large-dense-core
vesicles in this glomerulus.

Electroantennograms. Electroantennogram (EAG) recordings were ob-
tained as previously described (Alcorta, 1991; Ayer and Carlson, 1992) in
mosaics (n � 5) and sibling controls (n � 6). Extracellular responses
from g ig and contralateral third antennal segments were simultaneously
recorded using two low-resistance (�5 M�) unbroken pulled glass elec-
trodes (1 �m Ø). Electrodes were apposed on the cuticle and filled with
a Drosophila Ringer’s solution (in mM: 100 NaCl, 5 KCl, 20 MgCl2, 0.15
CaCl2, 5 HEPES, 115 sucrose, and 5 trehalose). A reference electrode
was inserted into the hemolymph, near the proboscis. Odorant stimula-
tion was delivered by an electronic pump device in a continuous nitrogen
flow of 0.2 l /min through a 1 mm Ø tube terminating 1 cm from both
antennae. An electrically controlled valve allowed the replacement of
this nitrogen flow by odorant pulses. In this way, mechanical stimulation
was kept constant. Responses to five 300 msec pulses at 30 sec intervals
to increasing concentrations of ethyl acetate (EA) diluted in paraffin oil
(Fluka, Neu-Ulm, Germany) were recorded and analyzed on pClamp 6.0
software. Concentrations are expressed as v/v dilution factor.

Behavioral tests. Screening for mosaics was done under CO2 anes-
thesia. For behavioral tests, fully recovered mosaics (n � 70) and
sibling controls (n � 70) were tested individually in a T-maze appa-
ratus (Tully and Quinn, 1985). Before the test, each fly was kept
overnight in a humidified chamber without food. The fly was allowed
30 sec to choose between a vial (17 � 100 mm; model 2051, Becton
Dickinson, Franklin Lakes, NJ ) containing a filter paper (4 � 1 cm)
soaked in 100 �l of ethyl acetate diluted in paraffin oil (odorant vial)
and another containing paraffin oil (control vial). Flies were prevented
to contact the filter paper by a cotton barrier. Chemicals were of the
maximum available purity from Fluka (Buchs, Switzerland). Vials
were used only once, and their relative position in the T-maze was at
random. Each fly was tested under the whole range of odorant con-
centrations allowing 5 min between exposures. Experimental and
control flies alternated in each test series. Control flies in these
experiments are sibling animals that do not exhibit a mutant clone.
Experiments were performed in the dark to avoid visual interference,
and the apparatus was kept horizontal to avoid influences from the
geotaxic response. Cases of no choice, when the fly remained in the
central chamber, were discarded. The response index is calculated as
the number of positive responses (flies in the odorant tube) minus the
number of negative responses (flies in the paraffin oil tube) divided by
the total. Values of this index range from 1 (full attraction) to �1 (full
repulsion), while 0 is considered indifference or equilibrium between
attraction and repulsion (Ayyub et al., 1990). All tests were performed
in a room at 25°C and 80% humidity to ensure constant vapor pressure.

