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Insects are capable of detecting, and discriminating between, a very large number of odours. The biological
relevance of many of those odours, particularly those related to food, must first be learned. Given that the num-
ber of sensory receptors and antennal lobe (AL) glomeruli is limited relative to the number of odours that must
be detectable, this ability implies that the olfactory system makes use of a combinatorial coding scheme
whereby each sensory cell or AL projection neuron can participate in coding for several different odours. An
important step in understanding this coding scheme is to behaviourally quantify the degree to which sets of
odours are discriminable. Here we evaluate odour discriminability in the fruit fly, Drosophila melanogaster, by
first conditioning individual flies to not respond to any of several odourants using a nonassociative conditioning
protocol (habituation). We show that flies habituate unconditioned leg movement responses to both mech-
anosensory and olfactory stimulation over 25 unreinforceed trials. Habituation is retained for at least 2 h and is
subject to dishabituation. Finally, we test the degree to which the conditioned response generalizes to other
odourants based on molecular features of the odourants (e.g. carbon chain length and the presence of a target
functional group). These tests reveal predictable generalization gradients across these molecular features. These
data substantiate the claim that these features are relevant coding dimensions in the fruit fly olfactory system, as
has been shown for other insect and vertebrate species.

[Chandra S B C and Singh S 2005 Chemosensory processing in the fruit fly, Drosophila melanogaster: Generalization of a feeding re-
sponse reveals overlapping odour representations; J. Biosci. 30 679-688]

1. Introduction Kashiwadani et al 1999). Peripheral sensory cells exhibit

a range of tuning properties, from narrowly tuned insect

Olfactory systems of insects and mammals exhibit an array
of similarities (Homberg et al 1989; Hildebrand 1995; Hilde-
brand and Shepherd 1997; Strausfeld and Hildebrand
1999). A large number of sensory cells, which transduce
chemical information into electrical signals, converge
onto several orders of magnitude fewer regions — termed
glomeruli —in the insect antennal lobe (AL; Homberg
et al 1989; Sandeman and Sandeman 1998) and in the
mammalian olfactory bulb (OB; Shipley and Ennis 1996;
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pheromone receptor cells (Boeckh et al 1965; Mustaparta
1997) to more broadly tuned cells characteristic of
mammals and some insects (Boeckh et al 1965; Getchell
1974; Akers and Getz 1993; Bozza and Kauer 1998;
Shields and Hildebrand 2001). The latter type of cell is
excited to varying degrees by a small set of odourants or
mixtures (Bozza and Kauer 1998). In the AL and OB, the
incoming sensory information is further processed by way
of local interneurons, the mgjority of which are GABAergic
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(Homberg et al 1989; Shipley and Ennis 1996), as well as
by descending modulatory inputs from other brain cen-
ters (Shipley and Ennis 1996).

These similarities in coding schemes have arisen through
use of families of odourant receptors (Buck 1996, 2000;
Mombaerts 1999). Odourants interact with a large array
(less than 100 to approximately 1,000 depending on the
species) of G-protein coupled receptors expressed by
sensory cells (Buck and Axel 1991; Clyne et al 1999;
Vosshall et al 1999). These receptors exhibit significant
similarity in molecular sequences across vertebrate species
from fish to mammals (reviewed in Mombaerts 1999),
which implies that the receptors are evolutionarily homo-
logous. Yet sequences differ significantly across insect
orders and between insects and vertebrates (Strausfeld
and Hildebrand 1999). This lack of homology indicates
that the similarities in coding properties at the systems
level may have arisen due to convergent evolution.

Convergence implies that there are important func-
tional principles of olfactory systemsin general that may be
revealed by more in-depth comparative analyses (Strausfeld
and Hildebrand 1999). One component of these analyses
must involve behavioural investigations of how these
convergent groups of animals (invertebrates and verte-
brates as well as different insect orders) represent infor-
mation about odours. Studies of sex pheromone process-
ing, for example, have proven to be particularly useful
for mapping the relationship between behaviour and
physiology (Hildebrand 1995). Male moths identify and
orient to conspecific females by means of a blend of
odourants that is specific to that species (Mustaparta 1997).
Sensory cells are relatively narrowly tuned to compo-
nents of the blend (Hildebrand 1995), and they project to
specialized processing centers in the brain (Homberg et
al 1989). This scheme is generally referred to as labelled-
line coding.

