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Drosophila melanogaster larvae were pre-stimulated with high concentrations of six homologous alcohols
(C4—C9) and then tested for adaptation and cross-adaptation using these same alcohols, four aliphatic
n-acetates and three acids. Pre-stimulation with hexanol effectively reduced to zero (abolished) test
responses to all six alcohols, whereas test responses to hexanol were only affected by pre-stimulation with
hexanol. This substance appears to play a fundamental role in the organization of the larval olfactory
system. Test responses to butanol and pentanol, and the effect of pre-stimulation with butanol and
pentanol, were not significantly different, indicating that they are sensory equivalents. Heptanol, octanol
and nonanol induce a complex set of responses among one another. Cross-adaptation between functional
groups was observed, in particular following pre-stimulation with hexanol, but there was also evidence
that functional groups are coded separately. A model of olfactory processing in the fruitfly maggot is
presented that explains the data and provides predictions for future anatomical, genetic and electrophy-

siological studies.
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1. INTRODUCTION

The olfactory responses of Drosophila melanogaster larvae
represent a neurobiological enigma. Fruitfly maggots
respond to most odours with which they are presented (51
out of 62 substances tested; Cobb 1999), and yet they
possess only 21 olfactory receptor neurons (see Cobb
(1999) for a review). Until recently, the Drosophila genome
was thought to contain about 100 olfactory receptor genes
(Clyne et al. 1999; Vosshall et al. 1999), but following the
completion of the genomic sequence, this has now been
reduced to approximately half this figure (Vosshall e al.
2000). We know nothing about (i) the ligand specificity of
these receptors, (ii) how many genes are expressed at the
larval stage, and (iii) how many types of receptor mol-
ecules are present on each larval receptor neuron. These
are the key elements of a fundamental problem of olfac-
tion: Can the system discriminate all detectable odours, or
are some stimuli subject to common processing, 1.e. what
are the coding principles used by the olfactory system?

Most models of non-pheromonal olfactory processing
assume that odour receptor ligands represent character-
istic features of odour molecules (‘odour primitives’
(Shepherd 1991) or ‘odotopes’ (Hildebrand & Shepherd
1997)), which are shared by a number of odour molecules
and are used to construct a central ‘molecular image’.
This implies that there are at least two levels to olfactory
coding: the detection of ‘odour primitives’ and their inte-
gration.

In adult D. melanogaster our understanding of the princi-
ples underlying olfactory coding remains extremely
limited, despite some recent electrophysiological work (de
Bruyne et al. 1999). In adult Drosophila, as in vertebrates,
it appears that each olfactory receptor neuron only
expresses one type of olfactory receptor molecule. If the
same 1s true at the larval stage, then at most 21 different
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‘odour primitives’ will be detected and many odours will
turn out to be sensory equivalents, i.e. sharing one or
more ‘odour primitives’. It is also possible that each larval
olfactory receptor neuron carries more than one type of
receptor molecule, as is the case in Caenorhabditis elegans
(Troemel et al. 1995), each perhaps linked to a different
second messenger system (Ache & Zhainazarov 1993). In
this case, it 1s unlikely that many odours will be sensory
equivalents, and the limiting factor on the detection capa-
city of the larval olfactory system would be the number of
receptor molecule types that exist. Given the number of
olfactory receptor genes in the fruitfly genome, there
should thus be around 50 types of sensory equivalent.
However, none of the known Drosophila odorant receptor
genes has yet been shown to express in larvae (Vosshall et
al. 2000), perhaps indicating that there is a separate,
larva-specific family of olfactory receptors in this species.

In vertebrates and many invertebrates, olfactory inte-
gration takes place in cerebral glomeruli, which integrate
signals from a large number of neurons and appear to
play a major role in olfactory coding (Mori 1995). In
Drosophila larvae, olfactory neurons show a regional
arborization in the brain, reminiscent of a glomerular
organization (Heimbeck et al. 1999). Molecular images
may thus be constructed by the larval brain from the
inputs of several receptor neurons, increasing the range of
odours that can be discriminated.

