First publ.in: EntomologisExperimentaliet Applicatal28(2008),1, pp.81-92
DOI: 10.1111/j.1570-7458.2007.00661.x

Olfactory coding in the insect brain: molecular
receptive ranges, spatial and temporal coding

C. Giovanni Galizia* & Paul Szyszka
Department of Neurobiology, University of Konstanz, 78457 Konstanz, Germany

Key words: olfaction, receptor neurons, neural coding, antennal lobe, mushroom body, Kenyon cells,
Drosophila melanogaster, Apis mellifera, combinatorial coding

Abstract

Odor information is coded in the insect brain in a sequence of steps, ranging from the receptor cells,
via the neural network in the antennal lobe, to higher order brain centers,among which the mushroom
bodies and the lateral horn are the most prominent. Across all of these processing steps, coding logic
iscombinatorial,in the sense that information is represented as patterns of activity across a population
of neurons, rather than in individual neurons. Because different neurons are located in different
places, such a coding logic is often termed spatial, and can be visualized with optical imaging
techniques. We employ in vivo calcium imaging in order to record odor-evoked activity patterns in
olfactory receptor neurons, different populations of local neurons in the antennal lobes, projection
neurons linking antennal lobes to the mushroom bodies, and the intrinsic cells of the mushroom
bodies themselves, the Kenyon cells. These studies confirm the combinatorial nature of coding at all
of these stages. However, the transmission of odor-evoked activity patterns from projection neuron
dendrites via their axon terminals onto Kenyon cells is accompanied by a progressive sparsening of
the population code. Activity patterns also show characteristic temporal properties. While a part of
the temporal response properties reflect the physical sequence of odor filaments, another part is
generated bylocal neuron networks. In honeybees, v-aminobutyricacid (GABA)-ergicand histaminergic
neurons both contribute inhibitory networks to the antennal lobe. Interestingly, temporal properties
differ markedly in different brainareas. In particular, in the antennal lobe odor-evoked activity develops
over slow time courses, while responses in Kenyon cells are phasic and transient. The termination of
an odor stimulus s reflected by a decrease in activity within most glomeruli of the antennal lobe and
an off-response in some glomeruli, while in the mushroom bodies about half of the odor-activated
Kenyon cells also exhibit off-responses.

Introduction

Many insects are highlyspecialized, for example, herbivores
to a particular plant, parasitoids to their host. Often,
finding the appropriate substrate for feeding or oviposition
requires tracking odor signatures. Similarly, sexual
communication within a species often makes use of
olfactory signals, that is, pheromones. Other insects are
generalists and exploit a wide variety of resources. Among
these, honeybees can collect nectar and pollen from a wide
range of flowering plants, with a great diversity of olfactory
displays. Thus, the olfactory system of insects must code
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both for specialized (or evolutionarily determined) and for
generic (or unpredictable) odors. Interestingly, the basic
architecture of olfactory coding is comparable among
all insects, and is comparable even between insects and
mammals, despite their most likely independent evolutionary
history. In recentyears, our understanding of odor coding
in the brain has increased enormously: several receptors
have been characterized in detail, and cellular networks
in the brain are being disentangled. Nevertheless, many
questions remain unanswered, and the role of temporal vs.
spatial contributions to the olfactory code is among them.
In this article, we will present a selective review of some
more recent data that can help us to address this question.
In particular, we will look at an example of a characterized
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Figure 1 Schematic overview of the honeybee central olfactory system. For clarity, different neurons are shown separately left and right in
(A)and (B). (A) Right: olfactory receptor neurons (ORN; different shades of blue) send their axons into the glomeruli of the antennal
lobe (AL). Two types of uniglomerular projection neurons [different shades of green, m- and I-ACT projection neurons (PN)] relay
odor information to the mushroom body (MB) and to the lateral horn (LH). Left: multiglomerular PNs (green, mlI-ACT PN) connect
the AL with the LH. Local neurons (orange, LN) interconnect glomeruli. (B) Right: m- and I-ACT PNs form synapses with Kenyon

cells (KC; magenta), which have their dendrites in the lateral and medial calyces (IC, mC) and whose axons run along the vertical,
medial and y-lobes (vL, ml, and YL). Left: the bilaterally symmetric VUM,,,, neuron (black) mediates the reinforcing function of the
reward and connects the subesophageal ganglion (SEG) with the AL, LH, and MB calyces. OL, opticlobe. Arrows indicate putative

output sides.