Insects also learn about a variety of nonpheromonal
odourants that are usually associated with food (Smith
and Getz 1994). Severa studies have now begun to re-
veal how these odours are represented in the insect olfac-
tory system (Boeckh et al 1965, 1984; Akers and Getz
1993; Stopfer et al 1997; Galizia et al 1999, 2000; Jons-
son and Anderson 1999; Shields and Hildebrand 2001).
There is a large number of such odours relative to the
number of sensory cells and receptor types. Therefore,
broadly tuned cells contribute to encoding these odours
such that a given cell most likely participates in encoding
several different odours (Akers and Getz 1994; Shields and
Hildebrand 2001). This cross-fiber sensory input is con-
verted by processing in the AL into a code that has both
spatial and temporal properties (Laurent 1996, 1999).

This ‘combinatorial’ coding would lead to greater
overlap in neural representations for odourants across
sensory cells and in the AL and OB (Cinelli et al 1995;
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Bozza and Kauer 1998; Laurent 1999; Malnic et al 1999).
To evaluate this type of processing, honey bees and moths
have been associatively conditioned to a target odourant
followed by generalization testing with an array of
odourants that differ from the target odourant along one
or more dimensions of molecular structure (Smith and
Menzel 1989; Fan et al 1997; Stopfer et al 1997; Hosler
et al 2000; Daly and Smith 2000; Daly et al 2001). After
conditioning to a target alcohol, ketone or aldehyde, for
example, honey bees and moths reveal smoothly decay-
ing generalization gradients as a function of carbon chain
length, shape and functional group (Daly et al 2001).
This pattern of generalization would be consistent with a
combinatorial coding scheme in which the neural repre-
sentations for those same odourants overlap as a function
of the same molecular structures, as has been reported for
the rabbit OB (Imamura et al 1992; Katoh et al 1993;
Mori et al 1999).

Several molecular and physiological techniques must
now be employed to test this hypothesis in the AL. These
types of investigations would be greatly augmented by
use of genetic information and techniques that has been
developed for the fruit fly, Drosophila melanogaster.
Establishment of behavioural protocols would permit use
of lines in which sensory receptors or more central bio-
chemical pathways have been genetically identified (Vos-
shall 2001). Furthermore, behavioural analysis of olfactory
dimensions in the fruit fly would provide valuable com-
parative information because of the somewhat more limited
capacity for odour coding in this species, which pos-
sesses only 43 glomeruli as opposed to 60 in the sphinx
moth or 160 in the honey bee, respectively (Flanagan and
Mercer 1989; Rospars and Hildebrand 1992; Stocker
1994).

Here we report on development of an assay that makes
use of nonassociative modification of behaviour to odours.
This assay is relatively easy to use and should be adapt-
able to a wide variety of investigations that involve hy-
potheses about molecular genetic mechanisms of olfac-
tion in this species. More importantly, this assay reveals
that there is a correspondence between molecular charac-
teristics of odourant molecules and how flies perceive
odours. Smoothly decaying generalization gradients im-
ply that the odour code for this species makes use a com-
binatorial mechanism.

2. Materials and methods

The subjects used were male and female Drosophila mela-
nogaster. All flies were cultured on a standard cornmeal
medium in a half-pint milk bottles and maintained on a
16 h: 8 h light/dark cycle at 25°C and 50% relative hu-
midity. Groups of 20-25 flies were transferred everyday
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to an empty vial, where they were anaesthetized by cool-
ing in a freezer (—20°C) for approximately one minute.
Each fly was mounted in a 200 M micropipette tip in
such way that its head and forelegs protruded through the
small hole at one end, which was widened to approxi-
mately of 03 mm inner diameter (Vargo and Hirsch 1982).
The wide end of the micropipette tip was closed with
modelling clay, which prevented the fly from escaping
and provided flexibility for positioning the fliesin the train-
ing arena. Mounting of flies was done between 1000 am
and 1>00 pm Experiments were started 30 min | ater.