The most rigorous way of determining receptor-ligand
relationships and the nature of any integrative functions
would be to carry out single-cell electrophysiological
recordings in both the larval dorsal organ (where odours
are detected) and in the antennal lobe of the larval brain.
However, although an ‘electro-antennogram’ has been
recorded from Drosophila larvae (Oppliger et al. 2000), no
single-cell recordings from the dorsal organ have yet been
reported.

Another approach is to use direct observation of larval
behavioural responses to odours to reveal which odours
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are sensory equivalents. This is more problematic than
might first appear—the most reliable method is that of
‘cross-adaptation’ (Cobb 1999). Continual stimulation of
the olfactory system with a given odour tends to result in
‘adaptation’ (also known as ‘desensitization’), as shown by
a change in the response to that odour, most often its
attenuation or disappearance. If adaptation with odour A
affects the response to odour B (‘cross-adaptation’), it can
be assumed that the two odours share some aspect of
stimulus detection or processing pathways (either central
or peripheral, or both). In the most extreme cases, the
two odours can be taken to be ‘sensory equivalents’, i.e.
they cannot be distinguished through detection, proces-
sing or responses. This technique has been used in systems
such as bacterial chemotaxis (see Koshland (1980) for a
review), isolated lobster olfactory cells (Borroni & Atema
1988, 1989; Daniel et al. 1994), Drosophila maxillary palps
(de Bruyne et al. 1999), in C. elegans’ behavioural responses
(Colbert & Bargmann 1995) and in intact rats (Farley &
Silver 1992). Although the genetic and physiological bases
of adaptation in adult Drosophila have been studied (Stort-
kuhl et al. 1999), adaptation has never been reported in
fruitfly larvae.

There appear to be two kinds of adaptation: (i) that
occurring within a few seconds of stimulation, most
frequently detected in individual cells by biochemical or
electrophysiological methods, and (ii) that which can be
characterized as psychophysiological, involving both the
whole organism and much longer periods of stimulation
(from several minutes to several weeks; Murphy 1987;
Wang et al. 1993). A number of peripheral mechanisms
have been invoked to explain short-term adaptation in
vertebrates: a feedback loop involving Ca®* channels
(Kurahashi & Shibuya 1990), direct inhibition by odor-
ants of a wide variety of ion channels (Kawai et al. 1997),
and multiple kinetic forms of adaptation with different
molecular bases (Leinders-Zufall et al. 1999). The cellular
mechanisms involved in psychophysiological adaptation
are unknown.

A range of odours with different functional groups (e.g.
benzaldehyde, iso-amyl alcohol, butanone, diacetyl, pyra-
zine and thiazone (Colbert & Bargmann 1995); diethyl
propionate, ethyl acetate, E2-hexanal and iso-amyl
acetate (de Bruyne et al. 1999)) have been used in cross-
adaptation tests and, partly for this reason, no precise
conclusions have been reached as to the underlying
coding principles. By wusing a narrower range of
substances from closely related functional groups, and
systematically studying odours of similar molecular sizes,
it should be possible to identify the odour primitives
being coded by the olfactory system, in particular if it is
relatively simple, such as that possessed by the Drosophila
larva. That was the aim of the study reported here.

2. MATERIAL AND METHODS

(a) Preparation of larvae

All larvae used were of the D.melanogaster Canton-S strain.
All tests were carried out on larvae that had been fed on yeast
paste for 24h; olfactory responses in Drosophila larvae are
maximal at this age (Cobb et al. 1992; Cobb & Dannet 1994).
Before testing, larvae were washed from the yeast paste and
starved for 1h on a clean dish covered with agar.
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(b) Olfactory tests