odor response profile of a Drosophila melanogaster Meigen
(Diptera: Drosophilidae) olfactory receptor; furthermore,
we will review data from the honeybee antennal lobe (AL),
which is the first brain structure that processes olfactory
information; finally, we will describe recent data about
how these activity patterns are transformed, both in their
temporal and their combinatorial nature, on their way to
the next brain structure, the mushroom bodies (MB).
Olfactory receptor neurons (ORN) are housed in
olfactory sensilla, which are generally located on the insect
antenna,and in many Diptera also on the maxillary palps. In
Drosophila, each neuron expresses one or two receptor genes
(labeled by dOr, which stands for D. melanogaster olfactory
receptor, and a number related to the genomic position),
together with the ubiquitous chaperone receptor, dOr83b
(Larsson et al.,, 2004; Couto et al., 2005; Fishilevich &
Vosshall, 2005). The axons of ORNSs innervate the brain,
and terminate in the primary olfactory center, the AL
(Figure 1A). Here, all axons with the same receptor expression
profile converge onto a single spherical structure, the
olfactory glomerulus. Thus, there is a one-to-one mapping
of olfactory receptor type to glomerulus, and the array of
glomeruli within the AL corresponds functionally and
logically to an array of olfactory receptor types. Odor
coding is combinatorial, in the sense that odors always elicit
characteristic activity patterns across glomeruli. However,

it is unclear whether the brain makes use of all information
that is present in the combinatorial pattern. Some informa-
tion channels contain unique information: for example,
the CO, receptive cells in D. melanogaster are the cells that
express Gr21a (Suh et al., 2004), and they are only activated
by CO,. Thus, activity in its corresponding glomerulus
(the V glomerulus) unambiguously indicates the presence
of CO,. Such a system is called a labeled line system, as
opposed to combinatorial coding. Labeled lines are also
known from pheromone coding systems. However, a
labeled line in the periphery does not imply that this
information channel is used as a labeled line behaviorally.
Specifically, CO, is an important signal for odors from
fermenting fruit in D. melanogaster. However, it willnotact
alone, but rather in concert with fruit odors. CO, is also
part of an intraspecific repellent signal, suggesting that
context odors are needed for disambiguation. Therefore,
despite the labeled line channel for CO, itself, it appears that
the readout from the AL needs to follow a combinatorial logic.
Interestingly, honeybees [Apis mellifera L. (Hymenoptera:
Apidae)] also sense CO,, but must use a different receptor
than D. melanogaster, because there is no homologous
gene to Gr2la in the honeybee genome (Robertson &
Wanner, 2006).

Within the AL, there is a dense network of local
interneurons of different morphology and pharmacology



(Sachse & Galizia, 2006; Sachse et al., 2006; Olsen et al.,
2007). This network transforms and modifies incoming
activity from ORNS, and also creates temporal complexity
(seebelow). Projection neurons (PN) are the output neurons
of the AL (Figure 1). In D. melanogaster and honeybees,
there are two types of PNs: one is uniglomerular, the other
multiglomerular. Multiglomerular PNs branch in many
glomeruli, and send their axons to the lateral horn (LH),
butbypass the MB. Uniglomerular PNs have input synapses
within the AL in only one glomerulus (but also output
synapses),and send theiraxonsto higher orderbrainareas,
notably the MB and the LH. Because of their uniglomerular
branching pattern in the ALs, these neurons relay the entire
combinatorial activity pattern to the MBs. Thus, in order
to understand how the combinatorial activity in the AL is
utilized by higher order brain centers, the projection
pattern of PN axonsinto the MBs is an appropriate place
to look at.

Receptor neuron response profiles: d0r22a in
Drosophila melanogaster

No sensory system can be understood without knowledge
of theresponse profiles of the sensory receptors themselves.
" For example, unless we know the spectral sensitivity of
photoreceptors, we cannot understand color vision. Similarly,
in the olfactory system, ideally all chemicals need to be
tested for responses in every receptor type, in order to
understand receptor responses. This is a purely hypothetical
plan, because it will never be possible to test all chemicals.
The reverse, however, is feasible: it will be possible, within
the near future, to map the responses of all receptor
neurons to a selected family of olfactory stimuli. This
mapping has a long history. The first exhaustive mapping
was undertaken by Kafka (1970) more than 30 years ago,
characterizing receptors in locusts. A more recent study in
D. melanogaster mapped many receptors with extracellular
recordings, creating a database for the combinatorial odor
coding matrix (de Bruyne etal., 1999, 2001; Stensmyr
etal., 2003). Not all sensilla, however, are accessible to
single sensillum recordings. A different technique therefore
exploited the molecular tools available in D. melanogaster:
using a mutant line in which the cells that normally express
the receptor dOr22a do not express this receptor (the
‘empty cell line’), transgenes were created in which other
receptors were expressed in these cells. This allowed making
extracellular recordings from the same sensillum, creating
more uniformity, but recording, effectively, from different
odorant receptors (Hallem & Carlson, 2004, 2006). As a
result of these studies, D. melanogaster is now the animal
for which most is known about the combinatorial odor
code across olfactory receptors (Hallem et al., 2006).
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Using another technological approach, we have developed
a technique for semi-automatic high-throughput screening
of olfactory receptor responses in D. melanogaster (Pelz
et al,, 2006). In this approach, a calcium reporter is expressed
under the control of the promotor of an olfactory receptor.
Thus, all cells that express a particular receptor also express
the calcium reporter, and using optical imaging, it is
possible to record odor-evoked changes in intracellular
calcium. Several calcium reporters have been developed
inrecentyears (Miyawaki et al., 1999; Reiff et al., 2005). All
geneticallyengineered calcium reporters consist of a protein
domain that changes its conformation with changing
calcium concentration and a fluorescent domain that
increases or decreases its fluorescence as a consequence of
this. Because receptor cells increase their intracellular
calcium concentration when they respond to an odor,
calcium concentration can be used as a monitor for odor
response. The cellular mechanisms for this calcium
increase are as yet unknown — they may be part of the
olfactory transduction cascade, or they may consist of
voltage-sensitive calcium channels that open upon
depolarization, or both.

