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Abstract 

Our knowledge about the mechanisms with which odours are encoded in the brain have 

considerably advanced over the last few years. The receptor genes have been identified for a 

variety of species, projection patterns and connectivity rules of neurons are being 

characterized, and odour-evoked activities have been measured, most of them in the first brain 

station of olfactory coding, the insect antennal lobe and the vertebrate olfactory bulb. An 

important contribution has come from functional imaging studies in the insect antennal lobe. 

These studies are the focus of this paper, which is structured in three parts: first, I will review 

what is known about the cellular components of the insect antennal lobe, taking the honeybee 

as an example. Second, I will review the physiological properties of olfactory glomeruli as 

revealed using optical imaging studies. This part is subdivided in one treating the glomerular 

organization of the antennal lobe, and another concentrating on the output from the antennal 

lobe. Third, I will argue that possibly up to four different coding strategies are realized in 

insects, two for pheromones and two for non-pheromonal odours. (1) The sexual pheromone 

system uses a labelled-line code for the single chemical components of the pheromones, but 

an across-glomeruli pattern readout for the species-specific blend leading to a stereotype 

behavioural response. (2) The code for social pheromones is less clear: probably they are 

coded as patterns of “ordinary” glomeruli. However, since not all glomeruli have been 

physiologically mapped, there may still be as yet unidentified dedicated glomeruli. (3) At 

high concentration, a non-pheromonal odour elicits a characteristic pattern of several 

activated glomeruli in the antennal lobe. With a combinatorial code, insects are capable of 

encoding thousands of odours with a limited number of glomeruli. (4) At extremely low 

concentration most substances are not detected; insects, however, often respond to a few key-

substances with highly sensitive receptor cells. In these instances, activity in a single 

glomerulus may already trigger adequate behaviour. High- and low-concentration mode are 

not morphologically separated in the brain: the same glomeruli can act in either mode, 

depending on the stimulus and the motivation of the animal. Where data from the honeybee is 

not available, I will borrow from other species, both social insects (ants) and lepidoptera 

(moths). 
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This text is meant to collect my research work over the last few years, and hand it in as 

the “Habilitationsleistung (kumulativ)” at the Freie Universität Berlin. To this purpose I will 

now briefly list the collected papers and explain their connection to each other and to my 

current research. The topic that I have been focussing upon, and am still working at, is aimed 

at helping to elucidate the principles behind the olfactory code, with a particular emphasis on 

the spatial component in the insect antennal lobe (Galizia and Menzel, 2001). To this end, it 

was first necessary to develop a suitable method for measuring odour-evoked activity patterns 

in many olfactory glomeruli simultaneously (Joerges et al., 1997). This method was 

developed both for the use of calcium-sensitive dyes and of voltage sensitive dyes (Galizia et 

al., 1997). Next, I focussed onto the question whether the spatial patterns were conserved 

within a species, following a hypothesis that it was more likely that the spatial patterns would 

be conserved for pheromones rather than for environmental odours. To this aim, I modified 

the method in order to measure ants (Camponotus rufipes), which have a large number of 

non-sexual pheromones of known composition and behavioural meaning (Galizia et al., 

1999b), as well as moths (Heliothis virescens), which have a well-studied sexual pheromone 

system (Galizia et al., 2000b). At the same time, I showed that – within honeybees – the 

odour-evoked patterns are bilaterally symmetrical (Galizia et al., 1998). In order to compare 

the patterns between individuals, however, it was necessary to identify the olfactory glomeruli 

morphologically, and therefore it was necessary to develop a digital atlas of the antennal lobe 

(Galizia et al., 1999a). Using this atlas, we could show that the representation is conserved 

within the species, irrespective of the odour being a pheromone or not (Galizia et al., 1999c). 

The odour-evoked spatial patterns are stimulus specific, and we could show that – for 

hydrocarbons – carbon chain length and functional groups have specific influences on the 

patterns; this allows to calculate a metric of similarity between the patterns (Sachse et al., 

1999). We analysed the corresponding behavioural similarity matrix between the tested 

odours (Laska et al., 1999). Using the same behavioural paradigm, we also analysed the 

capability of honeybees to discriminate between ennantiomers (Laska and Galizia, 2001), and 

are paralleling this study with the analysis of the corresponding activity patterns (current 

work, Chr. Markl). The importance to relate physiological measurements to behavioural 

experiments in this system was a key point of a published review (Galizia and Menzel, 2000). 

Work in progress includes the thorough analysis of the representation of odour concentration 

and odour mixtures (Diploma Thesis by Angelika Rappert, and current work).  
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The odour-evoked activity patterns in the AL are not just spatial, but spatio-temporal. 

An analysis of how odour representation changes within the 2 seconds of the stimulus 

presentation was possible using voltage-sensitive dyes (Galizia et al., 2000a). For the 

calcium-sensitive dyes, a mathematical analysis revealed two independent signal components 

(Stetter et al., 2001). The goal is to understand the cellular processing within the AL. To this 

purpose, we have measured the net outcome of the AL by selectively filling the output 

neurons with calcium sensitive dyes (Sachse and Galizia, 2001). In collaboration with B. 

Kimmerle, single cell electrophysiology and calcium imaging was combined (in prep.). A 

parallel approach is to use genetic tools in the fruit fly Drosophila melanogaster, tools that 

should allow us to selectively label individual groups of cells of the olfactory system. This is 

currently ongoing work. 
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Zusammenfassung in deutscher Sprache 

In jüngster Zeit hat unser Verständnis der Mechanismen, die der Duftverarbeitung im 

Gehirn zugrunde liegen, stark zugenommen. Die Gene für die Rezeptorproteine wurden in 

verschiedenen Tierarten identifiziert, Verschaltungsmuster und –regeln für die beteiligten 

Neurone sind charakterisiert worden, und duft-evozierte Aktivitätsmuster wurden gemessen, 

zumeist in der ersten Verschaltungsstation im Gehirn, nämlich dem Antennallobus bei 

Insekten bzw. dem Bulbus olfactorius bei Vertebraten. Einen wichtigen Beitrag konnten 

funktionelle imaging-Untersuchungen am Antennallobus der Insekten leisten. Auf diese 

konzentriert sich die vorliegende Arbeit, die aus drei Teilen besteht: zuerst werde ich einen 

Überblick dessen vorlegen, was über die zellulären Komponenten im Antennallobus bekannt 

ist, wobei die Honigbiene als Beispiel dienen soll. Im zweiten Teil werde ich die 

physiologischen Eigenschaften olfaktorischer Glomeruli beschreiben, die durch optical-

imaging Studien eruiert wurden. Dieser Teil beschäftigt sich zunächst mit der glomerulären 

Organisation im Antennallobus, und dann mit Messungen vom Ausgang des Antennallobus. 

Als drittes werde ich die Hypothese aufstellen, dass Insekten bis zu vier unterschiedliche 

Kodierungsstrategien realisiert haben, zwei für Pheromone und zwei für Nichtpheromone. (1) 

Die einzelnen chemischen Bestandteile der Sexualpheromone sind als “labelled line” kodiert, 

aber die verhaltensrelevante, artspezifische Mischung kann nur über ein kombinatorisches 

Muster ausgelesen werden. (2) Der Kode für Nicht-Sexualpheromone ist noch unklar. Diese 

sind wahrscheinlich als kombinatorische Muster aktivierter Glomeruli kodiert. Da aber noch 

nicht alle Glomeruli physiologisch kartiert wurden, mag es doch bisher unidentifizierte, 

selektive Glomeruli geben. (3) Bei hohen Konzentrationen erzeugt ein Umweltduft ein 

charakteristisches Muster mehrerer aktivierter Glomeruli. Mit diesem kombinatorischen 

System können Insekten mit wenigen Glomeruli tausende von Düften unterscheiden. (4) Bei 

extrem schwachen Duftkonzentrationen werden die meisten Substanzen nicht mehr 

wahrgenommen. Insekten antworten allerdings auf jeweils wenige Schlüsselsubstanzen mit 

hochsensitiven Rezeptorzellen. Für diese Düfte könnte die Aktivität in einem einzelnen 

Glomerulus schon das relevante Verhalten auslösen. Der „Hochkonzentrationsmodus“ und 

der „Niedrigkonzentrationsmodus“ sind morphologisch nicht voneinander getrennt: ein 

Glomerulus kann in Abhängigkeit vom Stimulus und möglicherweise der Motivation in 

beiden Modi eingesetzt werden. Wo keine Daten von Honigbienen zugänglich sind, habe ich 
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auf andere Arten zurückgegriffen, und zwar sowohl auf andere soziale Insekten (Ameisen), 

als auch auf Lepidoptera (Motten). 