Statistical analysis. In the morphological studies, values from g ig and
contralateral sides of the same mosaic have been compared using paired
statistical tests. Nonpaired tests were used when comparing g ig mosaics
and their sibling controls. The particular test used is indicated in the
corresponding tables and text. Data are presented as mean � SEM. In
the behavioral studies, the olfactory index was determined in single
individual tests until a total of 70 cases per concentration and genotype
were reached. Olfactory index values were submitted to the � 2 test to
identify peak values significantly different from indifference (0.0 olfac-
tory index value). The comparison between mutant and control olfactory
index values per concentration was subject to the Mann–Whitney U test.
All statistical analyses were done with the SPSS 8.0 software.
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RESULTS
The gig antennae are larger than normal without
changes in cell number
The structural and functional analyses were performed in anten-
nal mosaics identified by the cuticular markers mwh and jv, in
addition to the gig phenotype, that served to determine the clone
extent. Only mosaics affecting the whole antenna were used in
this study. The mutant antenna is approximately twice the size of
its contralateral counterpart (Fig. 1A). Despite this, the total
number of sensillae in the mutant (415 � 4) and contralateral
(374 � 15) antennae are not significantly different ( p � 0.05; n �
3; Student’s t test); neither do they differ from those of wild-type
C-S (394 � 6) ( p � 0.05; n � 6; Mann–Whitney U test). In
addition, the regional distribution of the different types of sensil-
lae on the funiculus remains unaltered. Each sensillum, however,
is enlarged in the mutant side in approximately the same propor-
tion as the whole antenna (Fig. 1B,C). The effects of the mutation
on the axons that travel along the antennal nerve (AN) and the
brain centers were analyzed in paraffin- or resin-embedded ma-
terial (Figs. 2, 3). These procedures cause different degrees of
shrinkage. The AN, however, appeared always of a larger diam-
eter than its contralateral homolog in the entire path toward the
brain (Fig. 2A). AN axons were counted in both nerves of five
mosaics using ultrathin sections taken midway along the projec-
tion (Fig. 2B,C). The resulting numbers indicate no significant

difference between mutant and normal sides of each mosaic
(Table 1). The intra-individual variability in the number of axons,
in either mosaics or wild type, is 5–10%, the same range as
interindividuals. Because the number of profiles is virtually the
same in both nerves, it is evident that the much larger cross-

Figure 1. Morphology of antennal gig mosaics. Scanning electron micro-
scope images from a M� gig antennal clone. A, Frontal view of a mosaic
head showing the size difference between the gig (arrow) and contralat-
eral antennae. B, gig sensillae are also larger than those from the con-
tralateral side (C) (arrows indicate trichoid sensillae). Scale bar: A, 100
�m; B, C, 10 �m.

Figure 2. Antennal nerves of gig mosaics. A, Horizontal section from a
gig mosaic head stained by Holmes-Blest silver impregnation. Note the
diameter difference between normal (lef t) and gigas (right) nerves (ar-
rows). See also Figure 3B. Anterior is down. B, C, Ultrathin frontal
sections from normal (B) and mutant (C) antennal nerves from the same
mosaic. The plane of section is approximately at the level of arrows in A.
Note the caliber of gig neurons, approximately twice that of its contralat-
eral homologs. Both nerves are flattened from the lateral sides, but the
number of axons is not significantly different (Table 1). Dorsal is up in B
and C. Scale bars: A, 50 �m; B, C, 2 �m.
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sectional area of the mutant AN is attributable to the increased
axon caliber. An obvious exception must be the motoneurons
innervating the antennal muscles because they have a separate
lineage from the olfactory cells and, consequently, are not in-
cluded in the mutant clone. Their number, however, is very small
compared with the sensory axons, as deduced from Wallerian
degeneration experiments (Stocker, 1979).

The effects of mutant antennal clones in brain centers were
examined in serial semithin sections. The antennal lobe (AL), the
primary target of AN projection, is noticeably enlarged in the
brains of all mosaics, whereas other brain nuclei are not overtly
modified at this level of observation (Fig. 3). The AL ipsilateral to
the mutant antenna shows a larger size increment than its con-
tralateral equivalent. To analyze this structural effect in greater
detail, we used HRP, Golgi, and GFP tracing methods.