Each fly was conditioned for movement of its first pair
of legs using odour as the conditioned stimulus (CS). We
used geraniol, 1-hexanol or blank as the CS depending on the
experiment. A conditioning trial began after we placed a
subject into a conditioning arena through which air was
constantly drawn over the subject’s antennae and into an
exhaust vent. The exhaust ensured that odour was removed
quickly from the arena. Odour delivery began approxima-
tely 30 s after a subject was placed into the arena and it
lasted 4 s. Odourant delivery was accomplished by acti-
vation of avalve that was controlled by a parallel port on
a computer. When it was activated, the valve carried air
through a 1 cc glass syringe that contained 3 pl of pure
odourant applied to small strip of filter paper. Each tria
lasted for 60 s, after which the next subject was placed
into the conditioning arena and the procedure was repeated.

2.1 Response measures

The response of flies to odour was categorized into three
levels based on their movement of their first pair of legs.
Flies normally move their legs intermittently. Generally,
the CS was presented when the fly was motionless. Most
flies either did not respond or paused a response during
the 4 s presentation of CS. Flies typically initiated leg
movement after termination of the CS. We recorded the
response as ‘0’ if afly failed to start moving its legs within
3 s after termination of the CS. We recorded the response
as 'l if afly started moving its legs within 3 s after ter-
mination of the CS and continued to move its legs up to
but not exceeding 9 s. We recorded the response as ‘2’ if
the fly continued to move its legs for more than 9 s after
the presentation of CS. The latter response is the most
vigorous response, which is on average the response from
flies when first presented with a novel odour.

2.2 Habituation to odours

The goal of this experiment was to demonstrate habitua-
tion of the leg movement response to odour. In this ex-
periment, flies were exposed to 25 trials of odour presen-
tation as described above. Three different treatment groups

L

were used, and each group corresponded to different odour
treatments. 1-hexanol, geraniol and air alone. Odour
treatments were presented in an air background. By com-
parison of the response to odour + air to air alone we
could evaluate whether any observed habituation was to
the odour, to the mechanosenosry stimulation provided
by air, or to a combination of both. The response of each
fly was recorded on each trial as described above. We
conditioned five flies per day and therefore maintained
an inter-trial interval of 5 min. Approximately 20 animals
were conditioned for each treatment group.

2.3 Dishabituation to odours

The purpose of this experiment was to find out whether a
sensitizing stimulus could disrupt habituation to odourants,
which is an important test criterion for habituation
(Thompson and Spencer 1966). The previous experiment
indicated that 25 presentations of odourant were suffi-
cient to habituate flies to odour. We therefore chose 25
trials as a standard for this and all subsequent experi-
ments. From this point onwards, we used an automated
delivery apparatus to habituate flies to odours. A trial
began after we placed 10 flies at a time into a condition-
ing arena through which air was constantly drawn into an
exhaust vent. Automated odour delivery was program-
med for every 5min for 25 trials. Each day one of the
three odours (geraniol, octanal and hexanal) was used as
the CS. Because we used an automated odourant delivery
apparatus to habituate flies, we did not record the ha-
bituation curve.

After the presentation of 25 trials of odour, flies were
removed from the conditioned arena and held on a desk
for approximately 10 min. We chose 5 flies at random
that were then brought to the test arena. Each fly was first
tested for a response to the conditioned odour that was
used on that day, and its response was recorded as de-
scribed above. Each trial lasted for 60 s. Then, each fly
was fed with 16 M sucrose solution for approximately
2 s and tested again immediately afterwards. A total of 28
flies were used in this experiment.