We have expressed the calcium reporter Carmeleon
under the control of the olfactory receptor dOr22a in
D. melanogaster (Pelz et al., 2006). Because the fluorescence
of the calcium probe is visible through the cuticle of the
antenna, it is possible to record odor responses without
the need to microdissect the animal, resulting in a stable
preparation that is viable over many hours. As a result,
many stimuli can be applied with an automated system,
affording the possibility to record entire dose—response
spectra of manysubstances. We have recorded the responses
to over 100 substances, and found that the best ligands
for dOr22a are methyl hexanoate and ethyl hexanoate
(Figure 2A), with a half-maximal response to dilutions as
strong as 1:10%% and 1:10°*®, respectively. The half-
maximal response is called EC,, where EC stands for effective
concentration, and ‘50’ for the 50% response elicited at this
concentration. In that study, dilutions were given as vol/vol
in mineral oil, further diluted 1:10 in an air stream of
10 mls™ blown over the insects’ antennae. The receptor
responded to similar esters, but responses decreased more
when the molecules have an additional carbon atom than
when the molecule has one carbon atom less, on either
side, suggesting that the ‘binding pocket’ is more tolerant
towardsundersized rather than oversizedligands (Figure 2B).
The spectrum that we found with calcium imaging is con-
sistent with odor response properties for dOr22a recorded
using single sensillum electrophysiological recordings,
validating the calcium imaging technique (de Bruyneet al.,
2001; Stensmyr et al., 2003; Hallem et al., 2004; Hallem &
Carlson, 2006).
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Figure 2 Response properties of Drosophila melanogaster
olfactory receptor neurons expressing dOr22a (modified from
Pelz et al., 2006). (A) Odor sensitivity (EC,, values, error bars
indicate SD) for the 39 responsive substances (out of 104) in
the antennal lobe (AL) of D. melanogaster. (B) The two esters
ethyl hexanoate and methyl hexanoate are the most efficient
stimuli for dOr22a. The graph shows the ‘molecular landscape’
surrounding the best odors. The diameter of the circles

corresponds to the normalized response strength (eight animals).

(C) The time course of calcium responses is odor dependent.
Antennal responses at EC;, (i.e., with the same non-saturating
response magnitude) to three odors. Gray rectangle: odor
presentation.

While methyl hexanoate and ethyl hexanoate were the
best ligands, they were not the only ones. About a third of
all odors tested gave responses when used at a dilution
of 1:100. Thus, the question arises whether dOr22a is part
of a selective channel (for methyl hexanoate and ethyl
hexanoate), or whether it is a receptor with a broad range.
This question cannot be solved on the basis of the response
spectrumalone, but must consider the natural stimuli that
are in the fly’s environment. Both methyl hexanoate and
ethyl hexanoate are common components of fruits with a
pineapple smell to our nose (Loughrin & Kasperbauer,
2002; Preston et al., 2003; Aubert & Bourger,2004). Banana
also elicits a response in dOr22a (Pelz et al., 2006), even
though it doesnot contain thebest ligands methyl hexanoate
and ethyl hexanoate (Jordan et al., 2001). However, by
calculating the relative contribution of various components
in banana headspace with the relative potency of these
components as ligands for dOr22a, a remarkable fact is
observed: the major contributors are hexanal with a factor
of 0.33 (EC,, of 1:107*), isoamy] acetate with a factor of
1.04(EC;, 0f 1:10™'%), and ethyl butanoate with a factor of
0.79 (ECs, of 1:10™%), The concentration of hexanal is more
than 100 times higher in banana headspace than the
concentration of ethyl butanoate, so that it still contributes
significantly toactivating dOr22a, even though it is a weak
ligand only. Thus, in this example, isoamyl acetate, although
being a mediocreligand for dOr22a, is the major contributor
to the banana response, and even hexanal, a weak ligand,
contributes to the pattern. At the same time, the small
amount of ethyl butanoate (with about 0.1% of the 26
most abundant components of the banana odor almost a
trace substance) still contributes considerably to the response
of dOr22a, because this receptor is very sensitive to it.

Thisobservationhas important implications for chemical
ecology: because the concentration of components in a
natural odor blend covers a wide range, often with major
components and trace components, and because the
sensitivity of olfactory receptors also covers abroad range,
with sensitivities to different substances that vary by several
orders of magnitude, in a natural situation a receptor may
often be activated by a minor ligand of its spectrum, if it
occurs in high concentration. Even a selectivity of, say,
1:1 000 for a ligand against another molecule does not
prevent a receptor neuron from responding to this minor
ligand, if it occurs at a 1000-fold higher concentration.
Thus, under most natural conditions, a labeled line system
is not realistic. This is the basis of the combinatorial code
of odor-evoked activity. Indeed, when the receptor dOr22a
is ablated in D. melanogaster, there is no behavioral deficit
towards any of its better ligands, and the only behavioral
difference was found for 1-heptanol (Keller & Vosshall,
2007), which is a weak ligand.