 

Dieser Text fasst meine Forschungsarbeit der letzten Jahre zusammen, und wird als 

kumulative Habilitationsleistung an der Freien Universität Berlin eingereicht. Die 

zusammengestellten Arbeiten sollen hier kurz aufgelistet werden, um ihren gegenseitigen 

Bezug zu erläutern und in den Kontext meiner derzeitigen Forschung zu stellen. Ich 

konzentriere mich darauf, die Prinzipien des olfaktorischen Kodes zu erforschen, wobei die 

räumliche Komponente der Duftrepräsentation im Antennallobus der Insekten im 

Vordergrund steht (Galizia und Menzel, 2001). Dafür war es zuerst notwendig, eine geeignete 

Methode zu entwickeln, um Duftantworten in mehreren Glomeruli gleichzeitig messen zu 

können (Joerges et al., 1997). Mit dieser Methode konnten wir sowohl calcium-sensitive als 

auch spannungsabhängige Farbstoffe einsetzen (Galizia et al., 1997). Als nächstes stellte ich 

die Frage, ob die räumlichen Muster innerhalb einer Art gleich sind, mit der Hypothese, dass 

diese Muster für Pheromone eher konserviert sein sollten als für Umweltdüfte. Hierzu 

veränderte ich die Methode um sie auf Ameisen anzuwenden (Camponotus rufipes), bei 

denen viele (nicht-sexual) Pheromone sowohl in ihrer chemischen Zusammensetzung als auch 

ethologischen Bedeutung bekannt sind (Galizia et al., 1999b), und etablierte sie bei Motten 

(Heliothis virescens), deren Sexualpheromonsystem besonders gut untersucht ist (Galizia et 

al., 2000b). Gleichzeitig konnte ich zeigen, dass die duftevozierten Muster bei Honigbienen 

bilateral symmetrisch sind (Galizia et al., 1998). Um Muster verschiedener Individuen 

miteinander vergleichen zu können war es aber nötig einen digitalen Atlas des Antennallobus 

zu erstellen (Galizia et al., 1999a). Mit Hilfe dieses Atlasses konnten wir zeigen, dass die 

Repräsentation innerhalb der Spezies konstant ist, unabhängig davon, ob es sich beim 

untersuchten Duft um ein Pheromon handelt oder nicht (Galizia et al., 1999c). Die duft-

evozierten räumlichen Muster sind für jeden Duft spezifisch, und wir konnten zeigen, dass für 

Kohlenwasserstoffe die Kettenlänge und die funktionelle Gruppe das Muster maßgeblich 

beeinflussen. Aus diesen Messungen konnten wir eine Ähnlichkeitsbeziehung zwischen den 

Mustern berechnen (Sachse et al., 1999). Mit einem Verhaltensversuch untersuchten wir die 

entsprechenden perzeptuellen Ähnlichkeiten zwischen den getesteten Düften (Laska et al., 

1999). Mit dem selben Versuchsaufbau untersuchten wir auch die Fähigkeit der Bienen, 

Enantiomere zu unterscheiden (Laska und Galizia, 2001). Parallel dazu messen wir die 

physiologischen Ähnlichkeiten (laufende Arbeit, Chr. Markl). Die Bedeutung, physiologische 
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Messungen mit Verhaltensversuchen zu kombinieren, um das olfaktorische System zu 

verstehen, war ein zentraler Punkt in einer Übersichtsarbeit (Galizia und Menzel, 2000). 

Derzeit laufen Arbeiten zur Repräsentation von Duftkonzentrationen und Duftmischungen 

(Diplomarbeit von Angelika Rappert, und laufende Versuche). 

Die duft-erzeugten Aktivitätsmuster im Antennallobus sind nicht nur räumlich, sondern 

auch raum-zeitlich. Durch Messung spannungsabhängiger Farbstoffe konnten wir die 

Veränderung der Duftrepräsentation in den ersten 2 Sekunden der Stimulusgabe beschreiben 

(Galizia et al., 2000a). Eine mathematische Analyse der Calcium-Messungen ergab zwei 

voneinander getrennte Signalkomponenten (Stetter et al., 2001). Das Ziel ist es, die zelluläre 

Informationsverarbeitung im Antennallobus zu verstehen. Dazu haben wir den Ausgang des 

Antennallobus gemessen, in dem wir selektiv die Ausgangsneurone mit calciumabhängigen 

Farbstoffen gefüllt haben (Sachse and Galizia, 2001). In Zusammenarbeit mit B. Kimmerle 

wurden elektrophysiologische Messungen an einzelnen Zellen mit Calcium imaging 

kombiniert (in Vorbereitung). Ein paralleler Ansatz wird durch Messungen an der 

Fruchtfliege Drosophila melanogaster realisiert. Mit genetischen Methoden sollte es 

gelingen, definierte Zellgruppen im olfaktorischen System selektiv zu markieren. Dies sind 

aktuell laufende Arbeiten. 
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Introduction 

The chemical senses are the most ancient of all senses. Even bacteria rely on chemical 

cues in order to decide for their swimming direction. Not surprisingly, then, coding strategies 

differ considerably between species. For example, in the nematode worm Caenorhabditis 

elegans a family of 500-1000 olfactory receptor (OR) genes is expressed in just 16 pairs of 

sensory cells whose function, morphology, and synaptic connections are known. The single 

sensory cells are directly linked to a behaviour. Activity of the AWA or AWC cells leads to 

attraction, while the AWB cell is linked to repulsion (Bargmann and Horvitz, 1991; Colbert 

and Bargmann, 1995; Troemel et al., 1995, 1997). In this species, the spectrum of chemicals 

leading to either positive or negative chemotaxis is encoded by the receptor genes expressed 

in the respective cell. The olfactory receptor genes code for 7-trans-membrane G-protein 

coupled proteins, which are widely divergent in the animal kingdom, with at least 7 different 

families (Mombaerts, 1999). There is one OR family in C. elegans (Troemel et al., 1995), and 

one in Drosophila melanogaster (Vosshall et al., 1999). Vertebrate olfactory receptors can be 

grouped into at least two large classes (Glusman et al., 2000), and at least three vomeronasal 

receptor families (Pantages and Dulac, 2000). Recently, gustatory receptor proteins have been 

reported in the olfactory sensilla of Drosophila (Scott et al., 2001). 

There is an important similarity between olfactory systems of quite diverging animal 

phyla, which is the presence of olfactory glomeruli (Strausfeld and Hildebrand, 1999). When 

comparing the wiring of the mammalian olfactory bulb (OB) and the insect antennal lobe 

(AL), or when comparing odour evoked responses in the two systems, this similarity becomes 

even more striking: there is a strong convergence of olfactory receptor neurons (ORNs) onto 

the olfactory glomeruli, a dense net of (mostly inhibitory) local interneurons (LNs) between 

these glomeruli, and a glomerulus-specific output system, consisting of the mitral/tufted cells 

in vertebrates or the projection neurons (PNs) in insects (Hildebrand and Shepherd, 1997). 

Generally, odours evoke patterns of activated glomeruli (Galizia and Menzel, 2001), and in 

both systems odour-evoked oscillations may play an important role in the code (Laurent, 

1999; Laurent et al., 2001). 

Nevertheless, apparent similarity should not cloud the view for important differences. 

Even within an individual mammal, the wirings in the main OB and the accessory olfactory 

bulb (AOB) are profoundly different, in spite of the fact that both are organized as glomerular 

arrays. While a single ORN only innervates a single glomerulus in the OB, in the AOB 
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receptor neurons make collaterals in several glomeruli; conversely, a single glomerulus 

appears to be the convergence site of (almost) exclusively a single class of ORNs in the OB, 

while it collects several classes in the AOB (Dulac, 2000). In insects, species differ not just in 

number of glomeruli, but also in their organization. For example, the locust’s PNs get input 

from several glomeruli, while in most other species the majority of PNs is uniglomerular 

(Anton and Hansson, 1996). The same holds true for ORNs: in locusts, unlike most other 

insects, a single ORN innervates several glomeruli (Ernst et al., 1977; Hansson et al., 1996). 

In many insect species (hymenoptera, lepidoptera, blattodea) the AL is sexually dimorphic, 

with the male devoting a prominent part of its AL to the macroglomerulus or 

macroglomerular complex (MGC). Olfactory coding in this male-specific system is highly 

specialized for processing sexual pheromone information. 

Some of these differences may be mainly due to diverging evolutionary history, others 

are likely to reflect functional constraints dictated by behavioural and ecological needs. For 

example, following a sexual pheromone trail is a very specialized task, which is solved with a 

highly specialized system. Similarly, species relying on oviposition are facing a similar task, 

i.e. to follow a weak, long-distance odour trail in order to find the host plant. However, the 

evolutionary constraints are quite different: in the sexual-pheromone system, the sender and 

the receiver have the same interest, while for the phytophagous insect the contrary is true. 

Possibly, the best long-range plant signals may not be highly plant-species specific, but rather 

ubiquitous chemicals which cannot be avoided in the plant metabolism. Very different is the 

situation faced by a honeybee in search of pollen or nectar. The bee has to learn a range of 

different odours, under varying concentrations, in order to recognize a good crop. In order to 

understand the mechanisms of olfactory coding it is not only necessary to know the cellular 

wiring in the antennal lobe and the physiological responses to different odours, but also to put 

these into the perspective of the ecological and evolutionary needs of the species investigated.  
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Morphology of the honeybee antennal lobe 

The honeybee AL has been the focus of many morphological studies over the last few 

years. The olfactory input comes from the ORNs, local processing is accomplished by LNs, 

and the output is accomplished by the PNs. Furthermore, there are large neurons innervating 

extensive brain areas, including the AL, which play an important role in the AL wiring (Figs. 

1, 2, 3, pages 17-19).  

The morphological unit of the AL is the olfactory glomerulus, a spherical structure of 

neurites and synapses, often ensheathed in a layer of glial cells. The number of glomeruli 

differs greatly between species (Rospars, 1988). In the honeybee, there are between 156-166 

glomeruli (Arnold et al., 1985; Flanagan and Mercer, 1989a). Many of these glomeruli have 

characteristic shape and/or size, or prominent positions with respect to landmarks such as the 

antennal nerve. These properties allowed the creation of a morphological atlas (Flanagan and 

Mercer, 1989a). A more recent digital version of this atlas allows to compare experimental 

material like microscope views or slices with virtual views or slices of the atlas (Galizia et al., 

1999a) (Fig. 4, page 20). Experimental results can thus be compared among animals on the 

basis of the interested glomeruli. 

Olfactory receptor neurons (ORN) 

In the honeybee there are 60.000 ORNs on each antenna, which project exclusively to 

the ipsilateral AL (Fig. 1, page 17) (Esslen and Kaissling, 1976). The antennal nerve splits 

into six branches, four of which (named T1 to T4) innervate the AL, while two (T5 and T6) 

bypass the AL and innervate the dorsal lobe (DL, Fig. 1, page 17), which represents the 

antennal motor centre (Suzuki, 1975). T1 and T3 each innervate between 70 and 80 

glomeruli, and T2 and T4 each innervate 7 glomeruli (Arnold et al., 1985; Flanagan and 

Mercer, 1989a; Galizia et al., 1999a). With the exception of T4, all ORNs innervate only the 

outer cap region of each glomerulus. Thus, glomeruli can be divided into the outer cap (also 

referred to as their cortex) and the inner core region. The morphology of the innervating 

receptor axons differ between glomeruli of the four tracts (Mobbs, 1982), suggesting that the 

subdivision of T1-T4 reflects not just morphological, but also functional differences. Each 

ORN only branches in one glomerulus (Fig. 2A, page 18) (Brockmann and Brückner, 1995; 

Mobbs, 1982), so - as a mean value - each glomerulus gets input from 375 ORNs. The 



 

_________________________________________________________________________________________   

Giovanni Galizia  Olfactory coding in insects 12  

transmitter is likely to be acetylcholine, though that has not yet been unambiguously shown 

(Kreissl and Bicker, 1989; Scheidler et al., 1990).  