2.4 Retention of habituation to odours

This experiment was designed to determine how long flies
retain habituation to odours. Each day flies were condi-
tioned to 25 trials with one odour (geraniol, octanal or
hexanal). A group of 5 flies were then tested for their
response to the conditioned odour they had been exposed
to 10 min after the end of conditioning period. The second
group of subjects was kept on a desk for 2 h. This second
group was then identically tested. A total 25 animals were
used in each treatment group.
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2.5 Generalization to odours

The purpose of this experiment was to evaluate generali-
zation to odourants that are of similar or dissimilar che-
mical structures. Moths (Daly et al 2001) and bees
(Smith and Menzel 1989; Stopfer et al 1997; Hosler et al
2000) generalize among the odourants to a degree that
relates to molecular similarities of conditioning and test
odourants. The basic structure of our first series of gener-
alization tests was to test flies with three odourants,
which were presented in a randomized sequence across flies.
One of the test odourants was the conditioned odourant,
which had been presented over 25 trails as described
above. A second test odourant was similar to the molecu-
lar structure of the conditioned odourant. The structure of
the remaining test odourant was dissimilar to the condi-
tioned odourant.

The first groups were conditioned either to 1-hexanol
or to 1-octanol and then tested with 1-hexanol, 1-octanol
and geraniol. The first two odourants are alcohols that
differ in carbon chain length by two carbons. These two
odourants are structurally dissimilar to geraniol, which is
a terpene. In the second group, we used either hexanal or
octanal as conditioned odours. Both are aldehydes that
differ in chain length by 2 carbons. Again we used gera-
niol as the dissimilar odour. In the third group, we condi-
tioned flies to the terpenes geraniol or linalool. Here we
used hexanal as the dissimilar odour. In each group we
tested 5 flies per day, which maintained a 5min inter-
trial interval for the test series.

2.6 Satistical analysis

For the habitution curve, we compared the distribution of
responses to stimuli over 25 trials by Two-way ANOVA
(Sokal and Rohlf 1997). Data were recorded as O for no
response, 1 for a response and 2 for a normal/baseline
response as described above. These data were used to creste
a habituation curve, which showed the average response
across flies by trial for each stimulus. This analysis re-
vealed the main effects of stimulus and trial as well as
the interaction between the two main effects. For all
other experiments, we calculated the accumulated num-
ber of flies that fell in each response category (0, 1, 2).
Then we compared the distribution of responses between
different treatment groups by a chi-squared analysis (So-
kal and Rohif 1997).

3. Results

3.1 Habituation to odours

Figure 1 illustrates the mean response levels of flies to
geraniol, hexanal and air alone over 25 trials. Each fly
had a response of 0 or 1 or 2 in each trial. Each point at
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each trial number (from 1 to 25) shown in the figure re-
presents an average response of 14 flies to one of the three
stimuli (Hexanal or Geraniol or air). There was a signifi-
cant effect of stimulus (df =2; F =2224; P <0X01).
Flies showed more habituation to an air stimulus than to
air that contained either of the two odour stimuli. This
effect is most evident after trial number 17, when re-
sponse levels of flies tested with air alone were consis-
tently lower than either group exposed to air that con-
tained odour. There was also a significant effect of trial
(df =24, F =991, P <0%01), which reveal habituation.
In the first trials flies showed on average significantly
higher levels of response to al stimuli than in later trials.
This habituation across trials was evident to al three stimuli,
because the interaction between stimulus and trial was
not significant (df = 48; F = 0%65; ns).

The mean response levels shown in figure 1 reflect the
average response probability across a population of 14
flies. But this mean population response level is reflected
on average in the behaviour of individual flies (figure 2).
However, we cannot say for sure exactly what fraction of
flies behaves as in figure 2. This is simply because no
two flies show exactly the same degree of habituation.
Most flies initially show strong responses (‘2') toward
odour. After a few trials the probability of the less vig-
ourous response levels (a‘1’ or a‘Q’) increases. Thus the
responses are predominantly vigourous (‘2') early on,
and across trials the frequency of a ‘2’ decreases in fa-
vour of the less vigourous categories. Note that after 25
trials we do not completely habituate the response, which
is evident in an occasional ‘2'. Furthermore, in any popu-
lation of flies there are dways a few flies that fail to
show evidence of habituation (figure 2D).

3.2 Dishabituation to odours

After habituation treatment, sucrose stimulation caused
dishabituation to odour. Figure 3 shows the response of
flies to the conditioned odour before and 2 s after sucrose
stimulation. Flies tested immediately after sucrose stimu-
lation showed much higher level of responses to the con-
ditioned odourant than they did before stimulation (N =
28, X? = 20001, P < 0:0001).