Odor coding in the antennal lobe: combinatorial
coding

How exactly do odor responses look in the AL? First, the
morphology and size of ALs differ widely among insects:
D. melanogaster has about 50 glomeruli (Laissue et al., 1999),
moths such as Heliothis virescens (Fabr.) (Lepidoptera:
Noctuidae) and Manduca sexta L. (Lepidoptera: Sphingidae)
about 70 (Rospars & Hildebrand, 1992; Berg et al., 2002),
and honeybees about 160 (Flanagan & Mercer, 1989;
Galizia et al., 1999). These glomeruli are stereotypic across
individuals within a species and can therefore be identified,
often already on the basis of their shape and relative
position. This stereotypical arrangement reflects the one-
to-one mapping of receptor populations onto glomeruli.
Therefore, a glomerulus might be named according to
its morphology within the AL (e.g., glomerulus DM2 in
D. melanogaster, where DM is derived from dorso-medial,
and 2 is a numerical identifier to differentiate among
several dorso-medial glomeruli), or by the receptor
innervating it (e.g., dOr22a, receptor cells expressing
this receptor innervate DM2). Such a correspondence is
currently only possible in D. melanogaster, because of our
lack of knowledge about olfactory receptor genes and their
expression patterns in other insects.

Each type of ORNs sends its axons to a particular
glomerulus in the AL. Thus, activity across AL glomeruli
corresponds to the activity across receptor types. Most
odor stimuli elicit activity in more than one glomerulus,
resulting in a combinatorial code. A combinatorial code
means that information about which odor elicited the
stimulus is not available from any one glomerulus, but that
the pattern of activity across glomeruli has to be taken into
account. Furthermore, if in this pattern a glomerulus
changes, it may already mean that another odor elicited the
stimulus.

A useful analogy can be made with music: a C-major
chord consists of the notes c-e-g. Changing g into a creates
c-e-a, or a-c-e, which is an a-minor chord, a very different
sound, even though two out of three notes remain
unchanged. Olfactory responses can be transformed into
musical chords by giving each glomerulus a pitch, and
encoding activity levels with sound volume (Figure 3).
Different odor responses then result in very different
musical experiences (some examples can be downloaded
from http://neuro.uni-konstanz.de). This analogy is useful
to understand the logic behind combinatorial coding in
the brain, be it the brain of an insect or of a human. The
next step for the brain consists in decoding the information
contained in the pattern of simultaneously active glomeruli.
There is no evidence at all that there might be a similarity
between the neural mechanisms used to decode musical
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Figure 3 The logic of a combinatorial odor code exemplified

by music (adapted from http://neuro.uni-konstanz.de).

(A) False-color coded response to air (control stimulus)

in the bee antennal lobe (AL) [see (D) for color scale].

Different positions in the AL are mapped to different notes
(pitches). Each position corresponds to a glomerulus.

(B) False-color coded response patterns to different odors.

Each frame is intensity coded to its own maximum and
minimum. The glomerular positions shown in (A) are
superimposed. Note that different glomeruli are active for
different odors, and single glomeruli are involved in more than
one odor code. (C) Musical chords resulting from the activity
maps shown in (B) and the pitch/glomerulus mapping in (A).
Only glomeruli with strong activity are considered. 1-Hexanol
gives a C-major chord, isoamyl acetate a fourth on ‘E} geraniol the
single note ‘B’ and carnation a sixth on ‘F. Note that the initial
choice of notes attributed to each glomerulus is arbitrary,

but the resulting chords are given by the glomerular response.
(D) Response to isoamyl acetate as glomerular activity plot over
time in seconds. Same glomeruli as in (A), ordered by pitch,
that is, glomerulus 1 is ¢, 2 is e, 3 is g, and so on. Stimulus time
is given by the red grid, calcium response by the false-color coded
surface plot. Note that the temporal onset and offset of the
glomeruli is not equal: while glomeruli 2 and 3 are very active
right upon stimulation, glomerulus 6 is activated later, but
stays activated for several seconds after stimulus offset.

(E) With the mapping above, the response patterns translate
into musical tunes. The activities shift over different glomeruli
during and after the stimulus generates an odor-specific
characteristic tune.
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chords, and those used to decode odors — this analogy
should therefore remain in the realm of simplifying under-
standing, and not of explaining mechanisms.