The gig sensory afferents project to their normal
glomerular targets
Many of the 43 AL glomeruli receive afferents from both anten-
nae, one of the exceptions being the V glomerulus that is inner-
vated by the ipsilateral appendage only. Within each glomerulus,
synaptic contacts are established between axon terminals of sen-
sory neurons and dendrites of AL neurons (Stocker et al., 1990;
Anton and Homberg, 1999). In the wild type, sensory neurons
exhibit a greater branching in the ipsilateral glomeruli than in the
contralateral targets (Fig. 4A) (Stocker et al., 1990). This feature
is also maintained by gig afferents, as shown by Golgi impregna-
tions (Fig. 4B). In addition, the projection of gig afferents was
monitored with the n-synaptobrevin-GFP reporter UNG6, driven
by Gal4–72OK (Fig. 4C). These individuals express the reporter
in a subset of sensory neurons that project to VM1, VM4, and
DL1 glomeruli. In the eight mosaics studied, we found no differ-
ences between the projection patterns of gig and sibling controls.
The only noticeable change was an increase in volume in the
three glomeruli ipsilateral to the mutant antenna with respect to
the contralateral homologs (Fig. 4C). The GFP-marked material
corresponds to unfixed whole mounts in which no shrinkage is
expected and, therefore, the measurements should be more pre-
cise than in fixed material. The ratio of volume increment is
1.3–1.6 depending on the glomerulus. It should be noted, how-

4

the antennal nerves in the mutant (solid arrowhead) and normal (open
arrowhead) sides. C, Section at 5 �m from A, showing the antennal nerves
and lobes (stippled in the mutant side). D, Section at 9 �m from A. Note
the larger area of the antennal nerve and lobe in the mutant side. Both
lobes are enlarged with respect to the wild type because of the bilateral
projection of a fraction of sensory afferents. The increment, however, is
larger in the lobe ipsilateral to the mutant antenna because not all
afferents have bilateral projections, and branching is usually more abun-
dant in the ipsilateral glomeruli. This differential branching is present in
wild type and maintained in the mutant (Fig. 4). Scale bar: A, C, 50 �m;
B, D, 25 �m.

Figure 3. Brain structural effects of an antennal mosaic. Toluidine-
stained semithin (1 �m) frontal sections through a single mosaic. A,
Section at the level of antennal segments showing the funiculus (asterisk)
and the pedicel (double asterisk). The mutant clone includes the whole
antenna on the left side. B, Section at 3 �m from that shown in A, showing

Table 1. Number of axons per antennal nerve

Antenna
Clone
1

Clone
2

Clone
3

Clone
4

Clone
5 Mean � SEM

gig 1152 1403 1654 1512 1815 1473 � 113
Contralateral 1349 1219 1403 1316 1572 1372 � 58

Mosaics were obtained in the genotype mwh jv gig109 red ro/M(3)i55. Cases 2, 3, and
4 were male. The mutant side was left in mosaics 1, 2 and 4. Sections used for axon
counts were as shown in Figure 2. These values are not significantly different
between gig and contralateral nerves (Student’s t test).
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ever, that because many olfactory sensory neurons have bilateral
projections, and the extent of branching is different for each type
of neuron, the net effect of the mutation might be underestimated.
To clarify this, we analyzed the V glomerulus in detail because it
receives ipsilateral projections only.

Synapse number is increased in a glomerulus that
receives gig afferents
We measured the V glomerulus volume on a series of confocal
optical sections from mosaics expressing n-Syb/GFP driven by
Gal4-C155. A volume ratio between both V glomeruli was calcu-
lated for each mosaic. The data show a significant increment of
42% (Table 2). A larger glomerular volume may not be function-
ally relevant, however, if the density of synapses is downregu-
lated. We therefore performed a quantitative analysis of synapses
using the disector technique (see Materials and Methods) in
serial ultrathin sections of this glomerulus (Fig. 5). The separa-
tion between disectors (140 nm) was adjusted to the average size
of synaptic specializations in this region. The number of disectors
used, 25–30 in each glomerulus in every mosaic, represents 	5%
of the total V volume. The data from four mosaics reveal that the
average density of synapses, �, is 	60% greater in mutant ipsi-
lateral versus contralateral V glomeruli (Table 3). Combining
these two sets of data, we estimate the increment in synapse
number (
N) attributable to the arrival of mutant afferents in
this particular glomerulus as 
N � 
� � 
V (1.64 � 1.42 � 2.33).