Olfactory responses were measured using the method of
Cobb et al. (1992). A full discussion of this method and the
behavioural, physicochemical and psychophysical factors
involved appears in Cobb (1999). Briefly, between 20 and 70
larvae were placed at the centre of a 10 cm diameter Petri dish
covered with 10 ml of 2.5% agar. The test odour (2.5pl, in all
cases) was placed on a small filter paper on one side of the
dish, using a micro-syringe. All chemicals were Merck analysis
grade. A control paper with no odour was placed on the other
side of the dish. The lid of the dish was replaced; after 5min
the number of larvae on each side of the dish, plus the number
of larvae that had not ‘chosen’, were noted. A larva was
considered to have failed to choose if, at the end of the test,
any part of its body was touching a 3 mm wide zone running
across the middle of the dish. This category includes those
larvae that were immobile and those that were apparently
making their way towards the odour having initially gone in
the other direction (Cobb 1999). The overall percentage of
larvae defined as ‘not responding’ in the control data presented in
table 1 was 15.90 £1.40%. A response index (RI) was calculated
such that RI = ((#,gour — "control) [Motal) X 100). RI varies between
—100 (total repulsion) and + 100 (total attraction). This test
does not measure gustation (Cobb et al. 1992) and the presence
of relatively large numbers of larvae does not produce a
‘stampede effect” (Monte et al. 1989). Each test was repeated
between eight and 16 times. Odour and control sides were
rotated from dish to dish. Statistical analysis was carried out
using two-way ANOVA using Tukey’s honestly significant differ-
ence test for differences between means, and {-tests where
appropriate.

(c) Adaptation

To produce adaptation, larvae were pre-stimulated with an
odour. A large piece of filter paper was placed in the lid of a
Petri dish and an odorant was added to it. Larvae were
placed on the agar surface of the Petri dish, the lid was then
replaced, and pre-stimulation occurred. Larvae were then
removed from the pre-stimulation dish with a wet brush,
placed on dry filter paper for 10s, then transferred onto a
clean test dish, where responses to test odours were measured
as described above. To define the appropriate conditions for
adaptation, larvae were subject to pre-stimulation with six
alcohols (butanol, pentanol, hexanol, heptanol, octanol and
nonanol, C4—-C9) separately, at varying doses and for varying
times, and then tested with 2.5l of the same substance. The
operational definition of adaptation was arbitrarily determined
as a mean RI between —15 and + 15; on this basis the dura-
tions and volumes of pre-stimulation were fixed at 1plh™!
except for pentanol (10 pulh~! and heptanol (2.5 ul 30 min~1).
The best mean auto-adaptation value found for heptanol
(—15.14£8.40) was than the maximum
allowed by the (—=15).
produced no auto-adaptation at any dose, but at 100 pl 55%

slightly ~greater

operational  definition Nonanol
of larvae failed to move, presumably because of toxicity
effects. Octanol induced no significant responses in control
tests, but pre-stimulation induced significant repulsion to
(1-50 ul). To control

adapted larvae were

octanol at all pre-stimulation doses
whether adaptation was permanent,
transferred to clean dishes for 60min and then tested. RlIs
approached their control values (e.g. hexanol =58.43 £ 4.26,
as against 72.94 +3.21), indicating that adaptation is rever-
sible.
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Table 1. Effects of pre-stumulation with six alcohols (C4—C9) on olfactory responses to these alcohols

(Responses are given mean response indices (n > 7), with standard errors in parentheses. The shaded row and column highlight
the role of hexanol and aid inspection of the table. For full details of stimulus volumes, see §2.)

test
butanol pentanol hexanol heptanol octanol nonanol
H.C H,C H,C
H3C/\/\OH AN oy He M Non s NNy H3C/\N\/\OH s NN
pre-stimulation c4 C5 C6 C7 Cc8 c9

control 54.34 53.97 72.94 36.68 -3.78 -32.82
(8.44) (5.80) (3.2 (2.48) (5.37) (3.62)

butanol C4 9.27 12.74 36.49 -1.66 -1.80 -32.96
e N oH (4.91) (5.21) (6.12) (4.99) (4.55) (6.05)

pentanol C5 8.76 -5.50 49.88 9.42 -16.31 -20.19
H.C (2.38) (7.55) (4.55) (3.08) (5.20) (4.32)