Using optical imaging techniques, it is possible to record
odor-evoked responses. Such measurements show that
odor responses are stereotypic across animals. Therefore, it
is possible to create a physiological atlas of odor responses.
That means creating a library of ‘neural words), that is,
activity patterns, which correspond to particular odors at
agiven concentration. The analysis of these patternsallows
us to understand the logic of olfactory coding within the
AL (see below). Several papers have reviewed the techniques
used in such measurements (Galizia & Menzel, 2001; Galizia
& Vetter, 2004). The main strength of optical techniques is
that the combinatorial nature of coding is immediately
accessible, because many glomeruli can be measured at the
same time. Thus, measurements in flies (Wang etal,
2003), moths (Carlsson et al., 2002; Skiri et al.,2004), and
honeybees (Galizia & Menzel, 2001; Sachse & Galizia, 2002)
have all contributed to our understanding of olfactory
coding. The disadvantage is that most measurements
have been done with calcium sensitive reporters — either
genetically encoded ones, or synthetic dyes that were loaded
into the neurons. Calcium signals, however, are intrinsically
slower that action potentials, and therefore some component
of temporal activity patterns is lost. Temporal information
is therefore best achieved with electrophysiological recordings
(Wehr & Laurent, 1996; Wilson & Laurent, 2005). However,
such recordings can only record from one or a few neurons
at the time, and therefore the combinatorial logic becomes
accessible only by comparison across specimens. A full
understanding will only be possible by combining these
approaches.

Odor coding in the antennal lobe: odor
concentration and quality

Is concentration an important information, or are insects
only decoding the quality, that is, the chemical composition,
of an odor? In behavioral experiments, honeybees could be
trained to feed on artificial flowers that were marked with
a particular odor at a given concentration, and reject that
same odor when given at higher or lower concentration
(Ditzen etal., 2003). This did not show that odor

concentration was used in a natural context, but it did .

show that the olfactory system was capable of decoding
concentration information. How, then, are concentration
and quality coded?

Each odor elicits a combinatorial activity pattern across
glomeruli. Because the response spectrum of each glomerulus
is broad, the identity of an odor is coded in the relative
activity of different glomeruli, rather than in the absolute
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Figure 4 Odor identity and concentration coding in honeybee
projection neurons (PN) (adapted from Sachse & Galizia, 2003).
(A) Dose~-response functions for PNs in six identified glomeruli
in the antennal lobe (AL). The glomerular position is shown by
colors in the schematic AL inset. AN, antennal nerve. (B)
Averaged activity pattern tothreeodorsovereight concentrations
are represented in a three-dimensional space defined by the
normalized response intensity of the three strongest glomeruli
(B) and their relative excitation (C). Odor quality is given by color
(1-hexanol, red; 1-octanol, green; and 1-nonanol, blue), while
concentration is given by the number (0 to -7, with -3 indicating
a 1:1 000 dilution, and the other numbers accordingly).

activity of individual glomeruli. Figure 4A shows the
response spectra across concentrations for three odors,
1-hexanol, 1-octanol, and 1-nonanol, in six identified
glomeruli of the honeybee, as measured in the PNs using
calcium imaging. For each odor, with increasing concentra-
tion, active glomeruli increase their response strength
following a sigmoid dose-response curve. Furthermore,
more glomeruli become active, making the across-glomeruli
pattern more complex. The odors differ in that different
glomerular combinations are most active: for 1-hexanol,
glomerulus T1-28 and T1-17 are the strongest, while 1-



nonanol has T1-17 together with T1-33 as the more left-
shifted dose-response curve [in honeybees, glomerulus
nomenclature is binary, consisting of the name of the
antennal tract innervating the glomerulus (T1-T4), and a
sequential number (e.g., 28, 17)].

Mathematically, the best way to treat combinatorial
patterns is to use multiple dimensions. Every glomerulus
can be regarded as an individual dimension (which might
be independent of some other dimensions, or might share
some correlation with others, based on the response
properties of the receptors, or based on further processing
within the AL, see below). Thus, a response across 160
glomeruli (as in honeybees) can be described as a vector of
160 numbers, where each number indicates the activity
in each glomerulus. When temporal patterns are also
considered, the vector changes over time (see below). To
visualize the logic, it is possible, for a small set of odors, to
pick a few glomeruli, as in Figure 4B. Here, activities in
glomeruli T1-28, T1-17, and T1-33 are shown for odor
responses to the three odors 1-hexanol, 1-octanol, and
1-nonanol, over several log steps of concentration. With
increasing concentration, the position of an odor response
in the multidimensional space moves further away from
the origin, indicating the fact that the total activity
increases with increasing concentration. This might be the
physiological basis for the ability of insects to recognize a
concentration.

What, however, is the basis for concentration invariance,
that is, the ability of an insect to recognize an odor across
concentrations? In the same multidimensional space, the
relative activity of different glomeruli can be visualized by
drawing a line (or a vector) from the origin through the
representation of an odor. The resulting lines depend on
the relative contribution of the odors only, and not on their
absolute activity levels. In this example, all representations
of each odor cluster together, indicating that the relative
activity across glomeruli contains reliable information of
an odor (Figure 4C). In the acoustic analogy used above, a
C-major chord is recognized as such, irrespective of its
volume. However, there are limits to the system: the
responses to 1-nonanol at very low concentrations cluster
together with 1-octanol, suggesting that odor discrimination
becomes more difficult, or even impossible, when con-
centrations become very low, an observation that has also
been made in behavioral experiments (Wright & Smith,
2004).