Figure 4. Projection pattern into antennal lobes. A, Frontal view of a
whole mount C-S wild-type brain backfilled with HRP from the antenna
on the left side. Note that most sensory afferents project and branch more
intensively into the ipsilateral lobe. The V glomerulus is located in the
ventral (down) apex of the lobe. Note that the contralateral locus is not
marked by HRP. B, Camera lucida drawing of a gigas sensory neuron
impregnated by the Golgi method. The mutant cell branches more pro-
fusely in the glomerulus ipsilateral to the mutant antenna (lef t side) as do
normal cells. The amount of branching, however, is higher than in the wild
type (Stocker et al., 1990). C, Frontal view of a confocal microscope
section from the brain of a mosaic induced in a Gal4–72OK/UNG6
background. This Gal4 drives the expression of an n-Syn-GFP chimera in
olfactory neurons that project to DL1, VM1, and VM4 glomeruli (ar-
rows). The mutant afferents maintain this projection pattern. Note, how-
ever, the increased size of glomeruli ipsilateral to the mutant antenna.
Lobes ipsilateral to mutant ( gigas) and normal (�) antennae are sepa-
rated by a dotted line. Scale bar: A, 65 �m; B, 40 �m; C, 30 �m.

Table 2. Volume increase of V glomeruli in gig mosaics

Mosaic gig Contralateral Ratio Mean � SEM

1 15177 11674 1.30
2 11064 7002 1.58
3 17673 12806 1.38 1.42 � 0.07*

Measurements (in cubic micrometers) were obtained using the UAS-n-
synaptobrevin-GFP signal driven by Gal4-C155 [genotype: Gal4-C155; UNG6/�;
mwh jv gig109 red ro/M(3)i55] under confocal microscope images. Mosaic 2 was male.
*Statistically significant difference at p � 0.01; Student’s t test.

Figure 5. Synaptic contacts in the olfactory neuropil. Electron micro-
graph of a V glomerulus innervated from a gig antenna. Several presyn-
aptic active zones are marked by f ramed arrowheads. Their size is normal,
but their number is increased (Table 2). Scale bar, 500 nm.
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The mutant ipsilateral V glomerulus, thus, exhibits twofold to
threefold more synapses than the contralateral homolog. It should
be noted that synapse estimations do not discriminate between
those established by incoming mutant sensory neurons and those
formed by neurons intrinsic to the glomerulus that are genetically
normal. Assuming that genetically normal neurons will not mod-
ify their number of synapses substantially, as it is the case in optic
lamina cartridges (Canal et al., 1994), the value of 2.33 may
underestimate the actual increment in synapses produced by the
gig sensory afferents (see Discussion).

The choice of the V glomerulus for the quantitative synaptic
study avoids the problem of contralateral projections from normal
sensory neurons. It does not prevent, however, the problem of
discrimination between sensory and intrinsic synapses. To iden-
tify selectively the two types of synapses is not feasible at present.
An alternative approach, however, is to analyze boutons that can
be identified at the EM by their vesicle morphology, the large-
dense-core vesicles. These are probable homologs of
serotoninergic-imnunoreactive terminals described in other in-
sect species (Sun et al., 1993), and we found them in the ultrathin
sections from the V glomerulus used for disector analysis. Table
4 shows that their density is not different in mutant versus con-
tralateral V glomeruli. Their size appeared normal as well (data
not shown). Taken together, the observations in the visual system
and the peptidergic terminals of the V glomerulus support the
assumption that AL interneurons do not increase their synapse
number when innervated by gigas sensory neurons (see
Discussion).

The gig olfactory neurons exhibit normal
sensory transduction
To test the functional performance of mutant antennae, we
recorded EAGs after stimulation with ethyl acetate (10� 5 to
10� 1 v/v) (Fig. 6). Recordings were obtained simultaneously
from mutant and normal antennae in mosaics and sibling controls.