Local interneurons (LN) 

There are about 7350 neurons in each deutocerebrum, i.e. the antennal lobe and dorsal 

lobe taken together, of which 4750 are directly associated with the AL (Witthöft, 1967). 

These are either LNs, which only branch within the AL, or PNs, which branch in the AL and 

send an axon to other brain centres. Assuming 800 PNs (see below), this leaves almost 4000 

LNs (Fig. 1, page 17). A subpopulation of about 750 LNs are immunoreactive to GABA and 

thus may be inhibitory (Schäfer and Bicker, 1986). Compared to other insects, this is a rather 

low proportion of GABAergic interneurons (Homberg et al., 1987; Hoskins et al., 1986). 

Their somata cluster mainly in the lateral and dorsomedial soma rind of the AL (Schäfer and 

Bicker, 1986). The transmitter used by the remaining non-GABAergic LNs, and the position 

of their somata, is unknown. Following intracellular staining, individual LNs have been 

described and classified into the following 3 categories:  

Heterogeneous LNs: the majority (65%, 87% or 95%, depending on the study) are 

heterogeneous interneurons (AL(M)He, or Hetero LN), which branch densely in one 

glomerulus (or sometimes a few), and diffusely in others (Fig. 2B, page 18),  

Homogeneous LNs: (AL(M)Ho, or Homo LN), which branch diffusely in large areas of the 

AL (Fig. 2C, page 18), and  

another group of LNs which branch diffusely in the AL and the adjoining dorsal lobe, which 

is responsible for mechanosensory and motor control of the antenna (Flanagan and 

Mercer, 1989a; Fonta et al., 1993; Sun et al., 1993; Abel et al., 2001).  

Most LNs branch in the entire densely innervated glomerulus, but only in the core of 

those glomeruli which they sparsely innervate (Abel et al., 2001; Fonta et al., 1993).  

Projection neurons (PNs) 

Information from the AL is relayed to the lateral protocerebral lobe (LPL) and to the 

mushroom bodies (MB) via PNs. They leave the AL in three tracts, the lACT, mACT and the 

mlACT (lateral, medial and medio-lateral antenno-cerebral-tract, Fig. 1D, page 17). The 

lACT and mACT probably house about 400 fibres each, and the mlACT much less, giving a 

total of less than 1000 (Rybak, 1994). These figures may represent an upper limit for PN-

number estimates, considering that the number of PNs have also been estimated at 500 
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(Bicker et al., 1993) or 800 (Hammer, 1997). Multiglomerular PNs diffusely innervate about 

30-80 glomeruli, while uniglomerular PNs only innervate one. The fibres of the lACT are 

generally uniglomerular (Abel et al., 2001), though in the initial portion of the lACT there are 

multiglomerular fibres which only innervate the LPL and the ring neuropil of the α-lobe 

(Abel et al., 2001; Müller et al., 2001). Fibres in the lACT originate from T1 glomeruli 

(Bicker et al., 1993), and are generally taurin-immunoreactive. Their somata lie in the antero-

ventral and lateral part of the AL in the immuno-stainings (Schäfer et al., 1988), and in the 

dorso-ventral and lateral region, as evident from mass stainings (Abel et al., 2001). Coming 

from the AL, they bypass the LPL where they send a collateral into the lateral horn, and 

continue towards the MBs, where they innervate the lip regions of the MB calyces (Fig. 2D, 

page 18). Fibres in the mACT are also generally uniglomerular, originate from glomeruli of 

the T2, T3 or T4 group (Bicker et al., 1993) and are AChE positive (Kreissl and Bicker, 

1989). Their somata stained with immuno-labelling are placed in the ventro-lateral and dorsal 

soma rind of the AL (Bicker et al., 1993), or in the ventro-medial and lateral region, when 

identified with mass-fills of the tract (Abel et al., 2001). They leave the AL medially towards 

the MB, which they innervate, and most of them have a collateral which follows towards the 

LPL (Fig. 2F, page 18). Thus, mACT-fibres take the opposite route to the lACT fibres. The 

mlACT tract does not lead to the MB, but innervates the LPL and the neuropil around the α-

lobe (Fig. 2E, page 18). mlACT-fibres are multiglomerular, with sparse branching in the 

glomeruli (Abel et al., 2001; Fonta et al., 1993). A subpopulation of these fibres is 

GABAergic (Schäfer et al., 1988). PNs form small side-branches within the coarse neuropil 

close to the exit from the AL. These branches contain synaptic elements, suggesting 

reciprocal communication between the PNs at this point (Müller et al., 2001). 

The MB receives input only from uniglomerular PNs, but the LPL from both 

uniglomerular and multiglomerular PNs. lACT and mACT neurons were found to differ with 

respect to their odour specificity: lACT neurons tend to respond to many odours with 

excitation, whereas mACT neurons display more complex responses to different odours, 

including phases of excitation and inhibition (Abel, 1997; Müller et al., 2001). This makes 

mACT neuron responses more odour-specific. Furthermore, mACT neurons have higher 

resting levels of spontaneous activity. These data indicate important functional differences 

between the PNs of the two tracts, but the rules are not yet understood. PNs show associative 

plasticity in olfactory conditioning experiments: they increase the excitatory response to the 
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conditioned odour (Abel, 1997). In contrast, LNs do not change their responses in a 

conditioning paradigm.  

Other AL neurons 

ORNs, LNs and PNs are the - numerically speaking - major players in the antennal lobe. 

In addition there are feed-back neurons, such as the AL-1 neuron which originates in the MB 

α-lobe and projects widely through the AL (Rybak and Menzel, 1993), and neurons 

innervating large areas of the brain, which diffusely innervate all or subgroups of glomeruli. 

Many of these neurons stain with antibodies against biogenic amines (serotonin, dopamine, 

octopamine), and are believed to have a modulatory function, including up and down 

regulation, thresholding, motivational states, attention and learning (Bicker and Menzel, 1989; 

Hammer and Menzel, 1998). There are two paired serotonergic neurons, one in each side of 

the body, called the Deutocerebral Giant Neurons (DCG), which ipsilaterally innervate the 

AL, the DL and the suboesophageal ganglion (SOG), and descend into the ventral nerve cord. 

Their somata lie in the dorso-lateral cell body rind of the AL (Rehder et al., 1987). Within the 

glomeruli, serotonergic fibres are restricted to the outer cap (Schürmann and Klemm, 1984). 

The glomeruli and central neuropil of each AL are innervated by four large dopamine-

immunoreactive cells. Two of their somata lie in the dorso-lateral cell-body rind of the AL, 

the other two close to the dorsal rind of the SOG (Schäfer and Rehder, 1989). These neurons 

form a fine plexus both in the central neuropil of the AL and in the glomeruli, and also branch 

in the DL, the protocerebrum and the SOG. Within the glomeruli, they are restricted to the 

core (Schürmann et al., 1989). All glomeruli also contain octopamine-immunoreactive fibres, 

deriving from very few profiles entering the AL ventro-posteriorally. Within the outer cap of 

the glomeruli these fibres appear to be of considerably larger diameter than the very thin 

fibres in the glomerular centres (Kreissl et al., 1994). An identified neuron branching in wide 

areas of the brain, including the AL, is the VUMmx1 (Ventral Unpaired Median Neuron 

number 1 from the maxillary neuromere, Fig. 2H, page 18). This neuron is most likely to be 

one of the octopaminergic neurons, and has been studied in detail; it serves a specific 

modulatory function, namely representing the reward property of sucrose in olfactory 

appetitive learning (Hammer, 1993).  

Furthermore, a thin connection has been described between the two ALs (Arnold et al., 

1985; Mobbs, 1985), which appears to contain about 30 GABAergic fibres in 

immunohistochemical sections (Schäfer and Bicker, 1986). These neurons are 
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multiglomerular (Fonta et al., 1993), and may thus be related to bilateral comparisons, 

regulation and inhibition of AL activity. Dye injection into single neurons has also revealed 

the existence of neurons with somata in the SOG, of which some bilaterally and 

symmetrically innervate only a few glomeruli in the AL, and send collaterals to the MB (Abel 

et al., 2001) (Fig. 2G, page 18). 

Numerical proportion of the different neuron types in the AL 

What is the numerical relationship of the different neuron types in the AL, and how 

many neurons of each type innervate each glomerulus? Assuming that the frequency of 

successful intracellular stainings mirrors the frequency of that cell category in the AL, that 

would indicate about 3000 (75% of 4000) LNs which arborise densely in just one glomerulus, 

and diffusely in other glomeruli, giving about 20 of such dense arbours of heterogeneous LNs 

per glomerulus. LNs branch in about 10-160 (i.e. all) glomeruli (Flanagan and Mercer, 1989b; 

Fonta et al., 1993). Assuming a mean value of 50, this would result in each glomerulus being 

diffusely innervated by almost 1000 heteroLNs and 300 homoLNs. A similar calculation can 

be done for uniglomerular and multiglomerular PNs (see Table 1). 