NN o

hexanol C6 521 -3.36 11.07 854 -1.41 -11.33
H,C Mol (4.42) (6.14) (3.14) (6.60) (5.31) (7.20)

heptanol c7 51.97 20.78 56.44 -15.14 -27.35 -30.05
HC AAA oH (4.29) (5.77) (4.32) (8.40) (8.64) (3.61)

octanol Cc8 47.27 31.85 75.41 -2.26 -25.76 -46.08
(4.80) (8.08) (5.04) (8.52) (6.32) (4.77)

e AN

nonanol C9 43.71 21.29 77.63 -7.93 -21.27 -40.87

HC \AAANA (3.94) (4.22) (3.46) (7.83) (7.42) (7.07)

3. RESULTS

Adaptation was studied in six alcohols (butanol (C4)—
nonanol (C9)) in 36 pre-stimulation/test combinations
(table 1). As expected (see § 2), no adaptation occurred for
nonanol, whereas the test response to octanol became
repulsive following auto-adaptation. The other four alco-
hols all showed auto-adaptation.

Pre-stimulation with hexanol (shaded row on table 1)
effectively reduced to zero (abolished) test responses to
five of the six alcohols tested here (octanol induced no
significant control response), with no significant differ-
ences between the responses (F555;=2.09, p=n.s.)
Conversely, the test response to hexanol (shaded column
on table 1) was abolished only in auto-adaptation,
although pre-stimulation with the other five alcohols did
significantly reduce the test response to hexanol
(£,45=10.38, p < 0.001).

Responses to test doses of butanol and pentanol
following pre-stimulation with these two alcohols showed
no significant differences (F (pre-stimulation) = 3.24,
d.f.=1,54; F(test)=1.07, d.f. =1,54), and no interaction
(F)54=2.91). This shows that reciprocal adaptation takes
place between butanol and pentanol and implies that they
are sensory equivalents. This is supported by the fact that
they had identical effects on test responses to hexanol
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(tyo=1.60, p=n.s), heptanol (¢, =1.89, p=n.s.), octanol
(ty5=1.98, p =n.s.) and nonanol (t,4=1.77, p=n.s.).

Heptanol, octanol and nonanol tended to produce
similar effects both as pre-stimulatory substances (rows in
table 1) and as test substances (columns in table 1), yet do
not appear to be sensory equivalents, in particular given
the different responses induced by control tests (first row
in table 1). Pre-stimulation with heptanol, octanol and
nonanol did not lead to cross-adaptation to butanol,
pentanol or hexanol, although there was a highly signifi-
cant reduction in the test response to pentanol
(F349=760, p=0.0003). There were no significant differ-
ences between the three substances in their effect on each
other (F,g,=0.04, p=n.s), nor was there any interaction
(Fyg4=134, p=n.s.). lest responses to heptanol, octanol
and nonanol following pre-stimulation with all six alco-
hols were significantly different (Fy 5 =33.18, p < 0.001),
but there was no interaction (£ ;4 =1.69, p=n.s), indi-
cating that test responses to all three substances vary in
the same way as a function of pre-stimulation.

The effects of pre-stimulation with four alcohols
(hexanol, heptanol, octanol and nonanol) on test
responses to four acetates and three acids of similar chain
lengths were studied (table 2). No systematic cross-
adaptation was observed, indicating that odours with
different functional groups are, at least in part, processed
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Table 2. Effects of pre-stimulation with four alcohols (C6—C9) on olfactory responses to four aliphatic acetates (C7-C10) and three

acids (C7-C9)

(Responses are given mean response indices (n > 7), with standard errors in parentheses. For full details of stimulus volumes,

see §2.)
test
pentyl hexyl heptyl octyl heptanoic octanoic nonanoic
acetate acetate acetate acetate acid acid acid
H.C X A H,C X X /\/\/\9\ H C\/\/\/\)o\ /\/\/\/\9\
MY 8en, HCTY G eH, Y8 eH, HC ScH,  HL oH ° OH HC OH
pre-stimulation c7 C8 c9 C10 Cc7 Cc8 C9
control 75.62 -13.39 -31.34 -46.41 51.01 38.79 13.37
(3.36) (5.75) (3.71) (6.12) (2.72) (4.75) (7.24)
hexanol C6 17.48 -14.37 -14.45 -36.93 -13.56 -11.41 -0.61
H,C VN oH (9.78) (3.65) (5.56) (3.46) (6.14) (2.99) (4.73)
heptanol C7 8.07 -35.49 -32.75 -55.11 13.33 -7.64 -8.66
H.C (4.42) (4.91) (4.15) (5.88) (2.55) (4.23) (9.49)
3 \/\/\/\OH
octanol  C8 29.82 -25.81 -12.66 -42.82 37.91 7.71 3.44
HC A G (3.48) (2.58) (5.51) (2.52) (4.56) (4.26) (3.57)
3
nonanol  C9 20.17 —-27.69 -20.60 -62.58 46.94 8.50 -4.78
HSCV\N\/\OH (4.82) (3.95) (6.07) (7.02) (3.85) (5.16) (8.52)