3.3 Retention of habituation

Habituation to odours lasted at least for 2 h, which was
the longest interval over which we tested for retention.
Figure 4 shows the response of flies to the conditioned
odour in two control and odour treatment groups, one
tested 10 min (figure 4A) and the other 2 h (figure 4B)
after habituation treatment. Tenmin after habituation
treatment, flies in the control group showed significantly
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higher levels of response than that of the subjects in the
treatment group (N =24; X?=1123; P < 0%03). Twoh
after the habituation treatment, again flies in the control
group showed significantly higher level of response than
that of flies in the experimental group (N=24; X?=
12>21; P < 0X0001).

3.4 Generalization to odours

Flies generalize habituation to odours to a degree that is
correlated to molecular similarity. Figure 5 illustrates the
response of three sets of flies to the conditioned, similar
and dissimilar odours. When we conditioned flies either
to 1-hexanol or to 1-octanol (figure 5A), and then tested
their responses to the remaining alcohol and the dissimi-
lar odour (geraniol), flies showed significantly higher
level of responses to geraniol than to 1-hexanol and 1-
octanol (N = 26; X* = 1221; P < 001). When tested with
the conditioned odour (either 1-octanol or 1-hexanol),
most flies were scored as having responded at an inter-
mediate (‘1) level. The distribution of responses was
similar for the similar odour, athough there was a slight
shift toward higher (‘2') levels of responding. Finally, in

-
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responding to the dissimilar odour most flies fell into the
highest response (‘2") category.

A similar pattern of generalization across the condi-
tioned, similar and dissimilar odours was evident when
we condition to the other two sets of three odours (figure
5B,C). When we conditioned flies either to hexanal or to
octanal, then tested their responses to both aldehydes and
to the dissimilar odour (geraniol), flies showed a signifi-
cantly higher level of response to the dissimilar odour
than to either hexanal or octanal (figure 5B; N=25;
X? = 13+4; P < 001). Note that in this set the distribution
of responses to S was more intermediate in relation to the
conditioned odour and the dissimilar than in the previous
set of odourants (figure 5A). When we conditioned flies
either to geraniol or to linalool (figure 5C), then tested
their responses to a dissimilar odour (hexanal), flies
showed a significantly higher level of responses to hex-
anal than to either geraniol or linalool (N=29; X*=
1148; P < 0%02).

In summary, in all three cases the habituated response
to the conditioned odour generalized more to the similar
odourant more than to the dissimilar odourant. Further-
more, the degree to which the distribution of responses
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Figure 1. Habituation of fruit flies to air or to air containing geraniol or hexanal. Three groups of re-

strained flies (Vargo and Hirsch 1982) were exposed to 25 trials (x-axis) during which they were exposed
to a stimulus for 4 s every 5 min (inter-stimulus interval). Leg movement behaviour was scored as 0, 1 or
2 based on criteria in the text, and the mean response level (y-axis) is shown as a function of trial. Verti-
cal bars at trials 10 and 20 represent standard errors for the group exposed to air (N = 14). Vertical bars at

trials 4 and 14 represent standard errors for the grou

p exposed to geraniol (N = 14). Vertical bars at the

trials 7 and 17 represent standard errors for the group exposed to hexanal (N = 14).
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changed from tests with the conditioned odour versus
tests with the similar odour depended on the odours being
tested.

4. Discussion

We have demonstrated generalization of habituation to
odour in the fruit fly. We found that fruit flies show
strong unconditioned responses to stimulation either with
air or with air that carries odour. Given the means of re-
straint (Vargo and Hirsch 1982), these responses are mani-
fested in a change in rates and patterns of leg movement.
Typicaly, flies failed to move their forelegs with the
onset of stimulation. Naive flies responded to stimulus
offset by a rapid and extended increase in the rates of leg
movement. The latency and probability of initiation of
movement change with repeated stimulation. After 4 or 5
trials the latency begins to increase and the duration,
which is associated with very long latencies, decreases.
Thus the distribution of response strength slowly shifts
from ‘strong’ (short latency and long duration) responses
to weak or nonexistent responses. This shift toward weak
responses continues at least through trial 25. Without
further training we cannot conclusively state at this point
that the shift reaches an asymptote.