 

Table 1: Approximate numerical relationship between glomeruli and cell branches of 

ORNs, LNs and PNs in the AL (see text for detail) 

 ORN hetero 
LN 

homo 
LN 

uniglo 
PN 

multiglo 
PN 

No. cells 60.000 3.000 1.000 800 150 

No. of cells per glomerulus 375 20 6 5 1 

No. of glomeruli innervated 
by each cell 

1 50 50 1 30-80 

No. of cells innervating each 
glomerulus 

375 1.000 300 5 30-80 

 

Summing up the gross anatomical features of the glomerular organization, the 

numerical proportion of cells is about 60.000 ORN : 4.000 LN : 800 PN for 160 glomeruli, 

which approximates to 400 ORN : 25 LN : 5 PN for each glomerulus. Thus each glomerulus 

is a convergence point for a very large number of neurons, giving the impression of a 

bottleneck. However, including the branching patterns, the bottleneck appears to widen: each 

glomerulus is innervated by about 1300 LNs, which means that it has, in principle, access to 

computed information from all other glomeruli. It should be noted that these figures differ 
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greatly between insect species (Rospars, 1988), so that the proportions given above are only 

valid for Apis mellifera. 

Counting the neurons does not do justice to their physiological role: it is necessary to 

know the number and the type of synapses they form. How do the neurons interconnect in the 

AL? For the honeybee, only limited ultramicroscopic evidence has been published so far 

(Gascuel and Masson, 1991), but from studies in Periplaneta americana it is clear that almost 

any possible synaptic contact is realised (Distler et al., 1998b; Distler and Boeckh, 1996, 

1997, 1998; Malun, 1991a, 1991b). That is: ORNs synapse onto LNs and onto PNs, and their 

presynaptic terminals themselves become input from AL neurons. LNs synapse onto ORN 

terminals, onto other LNs and onto PNs. PNs get input from ORNs and from LNs, and they 

synapse onto other cells in the AL (Fig. 3, page 19). No synapse from PN onto ORN have 

been found so far (Distler and Boeckh, 1996). Physiological measurements are necessary in 

order to understand the relative contribution of these synapses.  
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Figure 1. 

A:  3-D Computer view of the AL, based on the digital atlas of the honeybee AL 

(Galizia et al., 1999a). Glomeruli innervated by the tracts T1 to T4 are distinguished by their 

colour. Reconstruction made by Robert Brandt.  

B:  Section through the honeybee AL. The tracts are colour-coded as in A. 

Adapted from Mobbs, 1985. 

C:  Schematic view of the olfactory system of the honeybee. The 60,000 receptors 

are located in sensilla on the antenna. Their axons innervate the AL. The AL consists of about 

160 glomeruli, interconnected by 4,000 local interneurons. From the AL, 800 projection 

neurons send their axons to the mushroom body and the lateral protocerebrum. 

D:  Extended focus confocal view of the neural tracts leaving the AL. The entire 

AL was heavily stained with a crystal of rhodamin dextran, leading to all PN axons being 

labelled. Note the three distinct tracts, mACT, lACT and the smaller mlACT, and the fine 

branching in the mushroom body lips (arrows). 

A: anterior. AN: antennal nerve. D: dorsal. DL: dorsal lobe. L: lateral. lACT: lateral 

antenno-cerebralis tract. LC: lateral calyx of the mushroom bodies. LN: local neurons in the 

AL. LPL: lateral protocerebral lobe. M: medial. mACT: medial antenno-cerebralis tract. 

MC: medial calyx of the mushroom bodies. mlACT: medio-lateral antenno-cerebralis tract. 

OS: oesophagus. P: posterior. PN: projection neurons of the AL. SOG: suboesophageal 

ganglion. T1, T2, T3, T4: the four groups of glomeruli innervated by distinct tracts of the 

antennal nerve. Tr3, Tr4: tract 3 and tract 4 of the antennal nerve. Tr: tract of the antennal 

nerve containing the branches Tr5 and Tr6, which bypass the AL and lead to the dorsal lobe 

(DL). V: ventral. VNC: Ventral nerve cord. αα: alpha lobe of the mushroom bodies. ββ: beta 

lobe of the mushroom bodies. 
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Figure 2. 

Different morphologies of neurons innervating the AL. 

A:  Receptor neurons. Each neuron only innervates one glomerulus, and there 

limits its branching pattern to the outer shell of the glomerulus. From Brockmann and 

Brückner, 1995. 

B:  Heterogeneous interneuron. The neuron densely innervates a single glomerulus 

(arrow), and sparsely many others. The neuron is local to the AL. 

C:  Homogeneous interneuron. The neuron innervates a large number of glomeruli. 

The neuron is local to the AL. 

D:  lACT projection neuron. The neuron is uniglomerular in the AL, and projects 

via the lateral tract to the lateral protocerebrum and to the mushroom bodies. 

E:  mlACT projection neuron. The neuron is multiglomerular, and projects to the 

lateral protocerebrum and to the ring neuropil around the α-lobe. 

F:  mACT projection neuron. The neuron is uniglomerular, and projects to the 

mushroom body and the lateral protocerebrum via the mACT. 

G:  A projection neuron branching in both ALs, and projecting to the mushroom 

bodies via the mACT (the left MB is probably unlabelled due to incomplete staining). 

Stainings B-G from Abel, 1997. 

H:  The VUMmx1 neuron, with the soma in the SOG, branches extensively in all 

glomeruli of the AL, in the mushroom bodies and the lateral protocerebrum. From Hammer 

and Menzel, 1995. 

AL: antennal lobe. AN: antennal nerve. Glo: glomerulus. LC: lateral calyx of the 

mushroom bodies. LPL: lateral protocerebral lobe. MB: mushroom bodies. MC: medial calyx 

of the mushroom bodies. OE: oesophagus. SOG: suboesophageal ganglion. αα: alpha-lobe of 

the mushroom body.  
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Figure 3. 

Schematic view of the connections in the AL. Many receptor neurons (RN, blue) 

innervate the olfactory glomeruli (grey circles), but each RN only branches in one 

glomerulus. RN make synapses onto local interneurons and projection neurons. Interneurons 

(IN, red) make connections both within and between glomeruli. The make synapses onto 

other interneurons, onto projection neurons and onto receptor neuron terminals (schematically 

shown as a synapse onto the RN axon). Projection neurons (PN, green) leave the AL towards 

other brain areas, but also make synapses within the AL onto local neurons. The 

„disinhibition pathway“ from RN to PN leads via two inhibitory interneurons. 
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Figure 4. 

Morphological atlas of the honeybee AL. 

A:  Confocal section of an AL. Afferent receptor neuron axons were labelled with 

a neuronal tracer. Individual glomeruli are clearly visible, and marked with their name, 

following the atlas of the honeybee AL (Flanagan and Mercer, 1989a). 

B:  Section through the digital AL atlas (Galizia et al., 1999a) corresponding to the 

section shown in A. 

C:  Variability in the morphology of the AL glomeruli. Confocal sections through 

a comparable portion of the AL are shown for 3 individuals. Glomeruli are identified with a 

number (all glomeruli are innervated by T1, except for C45 which is innervated by T3). Note 

the correspondence of the three adjoining big glomeruli 42, 33 and 17. Also note the 

variability apparent in the different positions of glomerulus 35. 

Glomeruli are labelled with a letter indicating the tract, A for T1, B for T2 and C for T3, 

and their corresponding number. In C the letter A is omitted for T1 glomeruli. d: dorsal, l: 

lateral, lp: lateral passage, m: medial, v: ventral, T1: tract 1, T2-2: subtract 2 of tract 2, Tb: 

bundle of tracts containing T5 and T6. Figure adapted from Galizia et al., 1999a. 
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Physiology of the honeybee antennal lobe 

Odour evoked activity patterns 

Over the last decades, experiments in several species have shown that odours evoke 

spatially organized activity patterns in the OB or the AL. Measurements using radioactively 

marked 2-deoxyglucose reveal such patterns in mammals (Sharp et al., 1975; Xu et al., 2000) 

and within insects in Drosophila (Rodrigues, 1988; Rodrigues and Buchner, 1984) and 

Calliphora vicina (Distler et al., 1998a). These measurements show that, in response to 

exposure to an odorant, activity is focussed in discrete glomeruli of the OB or the AL. Each 

odour elicits a mosaic of activated glomeruli, a finding confirmed by mapping odour-evoked 

neural activity monitoring c-fos expression (Guthrie et al., 1993; Johnson et al., 1995; Sallaz 

and Jourdan, 1993, 1996). Unfortunately, for these measurements each animal has to be 

sacrificed after a single stimulation, and therefore only one map of a chronic sensory 

stimulation can be created from each individual, thus losing temporal information and 

precluding within-animal comparisons.  

Optical recording techniques allow to measure several odour responses in a single 

animal, but the visible aspect generally only includes a small portion of the entire OB or AL. 

Staining the brain with voltage sensitive dyes (VSD), and recording the stimulus-evoked 

activity patterns, has given good results in salamanders (Cinelli et al., 1995), frogs (Delaney 

and Hall, 1996), turtles (Lam et al., 2000), zebra fish (Friedrich and Korsching, 1998), 

molluscs (Kleinfeld et al., 1994) and mammals (Delaney et al., 1994; Gelperin et al., 1996; 

Gervais et al., 1996; Spors and Grinvald, 2000). Using VSD in honeybees  allows to 

recognize the glomerular layout very clearly in the staining pattern (Galizia et al., 1997, 

1999b). This shows that the activity patterns are indeed of glomerular origin, i.e., that the 

boundaries of highly active regions coincide with the boundaries of individual glomeruli.  

Intrinsic signals either exploit the fact that oxygenated blood has different spectral 

properties from carbonated blood, and thus reflect local oxygen consumption, or exploit the 

fact that active tissue changes its light scattering properties, probably because of slight 

changes in relative cell volume (i.e. the effects of cell swelling). Intrinsic signals have been 

measured in the mammalian OB (Rubin and Katz, 1999, 2001; Belluscio and Katz, 2001; 

Meister and Bonhoeffer, 2001; Uchida et al., 2000) and in honeybees (Lieke, 1993). 
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Monitoring changes of intracellular calcium concentrations has also been successfully 

carried out. Friedrich and colleagues visualised the spatial distribution of receptor cell activity 

in the olfactory bulb of the zebra fish by bulk staining the afferent receptor axons with 

calcium green (Friedrich and Korsching, 1997). They stimulated the fish with different amino 

acids, and showed that the responses cluster into four groups for amino acids with common 

molecular features: basic, acidic, neutral with short aliphatic residues and neutral with long 

non-polar residues. This clustering was confirmed using a multivariate factor analysis. 