separately. Pre-stimulation with hexanol severely affected
test responses to two of the four acetates tested here. Pre-
stimulation with the other three alcohols was not as effec-
tive: heptanol, octanol and nonanol had significantly
different effects on test responses to the four acetates
(Fyg3=11.22, p=0.0001). However, there was no interac-
tion between pre-stimulation and test factors (Fg g3 =1.30,
p=n.s.), indicating that despite the different effects of
cach alcohol and the different responses induced by each
acetate, there were no significant differences in the way
test responses to these acetates varied as a function of
alcohol pre-stimulation.

Pentyl acetate (C7) was the only acetate to be system-
atically and clearly affected by pre-stimulation with alco-
hols (F, 45=13.81, p=0.0001), although only in one case
(heptanol) was the test response to pentyl acetate abol-
1shed according to the operational definition adopted
here. Test responses to hexyl acetate were significantly
affected by pre-stimulation with alcohols (F3,=4.75,
p < 0.004): pre-stimulation with heptanol, octanol and
nonanol all produced a significant repulsive response,
although pre-stimulation with hexanol had no effect. The
test response to octyl acetate was not abolished by pre-
stimulation with any of the four alcohols, and even the
largest reduction in test responses (pre-stimulation with
hexanol) was not significant (4, =1.35, p=n.s.).

Pre-stimulation with alcohols significantly reduced the
test response to acids compared with control levels in all
but two cases (octanol/heptanoic and nonanol/heptanoic,
Fy9;=3.37, p=n.s.). The overall effects of hexanol and
heptanol pre-stimulation on test responses to acids were
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not significantly different (£, =2.79, p=n.s), abolishing
the differences in the test responses to the three acids
(Fy40=145, p=n.s). Octanol and nonanol showed no
significant differences in their effects (£ 4=0.02, p=n.s.).
Octanoic acid and nonanoic acid showed no differences in
their responses to stimulation with alcohols (#] 36=10.22,

p=n.s.).

4. DISCUSSION

We have shown that D. melanogaster maggots show adap-
tation and cross-adaptation in their responses to olfactory
stimuli, including those between functional groups. For
the first time, we have a glimpse of olfactory coding in
this important model organism. We draw the following
three major conclusions—ecach merits further investiga-
tion, particularly to see whether they also apply to adult
olfactory coding.

First, the processing pathway that underlies the
response to hexanol plays a major role in olfactory
response coding in D. melanogaster larvae. Pre-stimulation
with hexanol abolished test responses to all alcohols, acids
and acetates, with the only clear exceptions being the
weak or non-existent responses to octanol and hexyl
acetate and the strong repulsive response to octyl acetate
(this also demonstrates that pre-stimulation with hexanol
does not completely abolish the olfactory response). The
apparent importance of hexanol is supported by the fact
that hexanol induces the strongest electrophysiological
responses in Drosophila larvae (Oppliger et al. 2000), and
suggests this substance may play a particularly important
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Figure 1. Model of olfactory processing of alcohols (C4—C9) in Drosophila melanogaster larvae, based on data in table 1. Odour
molecules are represented at the top. ‘Receptors’ refers equally to receptor molecules and receptor neurons. SOG denotes
sub-oesophageal ganglion. Round structures represent integration sites, involving either adaptation (A) or an integrative function
(X) that sums positive (+) and negative (—) signals. Arrows indicate the direction of signal transmission; if adaptation occurs,
there is no signal transmission beyond the A integration site. Grey, barred lines indicate lateral inhibition following adaptation.
A site that receives lateral inhibition does not transmit its signal. Adaptation was operationally defined as a mean response index
that was between —15 and +15. The only exception to this is heptanol auto-adaptation, which had a mean value slightly greater
than the maximum operational definition (—15.14 4=8.40; see § 2). This criterion means that some significant effects reported in
table 1 (e.g. the reduction in hexanol test responses following pre-stimulation with butanol or pentanol) are not included in this

model, which thus deals primarily with qualitative effects.