Odor coding in the antennal lobe: the cellular
network

In mostinstances, until now, we have referred to neuronal
activity within the AL as being ‘glomerular, and have
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treated glomeruli as the units of the olfactory code. It
should be clear, however, that a glomerulus is a complex
circuit in itself. For one, a glomerulus collects all axons of
a uniform type of ORNs. The odor response profiles of
these neurons are the major factor determining its response
profile. From each glomerulus, a small number (generally
3--6) uniglomerular PNs send their axons into other brain
areas, notably the MB and the LH. Odor response profiles
of these PNs match —to a first approximation — those of the
incoming ORNs (Ng et al., 2002; Sachse & Galizia, 2003;
Wang et al., 2003). However, there are differences, and
these are created by the cellular network in the AL (Sachse
& Galizia, 2003; Wilson et al., 2004). The most important
contributors are local neurons, that is, cells that branch in
a number, sometimes in all, olfactory glomeruli, but have
no processes outside the AL (Figure 1A). There is a variety
of different shapes, ranging from cells innervating all
glomeruli uniformly to cells innervating a few glomeruli
with high and low branching density (Sachse & Galizia,
2006). The number of known local neurons varies greatly
among species, ranging from slightly more than 100 in
D. melanogaster and about 300 in moths, to about 4 000 in
honeybees. Many local neurons have y-aminobutyric acid
(GABA), an inhibitory transmitter, as neurotransmitter.
However, neurons with other transmitters have been found.
In honeybees, there is a population of histaminergic
neurons that are likely to also be inhibitory (Sachse etal.,
2006). In D. melanogaster, there are excitatory local neurons
with acetyl choline as transmitter, further adding to the
complexity of the network (Shang et al., 2007). Together,
these local neurons perform a computational task among
glomeruli that is far from being understood (see also
below).

In addition to PNs and local neurons, there are large
neurons that branch into many brain areas, with probably
both feedback and feedforward functions. Among these,
the VUM,,,, neuron has been described in detail: it
branches into all olfactory centers (AL, MB, and LH), but
also into the gustatory areas of the subesophageal ganglion
(Figure 1B), and is the cellular representation of a reward
stimulus in classical conditioning (Hammer, 1993). Thus,
in a honeybee sitting on a flower and sipping attractive
nectar, VUM,,,, will fire a train of action potentials, and
induce the olfactory system to learn that this is the odor of
the rewarding flower.

Odor coding in the antennal lobe: creating temporal
complexity

Above, music was used to exemplify the nature of
combinatorial coding. There is, however, another aspect
for which this musical analogy is useful: an odor might
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not just elicit a combinatorial pattern (a chord), but rather
an entire sequence (a musical tune). Part of the tune
component is already present at the periphery: a receptor
neuron that responds to various substances does not
respond to all substances with the same temporal pattern
(de Bruyne et al., 1999; Pelz et al., 2006). For example,
dOr22a has a fast response to ethyl propionate with a quick
return to baseline after the stimulus, while the response to
y-valerolactone is late and longlasting (see Figure 2C, where
responses are shown for stimulation with a concentration
corresponding to the EC;, value). These temporal properties
are not directly related to the potency of the ligand,
indicating that ligand-receptor interaction itself can create
temporal complexity. As a direct consequence, activity
patterns across glomeruli in the AL gain a temporal
component (see Figure 3D,E).

The activity patterns that leave the AL network via the
PNs are temporally more complex than the input activity
from ORNs. Thisis a result of the network of local neurons
that creates an interglomerular computation. For example,
blocking fast GABAergicreceptors with the chloride channel
blocker Picrotoxin leads to significant changes not just
in the glomerular (or spatial) activity patterns, butalso in
their temporal properties (Stopfer et al., 1997; Sachse &
Galizia, 2002). The network interaction thus creates a
characteristic trajectory of an odor response in the multi-
dimensional space of glomerular activity (Stopfer et al.,
2003; Galdn etal., 2004). When an insect hits an odor
plume, a wave of activity spreads through ORNS, reaches
the AL, and produces a spatio-temporal pattern in PNs.
When the odor concentration drops (e.g., because the
flying insect exits the plume), activity across receptors
drops also, and inhibitory interactions across glomeruli
drop accordingly. The result is that in some glomeruli,
PNs are now released from an inhibition that was present
during the stimulus, and as a result of this release from
inhibition, they start to fire. Thus, the AL network creates
an activity wave at odor offset in addition to processing the
activity wave at odor onset (Sachse & Galizia, 2002). How
insects use odor-offset information behaviorally has been
investigated in detail in the pheromone system of moths
(Murlis et al., 1992; Mafra-Neto & Cardé, 1994; Vickers &
Baker, 1994). Male moths follow the pheromone trail
produced by a calling female that is upwind. Every time
the receptive male hits a pheromone filament, he will fly
upwind.As soon as the filamentis lost (i.e., the odor-offset
is perceived), the animals enter a characteristic behavioral
sequence called casting, and fly across wind until the next
pheromone filament occurs. Thus, each odor-onset elicits
upwind flight; each odor-offset elicits casting flight. The
odor plumes control behavioral timing, while the wind
controls flight direction.