Therefore ORNs with similar response properties tend to innervate adjoining regions of the 

bulb. ORN selective staining has now also been applied to turtles and rats (Wachowiak et al., 

2000). Using a different staining protocol and the honeybee as experimental species, we were 

able to use changes in intracellular calcium concentration to measure glomerular activity 

patterns (Faber et al., 1999; Galizia et al., 1997, 1998, 1999c; Joerges et al., 1997; Sachse et 

al., 1999), see Fig. 5. This technique has also been applied to ants (Galizia et al., 1999b) and 

moths (Galizia et al., 2000b). In these experiments, we bath-applied calcium green-AM. This 

cell permeant molecule is inefficient as a calcium indicator in its AM-bound form, and taken 

up by all cells in the AL; however, inside the cells, the acetoxymethyl-group (the AM group) 

is cleaved by intracellular esterases, leaving the now active and cell-impermeant calcium 

green captured within the cell. Therefore, we measured a compound of the activity of afferent 

ORNs, of LNs and of PNs, with ORNs contributing most (see below). 

The main results from imaging studies in the worker honeybee are the following (see 

also Figs. 5 and 6, pages 30 and 31) (Galizia and Menzel, 2001):  

Each odour is coded in the activity of several glomeruli, and each glomerulus participates in 

the code of several odours (Joerges et al., 1997). The variability between repeated trials 

is low (Galizia et al., 1998), which confirms that odours are coded in an „across-

glomeruli code“, as has long been proposed on the basis of several studies in various 

species (Shepherd, 1994). It is possible that the „across-glomeruli“ pattern in the AL is 

translated into an „across-fibre“ pattern in the PNs. The „read-out-system“, i.e. higher 

order brain centres, must have access to the whole pattern, because changed activity in 

just one of the glomeruli of a pattern may change its meaning (but see below for a 

discussion of the redundancy in this code).  

The response intensity is graded, both for the same odour, where stimulus intensity is 

reflected in stronger excitation (Fig. 6, page 31), as well as for different odours, where 
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one glomerulus with a weak response for one odour may well give a strong response to 

stimulation with another odour (Joerges et al., 1997; Sachse et al., 1999).  

The representation of odours is symmetrical in the right and the left antennal lobe (Galizia et 

al., 1998), a finding common to what has been described in mammals (Meister and 

Bonhoeffer, 2001; Rubin and Katz, 1999). This shows that, developmentally, rules 

leading to the functional identity of a glomerulus are equal on the two body sides, 

suggesting that they are genetically encoded. Alternatively, if activity dependent 

processes are involved in shaping glomerular function, bilateral connections would have 

to maintain the symmetry. 

Patterns are equal between individuals, which means that the glomerular code is species-

specific (Galizia et al., 1999c). This extends the finding of bilateral symmetry and 

corroborates the interpretation that the physiological identity of individual glomeruli is 

genetically determined. Homologous glomeruli in different individuals have the same 

molecular receptive response profile, and by measuring these it is possible to create a 

functional atlas of odour representations in the antennal lobe of honeybees 

(http://www.neurobiologie.fu-berlin.de/honeybeeALatlas) (Fig. 5, page 30). Similarity 

between the patterns in different individuals has also been reported from rats and mice, 

though there the morphological identity of the glomeruli is not yet available. Also, local 

permutations of the glomerular positions are common in mice (Strotmann et al., 2000), 

which is also reflected in their odour-response patterns (Belluscio and Katz, 2001). 

Responses to hydrocarbons are broadly tuned with respect to carbon chain length. A 

glomerulus that strongly responds to a particular hydrocarbon, say 1-octanol, will 

always also respond to its carbon chain-length neighbours, in this case 1-heptanol and 

1-nonanol, though with less intensity (Sachse et al., 1999). This probably reflects the 

broad tuning of ORNs, and consequently the unsharp interaction profile between 

odorant molecules and receptor proteins, in accordance with findings in mammals 

(Belluscio and Katz, 2001; Imamura et al., 1992; Meister and Bonhoeffer, 2001; Mori, 

1995; Rubin and Katz, 1999; Uchida et al., 2000). In behavioural tests, honeybees are 

very good at discriminating different odours. When tested with homologous series of 

hydrocarbons, most of the very few mistakes in odour choice happen between direct 

neighbours in terms of carbon chain length, e.g. between 1-heptanol and 1-octanol 

(Laska et al., 1999). This finding suggests that odours which elicit a similar spatial 
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activity pattern in the AL are also perceived as being similar by the animal (Galizia and 

Menzel, 2000). 

There is no particular glomerulus for functional groups (Sachse et al., 1999). We found 

glomeruli that preferentially responded to one functional group rather than another 

when tested for aldehydes, ketones, alcohols, carbon acids and alkanes. However, these 

glomeruli always also elicited a response to other functional groups, even though that 

response was weaker. Furthermore, they always had a particular preferred range of 

carbon chain lengths to which they responded. Therefore, the response profile of 

individual glomeruli is not determined by particular „features“ of the odorant, such as 

„ketone group“ or „aldehyde“, and the olfactory code is not a building set, where 1-

heptanol would be coded in the „alcohol glomerulus“ plus the „C7 aliphatic chain“ 

glomerulus, in contrast to what has been proposed for vertebrates (Johnson et al., 1998; 

Uchida et al., 2000). Rather, response profiles are best described as broadly tuned to the 

whole „best molecule“: for example, glomerulus T1-17 best responds to 1-heptanol, but 

is also activated by other alcohols, alkanes and aldehydes with similar carbon chain 

length. This shows the importance of an across glomeruli code: from the activity of T1-

17 alone, it is not possible to distinguish a weak stimulation with 1-heptanol from a 

strong stimulation with heptanone. Through a comparison with the other glomeruli this 

identification is, however, unambiguous. 

Some neighbouring glomeruli have particularly similar response profiles. For example, 

glomerulus T1-17 preferentially responds to 1-heptanol. Its direct neighbours, T1-28 

and T1-33, preferentially respond to 1-pentanol and 1-nonanol, respectively (Sachse et 

al., 1999). This is the ideal spatial arrangement for a lateral inhibition mechanism to 

sharpen the broadly-tuned response profiles, which would result in a sharper tuning of 

the responses in PNs. Such a mechanism has been shown in rabbit mitral cells (Yokoi et 

al., 1995). Nevertheless, the odour specific glomerular activity patterns are generally 

distributed, i.e. in most response patterns there are several activated glomeruli which are 

not direct neighbours. Indeed, this finding may reflect an architectural difference 

between insect ALs and vertebrate OBs. LNs branch in a star-like fashion from the AL 

central neuropil, so that almost all glomeruli are isodistant in terms of wiring connection 

(Fig. 2A, page 18). 

The olfactory code is redundant (Galizia et al., 1999c). After mapping the response properties 

of a mere subpopulation (24%) of morphologically identified glomeruli, we found that 
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this subset was sufficient to unambiguously predict the odour from the pattern. A 

discriminant analysis gave a rate of over 85% correctly predicted odours. Rats have 

been shown to be able to recognize odours with only 21% of their olfactory bulb left 

after partial bulbectomy (Lu and Slotnick, 1998; Slotnick et al., 1987, 1997). Therefore, 

it is not necessary to have the entire representation for correct odour identification.  

Associative learning of odours leads to changes of the glomerular activity pattern for the 

learned odour (Faber et al., 1999). Here two odour-evoked activity patterns have been 

measured in the naive bee, where one odour was trained in an appetitive classical 

conditioning paradigm, while the other was presented without reward. After this 

differential conditioning, the rewarded odour led to a response pattern with increased 

activity, and this pattern was less correlated with that of the non-rewarded odour than 

before training. Interestingly, in intracellular recordings of PNs, an increased frequency 

was found in the response to an odour after single-trial appetitive training (Abel, 1997). 

Thus, the across-glomerular and across-fibre code is not stereotypical, but plastic. The 

range of plasticity, however, appears to be rather narrow, because only subtle 

differences were found in both the glomeruli and PNs as a consequence of learning. 

Nevertheless, these findings show that within the stereotype species-specific glomerular 

code, there is a plastic component. They corroborate the observation that the antennal 

lobe houses an olfactory memory trace, and this trace can control olfactory behaviour 

(Hammer and Menzel, 1998). It is yet unknown whether the olfactory memory in the 

AL develops under the feed-back control of the MB, another site of olfactory memory 

(Menzel and Müller, 1996), and whether the contents of the memory traces in the AL 

and MB are different. Plasticity has also been shown for odour representation in the 

vertebrate bulb (Johnson et al., 1995; Johnson and Leon, 1996; Woo et al., 1987). 

The responses to mixtures are complex. We found that the response to binary mixtures 

approximates the additive combination of the components' responses (Rappert et al., 

1998) (Fig. 5, page 30). However, slight deviations both in positive and negative 

directions appear. If mixtures of odours were represented as a simple addition of the 

excitation patterns induced by the components, the glomerular code could quickly 

saturate, and mixtures would not be discriminated. Interactions, particularly of an 

inhibitory kind, between the glomeruli within the AL are therefore important steps in 

olfactory information processing. Indeed, when increasing the components in the 

mixture blend, the inhibitory interactions appear to increase, thus avoiding a saturation 
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of the pattern in the AL (Joerges et al., 1997). These effects may either be already 

present in the ORN responses, or they may be due to interactions within the AL 

network. At the level of ORNs a combination of inhibitory and excitatory response 

properties may lead to complex mixture interactions. Inhibitory responses have been 

shown in a variety of insects (Boeckh, 1967; de Bruyne et al., 1999; Dubin and Harris, 

1997), and an inhibitory transduction pathway using IP3 has been extensively 

investigated in crustaceans (Ache and Zhainazarov, 1995; Boekhoff et al., 1994). There 

is evidence for this pathway also in mammals (Restrepo et al., 1996; Schild and 

Restrepo, 1998), though its existence is still controversial. There are only few ORN 

recordings in honeybees, and those published are compound responses from the pore-

plates, where 15-30 ORNs are housed together in one sensillum. In these recordings, it 

is difficult to isolate the responses of the individual neurons (Akers and Getz, 1993). 