The amplitude of the sensory receptor potential increased ac-
cording to the stimulus concentration. In no case were differences
in amplitude or kinetics detected in mutant versus control EAG.
Additional EAGs were obtained after stimulation with benzalde-
hyde (10� 4 to 10� 1 v/v), also with no detectable differences
between gig and controls (data not shown). The lack of effects is
consistent with the coordinated increment of all cellular constit-
uents (e.g., odorant receptors and downstream elements) ex-
pected from the increased ploidy of gig cells. In this experimental
design and for the odorants tested, therefore, gig does not pro-
duce detectable changes in olfactory transduction.

Olfactory behavior is modified in gig mosaics
To determine possible mutant effects on behavior, we performed
olfactory tests with EA over a broad concentration range (10� 12

to 10� 1 v/v). In this test, nonconditioned single flies in a T maze
apparatus are allowed to choose between a given concentration of
odorant and the solvent (see Materials and Methods). Previous
experiments showed that results are gender- and mutant side-
independent, thus allowing data pooling. Response index values
between 0.0 and 1 indicate attraction, those between 0.0 and �1
indicate repulsion, and 0.0 is considered as indifference (Ayyub et
al., 1990). The specific response is stimulus concentration- and
genotype-dependent. In addition, the design of the apparatus and
the conditions of the animals may cause variations of index values
(see below). Nevertheless, Drosophila adults exhibit the same
response trend to virtually all odorants, indifference to low con-
centrations, attraction to moderate concentrations, and repulsion
to high concentrations (Ayyub et al., 1990; Alcorta, 1991).

The choice of control animals is a key factor when behavioral
differences of genetic origin are under study. In this report,
control and experimental animals are siblings. Thus, genetic
background as well as rearing conditions are as similar as possible
between both groups. It should be noted, however, that control
animals are not a standard wild type (e.g., C-S). In this context,

Table 3. Density of synapses in V glomeruli of gig mosaics

Mosaic

gig Contralateral
Ratio gig/
contral.

Mean ratio
� SEMn V � n V �

1 258 52.8 4.88 200 68.7 2.91 1.67
2 39 20.0 1.95 20 17.3 1.15 1.70
3 46 43.3 1.06 27 39.7 0.68 1.56
4 178 56.3 3.16 122 62.5 1.95 1.62 1.64 � 0.03*

The total number of synapses (n) identified in the sampled volume (V in cubic
micrometers) of each V glomerulus is shown. A total of 107 and 112 dissectors were
analyzed in the normal and mutant glomeruli, respectively. Mosaics 3 and 4 were
males.
*Statistically significant difference at p � 0.01; Student’s t test.

Table 4. Density of terminals with large-dense-core vesicles
(number/�m3)

Mosaic gigas Contralateral

1 1.27 1.64
2 0.79 1.19
3 1.67 1.05
4 1.18 1.06

Mean � SEM 1.23 � 0.18 1.23 � 0.14

Mosaics and sections were the same as those used in Table 3. These values are not
significantly different between gig and contralateral V glomeruli (Student’s t test).

Figure 6. Olfactory transduction tests. A, EAGs obtained in response to
five ethyl acetate concentrations (10 � 5 to 10 � 1) from sibling controls
(n � 6), and gig mosaics (n � 5). Amplitudes correlate with stimulus
concentrations. B, Logarithmic plot of EAG amplitudes from sibling
controls ( filled inverted triangles), contralateral ( filled circles), and gig
mosaics (open squares). No significant difference is observed between
mutant and controls. Error bars indicate SEM.
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the profile of the olfactory response to EA in the sibling controls
(Fig. 7), although it follows the same trend as all odorant re-
sponses, differs from some reports on C-S (Ayyub et al., 1990).
The main difference is the lack of a statistically significant (�2

test) attractive response to any concentration. This difference
could be attributable to the conditions of the test, the apparatus
design, or the genotype. To discriminate among these possibili-
ties, we tested C-S adults in the same apparatus. The index value
obtained for the exposure to 10� 4 EA was 0.56 � 0.01, in line
with the values obtained for the sibling controls. That is, a weak,
not statistically significant, attractive response. In addition, failure

to detect strong attraction to EA at 10� 3 and 10� 4 was reported
also in an independent study (Alcorta, 1991). Thus, the previously
reported strong attractive response of C-S to EA (Ayyub et al.,
1990), seems to be detected only with the experimental design
used in that report, and comparison with the sibling controls of
the present report are not justified. Concerning the repulsive
responses of the sibling controls, a significant peak (�2 test) is
detected at 10� 1.