Inaddition to the relatively slow temporal developments
discussed here, which are in the range of tens or hundreds
of ms, thereare fasttemporal components related to spiking
activity in individual neurons. These fast components are
likely to be important for creating synchronous activity
across ensembles of PNs, and are linked to odor-evoked
oscillations, that have been found across the animal kingdom.
They likely facilitate the readout of PN activity at the
level of the LH or the MB. A detailed review of these fast
components in odor-evoked activity is beyond the scope of
this review, and can be found elsewhere (Laurent, 2002).

Odor coding in the mushroom body: progressive
sparsening

The output from the AL is relayed to higher order brain
centers by PNs. Besides the LH, the main target areas are
the MBs, which are prominent structures in the insect
brain. In many species they are multimodal, that is, they
receive information not only from the olfactory system,
butalso from visual, tactile,and other modalities (Strausfeld
et al., 2003). Their involvement in learning and memory
has been documented extensively (Davis, 1993; Menzel,
2001; Heisenberg, 2003).

Simplifying a complex network, MBs can be described
as consisting of an input structure, the calices, and several
output structures, the lobes (Figures 1B and SA-C). MBs
consist of densely packed neurons, called Kenyon cells (KC).
While KCs’ somata surround the calyces, their dendrites
branch into them, and their axons travel along the lobes.
The population of KCs s generally very large, ranging from
about 2 500 in D. melanogaster to about 170 000 neurons
in honeybees.

The connectivity between PNs and KCs is characterized
by divergence and convergence. Each PN branches over
extensive portions of the calyces, and synapses onto many
KCs (Figure 5B). In the honeybee, for example, about
800 PN diverge onto roughly 100 000 olfactory KCs. Each
KC in turn receives input from multiple PNs. In locusts,
each KC gets input from about 50% of about 800 PNs
(Jortner etal.,2007). The glomerular map of the AL is not
recapitulated in the MB. While inputs from different
ORN:Ss are spatially segregated in different glomeruli in the
AL, they appear to partially overlap in the MB, where
information from distinct glomeruli is distributed onto
many cells across the calyces. In D. melanogaster, the
projection patterns of PNsare stereotyped across individuals
(Jefferis et al., 2007). Just as in the AL, there are complex
internal networks within MBs. The bouton-like PN
terminals are involved in reciprocal microcircuits between
GABAergic neurons and KCs (Figure 5C) (Ganeshina &
Menzel, 2001).



The logic of odor coding is transformed between ALs
and MBs. The most apparent change is a sparsening of
activity: odors usually activate a high percentage of PNs
in the AL, but only activate a small percentage of KCs
(Perez-Orive et al., 2002; Wang et al., 2004; Szyszka et al.,
2005). This population sparseness (i.e., few KCs active for
each stimulus) goes hand-in-hand with lifetime sparseness
(ie., each KC responds only to a small number of odors).
Thus, KCs are very narrowly tuned, and some are even
selective for particular stimulus concentrations (Stopfer
et al,, 2003). To analyze the transformation of odor
representations in the MB and to evaluate the contribution
of pre- and post-synaptic processing in honeybees, we
characterized the transmission of odor-evoked activity

Figure 5§ Odor processing in honeybee’s mushroom body
(modified from Szyszka et al., 2005). (A) Schematic view of

the honeybee olfactory system (compare with Figure 1).
Measurements from three different positions are shown:

(i) Projection neurons (PN) were optically recorded at their
dendrites in the antennal lobe (AL); (ii) PNs were also recorded
at their pre-synaptic axon terminals in the mushroom body (MB)
calyx, and (iii) Kenyon cells (KC) were recorded in the MB calyx.
(B) Schematic view of the neural network in the MB calyx (black
box in A). About 800 PNs diverge onto approximatelyl00 000
olfactory KCs. Each KC receives combinatorial input from several
PNs. (C) Schematic view of synaptic microcircuits within the
calyx (black box in B). PNs synapse onto GABAergic neurons,
which, in turn, make inhibitory synapses with PNs and KCs
(Ganeshina & Menzel, 2001). (D) Odor representations become
sparser in the MB. The histograms show the percentage of PN
dendrites measured in the glomeruli (PNs, AL), PN axon
terminals (PNs, MB), and KC somata (KCs, MB) that were
activated by one, two, or more odors (four odors were presented).
The distribution shifts systematically along the different
processing stages towards a progressive increase in the sparseness
of odor representations. (E) Temporal odor response dynamics
become sharper along the same processing steps. In each block,
the time courses of 58 individual glomeruli, PN axon terminals,
or KC dendrites are depicted, each recorded for 12 s. The odor
stimulus is marked with the black bar. The normalized signal
intensity is color coded (red to yellow). The long-lasting and
complex PN input is transformed into brief responses in KCs.
(F) Simultaneous recording of odor responses in PN axon
terminals and KC dendrites exemplifies the transformation
occurring in the MBs. PN axon terminals and KCs were stained
with different calcium indicators (PNs: Calcium Green-1; KCs:
Fura-2). Left: color-coded PN axon terminal response and KC
activity superimposed on the raw fluorescent images. The calyx
neuropil is outlined with dashed lines. Right: time traces of
responses in a PN axon terminal and in KC dendrites located in
the same area (arrow), showing the typical tonic time course in
PN terminals, and the phasic dynamic in KC dendrites.
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along with three consecutive processing stages: first in
PNs of the AL, second in PN’ synaptic terminals in the
MB calyces, and third in the postsynaptic KCs (Szyszka
et al, 2005). The percentage of activated units that
responded to one odor only (out of four tested odors)
went from 55, via 70, to 92%, while the unitsthat responded
to two odors or more dropped from 45, via 30, to 8%
(Figure 5D).