Using computational techniques, however, it can be shown that mixture interactions are 

already present at the periphery, i.e. that the response to a mixture of odorants does not 

correspond to the sum of the responses to the two odours alone (Getz and Akers, 1993; 

Getz and Akers, 1994). Therefore, complex response properties as seen in the AL, and 

in particular at the output level of the AL, partially originate from the ORNs. However, 

in honeybees, no direct evidence for inhibitory responses were found in ORN 

recordings so far. While this is not a sufficient proof for their non-existence, it indicates 

that they may not be prominent features of ORN responses.  

The glomerular activity patterns are dynamic. Each odour does not only elicit a static pattern, 

which is switched on or off depending on the presence of the odour. Rather, the 

representation of an odour is a spatio-temporal pattern (Fig. 5). We found that the 

difference between the glomerular response patterns increased within the 2 sec of 

stimulus presentation, which suggests that odour representations became more 

characteristic over time (Galizia et al., 2000a). This sharpening is most likely due to the 

interglomerular connections. Such a mechanism has also been shown using intracellular 

recordings in zebra-fish mitral cells (Friedrich and Laurent, 2001). On the other hand, 

interactions which are observed when odorant mixtures are applied are also due to inter-

glomerular connections. Since these odour-mixture interactions are visible right upon 

stimulus delivery, while the sharpening of the representation takes a few seconds, there 

must be at least two different mechanisms of interglomerular interaction: an immediate 



 

_________________________________________________________________________________________   

Giovanni Galizia  Olfactory coding in insects 27  

one and a slow one. Both of these mechanisms may possibly rely on inhibitory 

interneurons, though they may be realised by different circuits. 

Network properties: the output of the antennal lobe 

The data reviewed so far show that odours are encoded as glomerular activity patterns 

in the AL. In order to have a meaning for the animal, these patterns have to be read out by the 

brain. The question therefore arises about how the activity in the PNs, which leave the AL, 

correlates with the spatial patterns that can be measured when staining all cells with a 

calcium-sensitive or voltage-sensitive dye. Are these spatial patterns really available to 

subsequent brain centres? Furthermore, what is the role of the local circuitry in the antennal 

lobe, i.e. how is the input coming from the ORNs shaped by the AL network in order to yield 

a processed signal?  

Both questions can be approached by recording selectively the output from the antennal 

lobe. With the exceptions of studies of pheromone-sensitive neurons in moths (e.g. Berg et 

al., 1998; Vickers et al., 1998, see also Hansson and Christensen, 1999), in many studies 

involving electrophysiological recordings from PNs it was not possible to identify the 

innervated glomerulus, not even in subsequent histological analyses of the specimens (e.g., 

for the bee, Fonta et al., 1993; Abel, 1997; Flanagan and Mercer, 1989b; Sun et al., 1993). 

The picture emanating from these studies was that there is a plethora of very different, and 

quite unpredictable, responses of PNs to different odours. With the establishment of more 

refined glomerular atlases, however, the picture is changing. It is now possible to 

morphologically identify the innervated glomerulus after an electrophysiological recording by 

filling it with a dye and comparing the histological preparation with the AL atlas (Müller et 

al., 2001). Responses of individual PNs appear to be largely dominated by the response 

properties of the innervated glomerulus. This has been shown in two independent studies 

(Galizia et al., 2001; Sachse and Galizia, 2001), which shall be briefly reviewed here. 

In the first study (Galizia et al., 2001) the authors electrophysiologically recorded from 

individual PNs identifying their response profile. They then filled the neurons with a calcium-

sensitive dye, and optically recorded the response patterns to different odours. Finally, they 

reconstructed the projection patterns of the stained neurons in order to identify the innervated 

glomerulus (Fig. 7, page 32). The response patterns as characterized by the 

electrophysiological recordings closely matched the calcium-activity patterns as responses to 

the odours. This finding is methodologically crucial in that it shows that measurements of 
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calcium-concentration changes reflect the electrophysiological responses of these neurons. 

Odour-evoked responses included both excitatory and inhibitory phases, generally either the 

one or the other, but sometimes as a sequence of the two. PNs that innervated glomeruli 

which have already been characterized with calcium imaging (Galizia et al., 1999c; Sachse et 

al., 1999) were generally excited by odours which are reported as activating that glomerulus 

in the functional honeybee atlas. 

These findings are corroborated by another study (Sachse and Galizia, 2001), in which 

the population of uniglomerular PNs was simultaneously recorded with optical methods after 

backfilling them with a calcium sensitive dye (Fig. 8, page 33). This study showed that 

individual glomeruli have highly predictable response properties from individual to 

individual. PNs with very strong excitatory responses to a particular odour innervated those 

glomeruli which also deployed the strongest response when the overall glomerular activity is 

measured. Glomeruli only weakly active in the functional atlas based on the overall activity 

were generally missing when only measuring the PNs, indicating that the total spatial pattern 

is contrast enhanced by the AL network. Furthermore, the temporal patterns appeared to be 

quite complex. First, both excitatory and inhibitory responses were visible. Since in the 

combined electrophysiological and imaging experiments reported above a calcium-

concentration decrease corresponded to a reduction in the firing frequency of the PNs, also 

these inhibited glomeruli are likely to contribute to the olfactory code. This is because a read-

out system will also have access to information resulting from the reduced excitation of the 

PNs. Second, responses often consisted of sequences of excitatory and inhibitory responses, 

and these sequences differed for PNs depending both on the glomerulus innervated and the 

odour used as stimulus. Inhibitory responses followed the stimulus timing: they generally 

appeared after stimulus onset, and often changed into excitatory responses (rebound effect) at 

stimulus offset. Third, while some responses stopped at stimulus offset, others persisted for 

several seconds beyond the stimulus. 

Using pharmacological tools like the chloride-channel blocker Picrotoxin (PTX) these 

inhibitory interactions can be investigated further (Sachse and Galizia, 2001). The results 

show that there are at least two separate inhibitory circuits within the AL, one being PTX 

sensitive, and the other not. The PTX sensitive network is a global network, and probably 

realized by the homogeneous LNs, which are therefore probably GABAergic. The PTX 

insensitive network is glomerulus specific, and probably realized by the heterogeneous LNs. 

Their transmitter is unknown. This specific network is just beginning to be mapped: its 
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connections are most likely geared at shaping the specific response profiles of the glomeruli. 

Most connections mapped so far are between glomeruli with slightly overlapping olfactory 

response profiles, but not between glomeruli with very similar responses, nor between 

glomeruli with totally different responses. These connections are responsible for the strong 

inhibitory responses in some glomerular outputs, and conversely also for the rebound 

excitations (Sachse and Galizia, 2001). 
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Figure 5. 

Calcium imaging of odour-evoked activity in the honeybee AL. Optical recording of 

odour-evoked responses in the antennal lobe of the honeybee using calcium-sensitive dyes 

(Galizia et al., 1999a). 

A:  (a) Confocal reconstruction of the AL, obtained as extended focus of confocal 

sections from a preparation where receptor cell axons have been fluorescently labelled. The 

antennal nerve points up. (b) schematic view of the AL, with those glomeruli labelled which 

have so far been identified in optical imaging studies of odour-evoked activity. (c) False-

colour-coded response patterns as obtained from averaging the responses in several animals, 

and displayed using a schematic view of the AL. Responses to 1-hexanol (HX1, n=21), 1-

octanol (OC1, n=21) and geraniol (GER, n=9). Response strength is coded in five steps (red–

yellow–green–blue–dark blue); grey glomeruli could not be physiologically mapped. The 

spatial patterns of the perceptually more similar odours octanol and hexanol have more of the 

activity pattern in common with each other than either does with geraniol, though there is 

some overlap between the three.  

B:  Temporal sequence of activity. Two frames per second, with the red bar giving 

the stimulus period. Both sequences are shown with the false-colour map scaled to the same 

range. Note the strong and spatially more widespread response to isoamyl acetate, and the 

later and weaker response to clove oil, which is limited to two non-contiguous glomeruli, one 

to the middle of the left margin, one to the middle of the right margin of the field of view. 

Also note that the response to isoamyl acetate is temporally complex: the pattern still active at 

the end of the sequence is not identical to the initial activity pattern, and includes an 

additional glomerulus (arrow).  

C:  Mixture interactions show additive and inhibitory effects. Responses to orange, 

clove oil and peppermint are shown with the responses to two of their binary mixtures in 

between them. Note that the response pattern to clove oil+peppermint corresponds to the sum 

of the components, whereas the response to orange+clove oil lacks the upper glomerulus 

which is part of the response to orange. Far right: sequence of colours for B and C. 
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Figure 6. 

Glomerular response in the honeybee AL to different odour concentrations. 

A:  False-colour coded spatial views of the AL to different concentrations of 

isoamyl acetate. Concentrations 0.01% to 10% were obtained by diluting the odour in mineral 

oil and applying 4µl of the diluted substance in the olfactometer. The higher concentrations 

were obtained by applying 4µl and 40µl pure substance. The corresponding controls are 

mineral oil and air, respectively (left). Note that already at 0.01% there is a weak response in 

one glomerulus. 

B:  Analysis of responses of 5 identified glomeruli in 4 bees. Each glomerulus is 

shown with a different colour. Note that, with increasing concentration, more glomeruli 

become active, but the different lines do not cross. Also, at the highest concentrations, the 

entire pattern saturates, and not only the strongest glomeruli. 
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Figure 7. 

Analysis of electrophysiological properties and intracellular calcium dynamics of a 

single projection neuron (Galizia et al., 2001). 