With gig mosaics, the normal trend of responses is observed,
albeit with two noticeable differences: the odorant concentrations
that elicit them and their intensity (Fig. 7). The significant (�2

test) attraction in mosaics develops at concentrations that result
in indifference in control individuals (see 10� 8 to 10� 5 range in
mosaics vs controls) (Fig. 7A). The odorant concentration for the
attractive response in mosaics is 10� 8 v/v, three orders of mag-
nitude lower than that for sibling controls in which only a mild
attractive, albeit statistically not significant, response is detected
at 10� 5.

In addition to this change in the olfactory profile, the intensity
of the responses is higher in the mosaic flies (Mann–Whitney U
test; p � 0.05). The effect is detected at attractive, 10� 8, as well
as at repulsive, 10� 1, concentrations at which the indexes are
almost double in gig with respect to siblings (Fig. 7B). Overall, the
profile of responses in the mosaics is consistent throughout the
range of concentrations. These data illustrate one of the func-
tional consequences of the morphological changes described
above and show that gig olfactory receptor neurons cause a
modification of perception that can be described as an increment
in sensitivity. Complementary data on the synaptic effects asso-
ciated to loss of olfactory sensitivity are described in an accom-
panying report (Devaud et al., 2001).

DISCUSSION
Here we show that an increase in synapse number endows Dro-
sophila with a greater sensitivity of perception. The gene gigas has
been instrumental to generate mosaics with a mutant antenna. In
this type of individuals, the structural features of the main olfac-
tory centers, the sensilla and the glomeruli, are analyzed. Finally,
the behavioral effect of modifying sensory neurons is tested in the
odorant preference test.

Structural effects
The number of olfactory sensillae and afferents are not modified
by the gigas mutation. Although larger in size, the mutant neu-
rons maintain their projection pattern to their appropriate glo-
meruli. These features are consistent with data in the visual
system (Canal et al., 1994) but differ from those obtained in the
mechanosensory system (Canal et al., 1998). Whereas olfactory
and visual sensory neurons maintain their normal targets, mech-
anosensors project beyond their normal sites, reaching additional,
more distant, mechanosensory centers. It is likely that the differ-
ential effect results from the structural limitation imposed by the
glia. In the case of photoreceptors, their targets in the lamina are
cartridges enveloped by glia, whereas mechanoreceptor centers
are not. Similar to the lamina cartridges, the olfactory glomeruli
of Drosophila are delimited by a glial envelope (our unpublished
data). Although this glial cover is not as compact as in the moth
Manduca sexta (Tolbert and Oland, 1990) or in the honeybee Apis
mellifera (Gascuel and Masson, 1991), the results with gig suggest
that glial constraints may prevent the invasion of adjacent glo-
meruli by mutant sensory afferents. Studies in vertebrates
(González et al., 1993; Valverde, 1999) and invertebrates (Krull