The simplest way of understanding the model is to follow the events it describes. C4 and C5 have different structures but this
has no effect on detection by their shared receptor. C6 has a unique receptor. C7, C8 and C9 share a receptor that can give
different outputs according to the zones that are bound. Stimulation of the C6 and C4/C5 receptors has three effects: (i) the
behavioural response is attraction; (ii) excessive stimulation (i.e. pre-stimulation) leads to auto-adaptation (via the structures
labelled A) and thus to no behavioural response; (iii) pre-stimulation leads to inhibition of some neighbouring integrative
structures. The C4/C) receptor only has one inhibitory effect (on C7-C8 integration); C6 affects both C4/C5 and C7/C8/C9

integration.

The C7/C8/C9 receptor has a more complex structure and can lead to either attraction or repulsion. The response is
determined by two summing functions (X) that receive input from the three parts of the receptor, one of which can be inhibited
by C4/C5, the other by C6. The part of the C7/C8/C9 receptor that is bound by all three odours produces a signal with a positive
sign and can lead to auto-adaptation. The parts that are bound by C8 and C9 and by C9 alone produce a signal with a negative
sign. The first summing function receives input from C7 and C8; if the positive and negative signals are equal (i.e. following a
test presentation of C8), the output is zero and there is no behavioural response. If there is an inhibitory signal following
adaptation with C4/C5, the output is again zero. If there is adaptation of the C7 pathway (i.e. no output from the C7 receptor
following pre-stimulation with C7, C8 or C9) followed by test stimulation with C8, the output is negative. This integrative
structure transmits its signal to a second-level integrative structure, which also receives negative signals from the part of the
C7/C8/C9 receptor that is stimulated only by C9, and can be inhibited following pre-stimulation with C6.

role in the ecology of this species. Further behavioural,
electrophysiological and ecological studies will be neces-
sary to confirm this.

Second, the relatively simple larval olfactory system is
able to generate a substantial degree of discrimination.
Alcohols, and acetates can be discriminated,
suggesting the separate detection of their functional
groups, and only two of the six alcohols tested in cross-
adaptation (butanol and pentanol) appear to be sensory
equivalents. This high degree of discrimination may indi-
cate that the choice of stimuli—all of which can be
detected in fruit, which constitutes the natural medium of
Drosophila larvae (e.g. in cherries; Mattheis et al. 1992)—
was such that we have approached saturation of the olfac-
tory system and that further investigation will reveal

acids
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other substances to be sensory equivalents of the stimuli
tested here. However, it seems intuitively more likely that
the system is in fact capable of responding to a wide
range of stimuli, which implies that the larval olfactory
system possesses one or more of the following factors: a
large number of specific receptors, differential ligand—
receptor binding, or the integration of different ‘odour
primitives’ to form a ‘molecular image’.

Third, the existence of some examples of cross-
adaptation between alcohols and acids and between some
alcohols and pentyl acetate suggests that common coding
principles are at work, perhaps related to chain-length
detection. For example, test responses to C7 and C8 acids
are profoundly affected by pre-stimulation with C6 and
C7 alcohols. Furthermore, test responses to G7 acid are
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unaffected by pre-stimulation with C8 and C9 alcohols,
whereas test responses to G8 acid are profoundly affected.
More extensive studies will be required to confirm and
precisely define this apparent coding principle, and to
investigate its cellular and molecular bases.