A:  Fluorescent view of the AL. A single neuron was filled with the calcium 

sensitive dye Fura-2. Two fluorescent areas are visible: the soma (blue circle) and a 

glomerulus (red circle). 

B:  Calcium response to stimulation with clove oil (CLV) in the glomerulus (red 

curve) and the soma (blue curve) calculated as the ratio of fluorescence at 340nm and 380nm. 

Note that both cell compartments respond with a similar time course, but the response in the 

soma is much weaker. Also note that the pre-stimulus ratio value is higher in the glomerulus, 

possibly indicating a higher calcium resting level. Calibration of calcium concentrations is not 

possible in this system. 

C:  False-colour coded series of frames showing the spatial response pattern to 

clove-oil. 

D:  Electrophysiological response to clove oil (three repetitions) and to the control, 

mineral oil. 

E:  The neuronal tracer Alexa-564 was injected into the cell along with the calcium 

sensitive dye. After the physiological measurements, the cell was morphologically 

reconstructed making a series of confocal sections. The image shows an extended focus view 

of the entire AL (upper left, arrow: soma, double arrow: axon), a detailed view (upper right) 

showing the soma (arrow), the primary dendrite, the glomerulus and the proximal portion of 

the axon, a single layer view (lower left) in which the borders of adjoining glomeruli can be 

seen, and a section of the digital AL atlas (lower right) used to identify the innervated 

glomerulus, which was glomerulus 35. 
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Figure 8.  

Calcium responses of PNs in the honeybee antennal lobe (Sachse and Galizia, 2001). 

A:  View of the AL with stained PNs. The outline of the glomeruli is superimposed 

onto the view, and the individual glomeruli are identified. The same outline is superimposed 

onto the false-colour coded response pattern to nonanol. The position of glomeruli 62, 15, 8 

and 30 is highlighted to clarify the colour-code used in the time-courses in B. Glomeruli 35, 

28, 17, 33 and 24 are labelled with the colour-code of the time-courses in C, D and E. 

B:  Time-courses of four glomeruli (see positions in A) and false-colour frame-

views for the no-stimulus situation. Note that individual glomeruli are spontaneously active. 

C-E:  Time-courses (see glomerular position in A) and frame-views for stimulation 

with isoamylacetate, hexanol and nonanol. Note the distinct spatial patterns, and the presence 

of off-responses at stimulus offset. Stimulus duration was 2s and is indicated by the shaded 

area in the time-courses and the red bar in the false-colour coded frames. Note the change in 

the false-colour range for each of the sequences in B-F. 

F:  Repeated stimulation with octanol. Two adjoining glomeruli are mutually 

exclusive in their activity: the left glomerulus (red curve) increases its calcium concentration 

during the stimulus, while the right glomerulus (blue curve) is inhibited. During the inter-

stimulus intervals the situation is reversed: the left glomerulus is inhibited, while the right 

glomerulus is activated. Both stimulus and inter-stimulus was 2s. Different animal from A-E. 

G:  Responses to octanol in six identified glomeruli in five different animals. Each 

panel represents one glomerulus, each line-colour stands for one individual bee. Glomeruli 

17, 33 and 52 respond with calcium increase in all animals, with one exception for glomerulus 

33. Glomeruli 23, 29 and 35 generally decreased their calcium concentration, and/or showed 

an off-response at stimulus end. 

H:  Schematic view of the AL with the PN responses to the 3 odours hexanol, 

octanol and nonanol averaged over 7 bees. Excitation is represented in the colour steps red-

yellow-green-bright blue. No activity is indicated as dark blue, and a negative response as 

patterned dark blue. The correlation between each pattern pair is given in the figure. 

I:  Schematic view as in H, but based on data where all cells were labelled using a 

bath application. Note the correspondence of the strongest glomeruli in the response patterns 

of H and I. Also note that more glomeruli are weakly active, there are no inhibitory glomeruli, 

and the correlation between the patterns is higher, indicating a less specific odour 

representation in these measurements as compared to the output of the AL shown in H. 
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Figure 9. 

Spatial response patterns to pheromones and plant odours in the male moth Heliothis 

virescens. 

A:  Responses to Z11-16:AL (main pheromone component), Z9-14:AL (minor 

pheromone component) and Z11-16:OH (behavioural antagonist) at three different 

concentrations. The main component elicits activity in the cumulus (compare with C) in a 

dose-dependent manner. The second component elicits activity in the dorsomedial 

compartment in an inverse-dose-dependent manner, and also activates the ventro-lateral 

compartment at high concentration. The behavioural antagonist Z11-16:OH elicits activity in 

the ventro-lateral compartment. Responses in regions other than the MGC are attributed to 

mechanosensory stimulation (see responses to air in C). 

B:  Responses to different plant odours. Note that each odour elicits a unique 

spatial pattern, but none of the odours activates any of the compartments of the macro-

glomerular complex. 

C:  Response to air (control). Unlike the bee, in the moth, responses to 

mechanosensory stimuli (the air-puff) were frequent. Position of the three compartments of 

the macro-glomerular complex for the whole figure. 
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Olfactory coding strategies 

Several strategies for encoding odours have been proposed. Very prominent are the 

classical concepts of a „labelled line“ as opposed to an „across fibre“ code, two strategies 

supposed to be realized in the pheromone-system and the general-odour system respectively 

(Boeckh and Tolbert, 1993; Hildebrand and Shepherd, 1997; Schild, 1988; Shepherd, 1993). 

The use of these two terms has to be more precisely defined; for example, the sexual 

pheromone system in moths consists of a labelled line system in the ORNs and the olfactory 

glomeruli, but the behavioural significance of an olfactory stimulus can only be assessed by 

the animal when comparing activities in different glomeruli, thus meeting the requisites of an 

„across glomeruli“ pattern.  

Looking from the stimulus, one can ask: does a particular chemical elicit activity in only 

one or in several classes of ORNs (or glomeruli, or PNs), and if it elicits activity in only one 

class, are there any other stimuli in the natural environment of the species which also excite 

this ORN class. Looking from behaviour, the question is whether activity in a single PN (or 

glomerulus or ORN class) is sufficient in order to elicit a response, or whether additional 

glomeruli have to be read out at the same time; “no activity” in these glomeruli may be as 

important an information as “excited”. An important aspect of the stimulus is also whether the 

encoded odour leads to an innate response or to an experience-dependent behaviour. 

Responses to olfactory stimuli are also affected by context variables, such as time-of-day or 

reproductive status of the animal.  

An ongoing debate in the search for the olfactory code has revolved around the 

importance of the temporal structure of odour responses in neurons, particularly PNs. These 

have been claimed at different times as being the code (Laurent et al., 1996; Laurent, 1996), 

as being part of the code (Laurent, 1999; Stopfer et al., 1997), or as coding for concentration, 

experience and other aspects of the olfactory stimulus (Christensen et al., 2000; Stopfer and 

Laurent, 1999). Within the population of honeybee PNs the two groups leaving the AL via the 

lACT and the mACT differ in their temporal response properties, supporting the notion that 

temporal spike patterns are important for the olfactory code (Müller et al., 2001). 

Nevertheless, in this work, I will not consider the temporal aspects of the olfactory code, since 

the focus is on the spatial component, and no techniques have been developed so far which 

allow to measure the spatial activity patterns in the antennal lobe with sufficient temporal 

resolution or to simultaneously measure high-resolution temporal and spatial signals in order 
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to investigate the relationship between high-frequency temporal properties and spatial odour 

representation. This does by no means imply a dismissal of the importance which temporal 

coding may have in odour processing for the animal.  

In the following I will argue that in different ecological circumstances, insects may use 

different odour coding strategies. In a very simplified, sketchy view these are a labelled line 

system for sexual pheromones and for low-concentration plant odours, and an across-fibre 

system for social pheromones and high-concentration plant odours, like flower scents. While 

the specialized MGC codes for the sexual pheromone system, low-concentration and high-

concentration plant odours as well as social pheromones are all coded in the “ordinary 

glomeruli” of the same part of the AL, indicating that the same structure can be used in 

different „modes“ depending on the circumstances. 

Non-pheromones at high concentrations 

Plant odours at high concentrations are coded as combinatorial glomerular patterns. As 

reviewed above, when a bee is stimulated with odours at a relatively high concentration, a 

characteristic pattern of activated glomeruli becomes excited in the AL. This pattern contains 

sufficient information to identify the odour (Galizia et al., 1999c). Pattern similarity as 

revealed by a principal component analysis (PCA) (Sachse et al., 1999) matches behavioural 

similarity as measured in a multiple choice experiment (Laska et al., 1999). Furthermore, over 

a wide range of concentrations, these patterns are stable (Joerges et al., 1997; Sachse et al., 

1999), allowing the insect to identify an odour irrespective of its concentration; in other 

words, the code is concentration-invariant over several orders of magnitude (see below for 

how the code changes at very low concentrations, Fig. 6, page 31).  

While these data show that the olfactory system is capable of dealing with these odours, 

they do not yet prove that the animal really uses the system in this mode in its natural 

environment. In the case of the honeybee this can be shown. When bees collect nectar, they 

stay in very close apposition to the flower from which they collect the nectar. Here, the odour 

concentration is very high, possibly higher than those used in most imaging experiments and 

in behavioural experiments. When collecting nectar, the bee forms a stable pavlovian 

association between the odour and the nectar reward, and this association is formed exactly in 

the time window in which the bee is still sitting on the flower, i.e. in which it is experiencing 

the odour at the high concentration (Hammer and Menzel, 1995). Therefore, bees experience 

and learn odours at concentrations at which these are represented in the antennal lobe as 
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combinations of several activated glomeruli. Thus, “high-concentration” plant odours are 

encoded as combinatorial glomerular patterns. 

Plant odours at low concentrations 

Plant odours at low concentrations are coded as single activated glomeruli. As reported 

above, combinatorial patterns are stable over wide ranges of concentrations. However, when 

the concentration is lowered even further, the number of glomeruli in the pattern diminishes, 

and ultimately, at very low concentrations, only a single glomerulus is left (Fig. 6, page 31). 