Figure 7. Olfactory behavioral responses. Dose–response curves from
experimental mosaics (gray squares) and sibling controls (black diamonds).
Values represent the mean response (�SEM) from 70 individuals per
odorant concentration. Olfactory index values can range from 1 (full
attraction) to �1 (full repulsion), and 0 is considered the indifference line.
A, Olfactory responses significantly different (�2 test) from indifference.
These were found at 10 � 1 and 10 � 2 in sibling controls ( p � 0.05) and
mosaics ( p � 0.01), and at 10 � 8 to 10 � 5 in the mosaics ( p � 0.05, p �
0.01, p � 0.05, p � 0.05, respectively). Note the significant attraction
response of mosaics at concentrations that yield indifference in the con-
trols (10 � 8 to 10 � 5). B, Significant differences (Mann–Whitney U test)
between mosaics and sibling controls at 10 � 8 and 10 � 1 concentrations
( p � 0.05 and p � 0.01, respectively). Note the augmented responses in
the mutant.
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et al., 1994; Oland et al., 1998) illustrate the role of the ensheath-
ing glia as a physical barrier, limiting branch growth to the inside
of each glomerulus, and/or as a chemical barrier acting through
extracellular matrix components. In addition, a variety of mole-
cules (e.g., Fasciclin II-like, Semaphorins, Slit, Robo, NO) that
are expressed by subsets of olfactory axons have been postulated
to contribute to proper targeting (Tolbert, 1998; De Castro et al.,
1999; Li et al., 1999; Pasterkamp et al., 1999). Any of these
possibilities, glial cell restrictions, specific receptor expression and
guidance cues, or their combination, may account for the restric-
tion of mutant axons to their normal targets. These mechanisms
appear to be normal in gig olfactory projections.

The most important effect of gigas in the context of neural
structure is the increment in synapse number, 
N. In the olfac-
tory system, the increase ratio (2.3) appears to be somewhat lower
than in the visual system (2.7) (Canal et al., 1994). It is likely that
the difference reflects an underestimation for the olfactory sys-
tem, because it is impossible to discriminate between afferent and
intrinsic synapses. In the visual system, discrimination through-
out the serial sections was possible because neurons have stereo-
typed positions within each lamina cartridge. Nonetheless, a
putative effect of the mutant input on the branching or synapse
number of intrinsic AL neurons cannot be formally excluded in
the experiments reported here. The only type of nonsensory
terminals that we observed in the AL were those containing
large-dense-core vesicles (see below). In the V glomerulus, at
least, their number and size is not affected by the mutant
afferents.

The maximum length of a synaptic specialization profile is
	200 nm, if both arms of the T-shaped structure are added. It
should be noted that this value is fairly constant in olfactory and
visual sensory neurons and is not altered by the mutant condition.
The size is similar in the mouse cortex (250 nm) and relatively
invariant among individuals (De Felipe et al., 1997; 1999). This
constancy suggests that synapse size is determined, in vertebrates
as well as invertebrates, by intrinsic properties of its constituents
and possibly reflects a fundamental constraint to vesicle docking
and exocytosis. Glomerular volume and density of synapses can
vary greatly between individuals (Tables 2, 3). This is a common
finding in quantitative synaptic studies in all species that, proba-
bly, sustains the behavioral differences among individuals. In
addition, the density of synapses appears to be heterogeneous
within each olfactory glomerulus, as documented in the bee
(Gascuel and Masson, 1991) and the cockroach (Malun, 1991).
Although the EM sections obtained here were done on brains
carefully oriented to ensure equivalence between the left and the
right AL, the relative depth of section cannot be reproduced, in
practice, between individuals. Thus, the variability shown in
Table 3 represents the addition of two components: interindi-
vidual variability and intraglomerular heterogeneity. In this con-
text, the use of mosaics offers the key benefit of intraindividual
comparisons, and the consistent feature observed in the four
mosaics analyzed is a �1 ratio between gigas and contralateral
sides.