This decrease in response strength with repeated stimu-
lation is consistent with habituation (Thompson and
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Spencer 1966; Pearce 1997) rather than sensory adapta-
tion. First, the decrement in responding lasted at least
2 h. In fact, we failed to observe any indication of recov-
ery over this time. Second, we were able to demonstrate
dishabituation, which is an important criterion in studies of
habituation (Thompson and Spencer 1966). In our stud-
ies, sucrose presentation increased the response to a habi-
tuated odourant. Dishabituation refers to the reestablish-
ment of a habituated response shortly after presentation
of a sensitizing stimulus. Flies are sensitized by presenta-
tion of sucrose, which can be revealed by a transient in-
crease in response to previously neutral stimuli such as
water (Dethier et al 1965; Vargo and Hirsch 1982).

We have studied generalization of habituation as a
means to investigate odour coding in the fruit fly olfac-
tory system. Learned behaviours typically generalize to
stimuli other than the CS based at least in part on the
physical similarity of the stimuli (Mackintosh 1983; Pearce
1997). Once flies have undergone habituation treatment,
they reveal a lowered responsiveness to stimuli other
than the one used for habituation treatment. It is impor-
tant that this generalization of habituation does not ex-
tend equally to all stimuli. Thus it does not represent a
nonspecific decrement in responsiveness due to a change
in, for example, motivational state or health. Further-
more, even though there is some decrease in response to
air alone, the decrease is not attributable entirely to habi-
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Figure 2. Responses of individual fruit flies across trials to air containing odour. (A—C) Flies that re-
vealed differing degrees of habituation. (D) Example of afly that failed to reveal habituation.
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tuation to that component of the stimulus. Instead, gener-
alization extends to other odourants as a function of simi-
larity of molecular structure, which demonstrated that
odourant is a salient part of the stimulus. Once condi-
tioned to an aliphatic acohol or aldehyde, such as 1-
hexanol and hexanal, or to a terpene such as geraniol,
there is an orderly increase in responding to odourants
that are progressively more different in chain length or
structure than to an odourant that represents a signifi-
cantly different carbon chain structure. Furthermore, for
a given carbon chain length generalization is stronger,
that is, the response is lower, among compounds that
contain the same functional group and the one to which
flies were habituated.

We assume that the shapes of these gradients reveal
information about the nature of olfactory coding at least
for the range of odourants that we have tested. We hy-
pothesize that there is a gradient of habituation that un-
derlies the orderly generalization we observe across
odourants. We have observed the same type of gradual
generalization decrement in studies with honey bees
(Apis mellifera; Smith and Menzel 1989; Stopfer et al
1997; Hosler et al 2000) and moths (Manduca sexta;
Daly et al 2001) that used the same or similar sets of
odourants. But for those species a different assay was
used to evaluate the generalization gradients. Moths and
honey bees typically fail to revea strong appetitive res-
ponse to odourants. Spontaneous response probability for
any animal, or for a population of animals, to odourants
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Figure 3. Dishabitutation after presentation of sucrose. Dis-
tribution of leg movement scores after habituation treatment to
air containing odour (left), and again in the same group of flies
after sensitization treatment that involved sucrose presentation
to tarsi (right). The y-axis represents the percentage of flies that
fell into each of the response categories (N = 28 flies).
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are typically on the order of 10% (Menzel 1990). Never-
theless, after excitatory conditioning (Menzel and Bit-
terman 1983; Menzel, 1990; Bitterman 1996; Daly and
Smith 2000) the response rates usually lie between 50%
and 100% of animals responding. Furthermore, when
tested with similar or the same odourants used in this study,
the excitatory response generalizes to odourants other
than the one conditioned and, as reported here for habi-
tuation in fruit flies, generalization reveals an orderly de-
crement over carbon chain structure and functional group.
The fact that similar smoothly decaying generalization
gradients occur across 3 widely dispersed insect species
using 2 different conditioning protocols (associative con-
ditioning and habituation) indicates that odour coding
may occur by way of a common, perhaps convergent un-
derlying process. Clearly these types of studies should be
performed with a wider array of odourants and mixtures.
And the systematic exploration of odour perception by
way of generalization gradients should be performed with
a wider array of animal species (Linster and Hasselmo
1999; Linster and Smith 1999). But in the meantime it is
reasonable to propose that there exist perceptual dimen-
sions in the olfactory systems of these animals that roughly,
if not exactly, correspond to the molecular dimensions
that we have systematically manipulated in our testing
protocols. Discriminability of odourants along these dimen-
sions should be a function of generalization (Mackintosh
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Figure 4. Retention of habituation 10 min (A) or 120 min (B)
after habituation treatment. In each retention treatment one
group of flies was habituated to air as a reference (open bars)
and a second group was habituated to air containing odour (filled
bars). The y-axis represents the percentage of flies in each treat-
ment that fell into each of the response categories. Samples sizes
are: (A) air = 23; air + odour = 24: (B) air = 22; air + odour = 24.
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1983), such that stronger generalization should correlate
to lowered discriminability.