The sparsening of the KC code is a progressive process
and involves a series of transformations. These are accom-
plished by the divergent—convergent connectivity between
PNs and KCs, by the weak synaptic connections between
PNs and KCs, and by the odor-driven inhibition of KCs
(Perez-Orive et al., 2002; Jortner et al., 2007). Moreover,
local microcircuits in the MB calyx modify the PN output
(Szyszka et al., 2005). However, even though KCs’ odor
representations are sparse, the odor code still remains
combinatorial.

Odor coding in the mushroom body: temporal
response patterns of Kenyon cells

Kenyon cell responses also differ from PN responses in
temporal aspects: PNs respond to odors with long lasting,
often temporally complex responses, which are super-
imposed onto a high level of background activity. Kenyon
cells, in contrast, show brief odor responses of only a few
spikes, and background activity is nearly absent (Perez-
Orive et al., 2002; Stopfer et al., 2003). In honeybees, KC
responses are mostly restricted to stimulus onset and
follow a phasic response dynamic (Figure 5E,F) (Szyszka
etal., 2005). At the end of a stimulus, about half of the
KCs that were active at odor onset show off-responses,
although this second peak is generally weaker than the
first one. Thus, the combinatorial pattern across KCs is
not equal at odor-onset and at odor-offset. A honeybee
flying through an odor plume will get information both
when entering the plume and when it exits the plume
(compare also with the similar discussion of PN responses,
above).

The reduced level of activity during the stimulus raises
aconundrum: the temporal complexity created in the odor
response of PNs by the AL network appears to be ignored
by the readout in the MBs. Indeed, behavioral responses
suggest that animals do not need a long time to recognize
an odor (Ditzen et al., 2003), suggesting that slow activity
patterns cannot be relevant for odor recognition under
normal circumstances. Whether these patterns remain
important for other brain areas, for example, the LH, or
whether they are related to learning mechanisms either in
the LH or even in the MBs or ALs themselves, remains to
be investigated.

Functional relevance of different odor codes in the
antennal lobe and mushroom body

The code used by KCs might be well-adapted for computa-
tions underlying odor learning. Each odor is encoded in
a combinatorial pattern of simultaneously active KCs
without complex temporal activity sequences, which is an
ideal substrate for associative learning rules of a Hebbian
type. Due to the sparse nature of the KC code, overlaps
between individual odor representations are unlikely, and
MB output neurons could store many odor memories
without interference, allowing fine odor discrimination
(Heisenberg,2003). Odorlearning in the MB may therefore
account for the ability of honeybees to reliably discriminate
similar odors and even odor concentrations (Ditzen et al.,
2003). Under many circumstances, however, it might be
advantageous foran animal to generalize between similar
odors. For example, the composition of food-related odors
is highly variable. Therefore, the olfactory system should
provide learning mechanisms that allow both fine odor
discrimination and generalization between similar odors.
This task may be achieved by distributing the learning
mechanisms across different levels of the olfactory system.
Associative odor learning depends on both the AL and the
MB (Menzel, 2001). Due to the broadly overlapping
response profiles of glomeruli, a learning mechanism that
relies on the odor code presents in the AL would not be
suitable for fine odor discrimination, but would allow
generalization between odors that evoke overlapping
activity patterns. Indeed, behavioral experiments with
honeybees show that the similarity of glomerular activity
patterns in the AL correlates with the degree of odor
generalization (Guerrieri et al., 2005).

Outlook

In this short review, we have followed odor representation
along the olfactory system from receptor neurons,
through the AL, into the MB. This is not yet the behavioral
readout, and more research is needed to close the circuit.
Furthermore, food-odor recognition in fruit flies and
floral-odor recognition in honeybees are both situations
that involve many odor sources with different smells.
The combinatorial logic of odor coding discussed here
may relate to this odor family. More specialized systems,
such as pheromone decoding, specialized insect—plant
interactions, or tritrophic relationships may use dedicated
neural networks that are less complex, in particular there
may be a more labeled line like odor-coding scheme. Here
too, physiologists of olfactory coding have more work
ahead, in order to understand the olfactory signals that
insects decode, and that allow insects to find the right



flower to visit, the right leaf to pierce, or the right victim
to colonize.
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