Functional effects of �N
The sensation of the stimulus does not appear to be altered in gig.
Receptor potentials indicate the population of receptor molecules
activated by stimulant binding (Ayer and Carlson, 1992). In the
mutant and control antennae, the amplitude of these potentials is
odorant concentration-dependent. These observations are consis-
tent with a proportional increment in the number of all molecule

types, expected from an increased ploidy of the mutant cell.
Receptor potential amplitudes are independent of cell size and
are transmitted passively along the neuron membrane to the site
of action potential generation. At this point, the gig neurons
probably exhibit the first differences versus the contralateral ho-
mologs. Because axon caliber is larger in gig, it is expected that
velocity of propagation will be faster than normal. Convergence
of ipsilateral and contralateral inputs in each glomerulus thus,
might register slight asynchrony, the functional effects of which in
olfactory processing are unknown. In this context, it is plausible
that if mosaics could be generated with both antenna being
mutant, the behavioral changes would be more extreme. Produc-
ing this type of mosaics, however, is not yet feasible.

Odorant sensation activates specific combinations of glomeruli
(Joerges et al., 1997; Rubin and Katz, 1999). Because the con-
nectivity in gigas is not altered, it is reasonable to assume that the
glomerular code will also remain unchanged, at least in terms of
the combination of activated glomeruli. Changes, however, will
be expected in the intensity of activation. It is thought that the
larger the number of boutons on a neuron, the higher its capabil-
ities for integration (Gulyas et al., 1999). In this context, neurons
postsynaptic to mutant sensory cells are expected to modify their
activation properties. Although glomerular activation maps can-
not yet be visualized in Drosophila, odorants are perceived be-
cause they produce behavioral responses. The main difference,
however, is the concentration at which each response is elicited
and its magnitude. Odorant concentrations that normally cause
indifference (e.g., 10 � 8) are clearly attractive to the mutant
mosaics. At peak attractive and repellent concentrations, the
mean response values are increased in g ig; the increment is
notably largest (100%) for the repellent response. This result is
consistent with the general observation that aversive responses
are more extreme than attractive ones in all organisms (Izqui-
erdo, 1984). The maintenance of this difference, in addition to
the consistency of the behavioral olfactory profile, indicates
that the integration of odorant stimuli is not overtly abnormal
in g ig.

An important aspect of odorant perception is the modulatory
effect sustained by feedback mechanisms from higher areas of the
brain. In honeybees (Rehder et al., 1987), cockroaches (Salecker
and Distler, 1990), and moths (Kent et al., 1987), centrifugal
serotonin-immunoreactive neurons project to most, if not all,
glomeruli in the AL. These neurons serve as a feedback pathway
in olfactory processing, controlling the responsiveness of projec-
tion AL neurons (Salecker and Distler, 1990; Sun et al., 1993).
These modulatory effects are likely to have a significant impact on
odor-dependent behaviors (Kloppenburg et al., 1999). Although
equivalent neurons have not yet been described in Drosophila, our
EM images show terminals with dense core vesicles of the same
diameter as those found in serotoninergic terminals of Periplaneta
americana (Salecker and Distler, 1990) and Manduca sexta (Sun
et al., 1993). In gig mosaics, however, these terminals are not
significantly increased in number (Table 4), suggesting that this
putative neuromodulatory mechanism does not compensate the
increased synaptic input from gig afferents.

The behavioral response of gig mosaics to the odorant prefer-
ence tests can be described as an increment in perception sensi-
tivity. We use the term “perception” to underline the fact that the
odorant stimulus has been processed and results in a coherent
behavior. Current opinion in the field of psychophysics considers
perception to be a constructive process in which the individual
generates it, presumably in integrative brain centers. Perception
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is also thought to be limited to stimuli that the individual is
prepared to perceive (Seligman, 1971). The type of manipulation
applied here to an insect allows analysis of these issues in a novel
way. At present, within the limits of the model used and modify-
ing primary sensory neurons only, we can conclude that increas-
ing the number of synapses endows the organism with a greater
perception sensitivity, leaving the processing of the stimulus
mostly intact. In an accompanying report (Devaud et al., 2001),
we address the relationship between synapse number and olfac-
tory behavior in a complementary way. Both experimental ap-
proaches lead to the same result, a positive correlation between
synapse number and sensory perception.
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the number of synapses in the cerebral cortex: methodological consid-
erations. Cereb Cortex 9:722–732.
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