These dimensions defined in behavioural studies should
correspond to spatial and/or temporal codes for odours in
sensory processing in the olfactory system. One would
predict, for example, that odourants for which there is
strong generalization, and hence lowered discriminabil-
ity, should show greater similarity in the way that they
are represented in early sensory processing (Linster and
Hasselmo 1999). One way that this gradient of similarity
might be implemented is in a combinatorial coding scheme
in which any given sensory cell, or projection neuron in
the AL, would participate in coding for a few to severa
different odourants (Bozza and Kauer 1998; Laurent
1999; Malnic et al 1999). Thus the neural code for an
odour would be combinatorial in the sense that it would
depend on the ensemble of neurons that are activated,
and a similar odour would activate a slightly different
ensemble that overlaps with the first in its spatial (Galizia
et al 1999, 2000) and temporal (Laurent 1996; Stopfer
et al 1997) properties. Dissimilar odours would activate
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perhaps a neural ensemble that failed to overlap with the
first. This would be consistent with the ‘zonal’ organiza-
tion recently proposed for the mammalian main and ac-
cessory OBs (Mori et al 1999) and for the zebrafish OB
(Friedrich and Korsching 1997).

Fruit flies are endowed with approximately 1,300 ol-
factory sensory neurons that collectively express on the
order of 50 odourant receptors (Clyne et al 1999;
Vosshall et al 1999; Vosshall 2001). Each sensory cell
expresses one or a very small subset of odourant recep-
tors (Vosshall 2001). As in mammals (Mombaerts 1999),
sensory cells that express the same receptor project axons
that converge onto one or two of the 43 glomeruli in the
antennal lobe in a manner that is spatially invariant across
individuals (Vosshall 2001). This type of spatial organi-
zation is conserved across other vertebrates and inverte-
brates in regard to patterns of glomerular activation upon
stimulation with different odourants (Galizia et al 1999;
Mori et al 2000). Sensory neurons in fruit flies revea a
combination of excitatory and inhibitory responses to
different odourants (de Bruyne et al 1999). Neurons are
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Figure5. Generalization of habituation. Three different groups of flies were habituated over 25 trials to
hexanal (A), 1-hexanol (B) or geraniol (C). After habituation treatment they were tested once with each
of the three odourants listed in each graph presented in a randomized order across flies. In each case, the
habituated odourant is referred to on the x-axis as the CS, whereas the structurally similar and dissimilar
odourants are referred to as ‘'S’ and ‘D’ respectively. The three bars for each test odourant represent the
percentage of animals that fell into each of the three response categories. Samples sizes are: (A) N = 26;

(B) N=32; (C) N = 29.
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tuned to respond to odourants from a restricted set or
class of compounds. Within that class the neurons are
somewhat broadly but nevertheless differentially tuned to
respond to a more restricted range of odourants. It is pos-
sible that this coding scheme could give rise to the or-
derly generalization gradients we have observed. We would
predict that the overlap of activation of different, related
receptors by different odourants will correlate to the de-
gree of generalization between those odourants. Given
the possihilities that exist to now record from sensory cells
in fruit flies and manipulate receptor expression it should
be feasible to test this hypothesis.
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