The conditions used here (30-60min of pre-
stimulation) were similar to those employed in the study
of adaptation in the behavioural responses of C. elegans as
measured in a similar paradigm (Colbert & Bargmann
1995). Nevertheless, the stimulus intensities and durations
might appear extremely unnatural, and it could be
argued that these data are an artefact produced by over-
loading the olfactory system. There are two responses to
this criticism: first, inducing ‘abnormal’ responses from a
system can nevertheless reveal aspects of its functioning;
second, larvae spend their life burrowing in rotten fruit
where the intensity and the duration of olfactory stimuli
are probably extreme—the kind of processes described
here, far from being aberrations, may be important in the
ecology of this species.

In order to explore the coding principles that underlie
the results presented here, the data contained in table 1
were interpreted in a graphical form (figure 1). A satisfac-
tory model of olfactory coding should be able to explain
the results and provide predictions for further studies, be
they behavioural, molecular, electrophysiological or
anatomical.

There are three classes of receptor in the model (each
represented by a slot), which are activated by stimulus
molecules. Following odour detection, signals with a
positive or negative sign are transmitted to integrative
structures that either lead to adaptation following pre-
stimulation (A), or to a summing function. Adaptation
blocks transmission of the signal to the response
structures, and leads to lateral inhibition of some other
integrative structures. For further explanation, refer to the
figure legend.

Whereas the processes involved in the model are
inferred from the data in table 1 and are thus empirically
based, their equivalent anatomical structures are largely
hypothetical. For example, the role given to ‘receptors’ in
the model could be that of receptor molecules or receptor
neurons, and there is no direct evidence to support the
idea that the larval antennal lobe is involved in this
aspect of olfactory coding. Furthermore, the kind of
lateral inhibition suggested here, which is frequently
encountered in studies of visual processing, is hypothe-
tical in the case of olfaction (Laurent 1999), although
lateral inhibition in the antennal lobe has been implicated
in certain forms of olfactory learning in the honeybee
(Linster & Smith 1997).

This model not only provides a simple explanation of
the data in table 1, it also constitutes a framework for
future anatomical, genetic and electrophysiological
studies. Genetic variants already exist that can test some
of the interpretations presented here. In particular, there
are striking parallels between the genetic and psychophy-
siological data for C7, C8 and C9 processing. For
example, there is a specific genetic anosmia to heptanol,
which is located on chromosome II; larvae with this char-
acter are also anosmic to octanol, but their responses to
nonanol are normal (Cobb e al. 1992). Furthermore, the
Indf mutation (Cobb 1996) abolishes the response to
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nonanol and to octanoic acid, but not to heptanoic acid,
just as pre-stimulation with nonanol abolished the
response to octanoic acid, but not to heptanoic acid. Indf
also abolishes the response to heptyl acetate, while pre-
stimulation with nonanol significantly reduces the
response to this substance. Finally, octanol becomes repul-
sive following pre-stimulation with nonanol, while one
allele of Indf produces a strong repulsive response to
octanol. These data suggest that the common C7-C9
processing network described in figure 1 is the focus of
action of a number of genes.

Recent studies of olfactory coding in vertebrates and
invertebrates tend to support the data presented here. For
example, in isolated rat olfactory neurons, all of the
receptors that responded to octanol and nonanol also
responded to heptanoic, octanoic and nonanoic acid,
whereas receptors that responded to hexanol only
responded strongly to heptanol (Malnic et al. 1999). High
correlations have been found in the glomerular responses
of bees to heptanol, octanol and nonanol, and to
pentanol, hexanol and heptanol (Sachse et al. 1999).
Furthermore, there is a general tendency in both verte-
brates and invertebrates for responses to aliphatic alcohols
and acetates to between C4-C7
substances and substances greater than G7 (Averill et al.
1988; Bargmann et al. 1993; Cobb & Dannet 1994; Tono-
saki & Tucker 1982). These data tend to reinforce the idea
that there are common coding principles at work across
phyla (Hildebrand & Shepherd 1997). Part of the reason
for this may be the physico-chemical properties of these
substances, which would thus impose certain constraints
on the evolution of the olfactory detection and processing
system. The way in which the environment and its compo-
nents have influenced the development of the olfactory
system, in both its molecular detail and its overall sensi-
tivity, will be an important feature of the study of olfaction.
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