From the optical imaging studies alone we cannot tell whether this finding be due to the 

apparently less sensitive glomeruli falling below the signal-to-noise ratio, or to them truly not 

responding to the odour at these concentrations. However, dose-response curves of individual 

glomeruli to a substance qualitatively resemble dose-response curves as obtained from ORNs 

(de Bruyne et al., 1999), supporting the one-odour one-glomerulus hypothesis for low-

concentration odours. The concentration dependence of the response of individual glomeruli 

was analysed from optical imaging data in rats: the responses followed a sigmoid curve, 

which can be fit with a simple formula: 
iKC

C
RR

+
= max , where R is the optical response 

amplitude, Rmax the maximal response, C the odour concentration, and Ki is the half-saturating 

concentration of that odour (Meister and Bonhoeffer, 2001). At the ORN level, 

electrophysiological recordings in different insect species show that some of them are highly 

specific when tested at low concentrations (Hansson et al., 1999; Røstelien et al., 2000a, 

2000b; Todd and Baker, 1999).  

Odours are generally transported in the air as odour plumes, which retain a high degree 

of cohesion even over large distances. Nevertheless, the occurrence of strongly diluted plumes 

increases with increasing distance from the odour source (Vickers et al., 2001).  Therefore, a 

highly sensitive low-concentration system is most likely necessary for long-distance 

navigation. This may be particularly important for host-plant detection in herbivorous insects; 

in moths, females have a set of specialized glomeruli, the LFG (large female glomeruli), 

which may have a similar function to the MGC of male moths, but with respect to finding 

suitable oviposition sites rather than sexual partners (King et al., 2000). While LFG and MGC 

are morphologically distinct structures, the low-concentration glomeruli discussed above have 

an additional peculiarity, in that while they may be used as labelled lines at low stimulus 

concentrations, when the odour concentration is high they are an integral part of the across 
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glomeruli pattern. Thus a single glomerulus may be used in two „modes“: as a labelled-line 

system at low concentrations, and as part of an across-glomeruli pattern at high 

concentrations. More experiments are needed to address this question. 

If the same glomeruli are part of two distinct coding mechanisms depending on the 

stimulus concentration, the question arises of how the system switches between the two 

modes. There are two possibilities: either, there is a „switch“, which may be realized using the 

homogeneous LNs, which would report about the overall stimulus intensity present. 

Alternatively, the difference between the low-concentration labelled-line system and the high-

concentration across-glomeruli system is intrinsic to the patterns themselves, and 

distinguishing between the two as different coding strategies is purely academic; in this view, 

both coding strategies are across-glomeruli patterns, and the low-concentration pattern is 

“activity in a particular glomerulus together with no activity in all other glomeruli”. 

Combined behavioural and physiological experiments with carefully selected odour mixtures 

are necessary in order to investigate the independence of the information of the individual 

“low-concentration” glomeruli.  

Even if the distinction between low-concentration and high-concentration mode breaks 

down in terms of olfactory coding mechanism, it remains alive with respect to ecological and 

evolutionary aspects. Because an olfactory system based on across-glomeruli patterns is much 

more powerful in coding for an almost unlimited number of odours, and a one-glomerulus 

one-odour system is very limited, the analysis of which chemical substances are the key-

compounds which can still be detected at low concentrations is crucial for understanding the 

ecological and evolutionary adaptation of a species. In the case of the moth Heliothis 

virescens, for example, highly sensitive ORNs for the sesquiterpene germacrene D have been 

found, a substance which is present in fresh plants and quickly degrades when chemically 

isolated (Røstelien et al., 2000a). For many plant-insect interactions such key compounds are 

likely to be important messengers. In many instances these key compounds may be 

behaviourally as hard-wired as pheromones, a possibility which may be particularly 

interesting for smaller insects with ecological needs for only a limited number of odours. 

These species are likely to also have but a limited number of glomeruli. However, this claim 

has to be verified for each species. 
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Social pheromones 

Pheromones – i.e. chemicals used for intraspecific communications – are not limited to 

sexual attraction. Social insects, like ants and bees, make extensive use of pheromones, 

prominent examples being the trail pheromone in ants, alarm pheromones, and the „cohesion“ 

pheromone from the Nasanov gland for a bee hive. Unlike sexual pheromones, many of the 

chemicals used as social pheromones are common chemicals which are also present in the 

natural environment of the animals. For example, isoamyl acetate is the main component of 

the alarm pheromone in bees (Free, 1987), and also common in many plant extracts. 

Similarly, citral and geraniol are important components in the Nasanov gland, and also 

common floral odours. Responses to non-sexual pheromones have been measured in 

honeybees (Galizia et al., 1999c; Joerges et al., 1997; Sachse et al., 1999) and in ants (Galizia 

et al., 1999b). In all cases, the responses consisted of combinatorial patterns of glomeruli, 

consisting of glomeruli which are also important components of the representation of general 

odorants. This can be interpreted in two ways: either a pheromone is encoded in exactly the 

same way as general odours, or there are other glomeruli - which have yet to be found - for 

the coding of social pheromones. In favour of the latter view is the anatomy of the honeybee 

AL: it consists of four groups of glomeruli innervated by four distinct tracts of the AN called 

T1 to T4 (from tract 1 to tract 4). In the optical recording measurements only glomeruli of T1 

and T3 are accessible, and little is known about the response properties of T2 and T4 

glomeruli. Findings related to T2 or T4 are: a PN branching in a T2 glomerulus did not 

respond to any odour, but responded to water vapour (Müller, 1999); frequent responses to 

mechanical stimuli in PNs innervating T4 (Müller, 1999); a family of interneurons connecting 

specifically glomeruli in T4 with the dorsal lobe, which is the antennal motor centre 

(Flanagan and Mercer, 1989b); glomerulus T4-2(1) changes in size depending on the task of 

the worker bee, a property not peculiar to T4 since it also applies, with different changes in 

size, in T1-44 (Sigg et al., 1997). Taken together these findings indicate that T2 and T4 may 

be also associated with tasks other than odour coding, but they do not strengthen the 

hypothesis that they may be associated with pheromone representation. Therefore, it is more 

likely that there is no morphological separation between glomeruli devoted to social 

pheromone detection and those responsible for plant-odour encoding. In either case, the main 

conundrum remains to understand how the animal knows the difference between an odour as 

a pheromone, and the same chemical when it is an environmental odour without social 

significance. Part of the answer may lie in the chemical stimulus itself: most pheromones are 
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mixtures of several substances, and that particular mixture may be rare in the natural 

environment of the species, even where the individual components are not. In this case, the 

mixture would elicit a peculiar glomerular pattern, and it is the task of the downstream 

analysis network(s) to attribute a particular meaning to this particular pattern, and to 

distinguish it from environmental odours. The other part of the answer may be the 

motivational state of the animal. Bees, for example, perform different duties in the course of 

their lives, and are receptive for different pheromones at these developmental stages (von 

Frisch, 1993). Even within a stage, pheromones may either elicit a response or may not, 

depending on the circumstances. For example, 2-heptanone has been proposed as a deterrent 

marker for recently visited flowers, which prevents a bee from re-visiting it shortly after a 

previous visit, when the likelihood of there being sufficient nectar is low (Giurfa, 1993; 

Giurfa and Nunez, 1992). Though, to my knowledge, this has not yet been explicitly tested, it 

is conceivable that 2-heptanone only acts as a deterrent in the behavioural context of foraging, 

and lacks a meaning in other situations. Indeed, like other pheromones, 2-heptanone can be 

appetitively trained (Vareschi, 1971).  

Some social pheromones differ in the behaviour which they elicit depending on the 

concentration of the pheromone, and/or possibly on the relative proportion of components 

which strongly differ in vapour pressure. For example, in the ant Atta texana, the pheromone 

4-methyl-3-heptanone elicits an alarm reaction at high concentrations, while it is attractant at 

low concentrations (Hölldobler and Wilson, 1990). How this change is coded in the olfactory 

system has still to be elucidated: if the different concentrations all lie in the concentration-

invariant range, then an additional channel containing information about absolute odour 

concentration is necessary. This channel can be provided by the homogeneous LNs. 

Alternatively – and more likely – the behavioural changes coincide with qualitative changes 

in the pattern, with additional glomeruli entering the pattern as the concentration increases 

(see discussion about “low-concentration” vs. “high-concentration” coding, above).  

Sexual pheromones 

The insect sexual pheromone system is probably the best known olfactory coding 

system in the animal world. Generally, it is the female that calls for the male with a unique 

sexual pheromone, consisting of at least two distinct chemicals in a characteristic mixture 

ratio. The male olfactory system is highly specialized for the detection of its conspecific 

signal, in an environment where the only similar chemicals are signals from closely related 
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species. Therefore, the system is optimised for high sensitivity (i.e. detecting females over 

large distances) and high selectivity (i.e. immediately recognizing when the pheromone plume 

is from the own species). Accordingly, ORNs on the antennae are tuned to the main 

components of the own species, but also to substances peculiar to closely related sympatric 

species. Each of these ORNs send their axons into the MGC, where they terminate in 

individual glomeruli (Hansson et al., 1992; Hansson and Christensen, 1999). 

In the case of the heliothine moth Heliothis virescens, the MGC consists of four 

glomeruli, which are called the cumulus, the dorso-medial, the ventro-lateral and the ventro-

medial (Berg et al., 1998; Vickers et al., 1998). Projections from the ORNs to these glomeruli 

follow a precise pattern: ORNs tuned to the main pheromone substance, Z11-16:AL (Z-11-

hexadecenal), innervate the cumulus; ORNs tuned to the second pheromone component, Z9-

14:AL (Z-9-tetradecenal), innervate the dorsomedial compartment, while the two other 

compartments are innervated by ORNs tuned to behavioural antagonists, i.e. to substances 

only released by sympatric species. This correspondence between a particular glomerulus and 

the response of the ORNs innervating this glomerulus is maintained in the output: PNs 

responding preferentially to one of the pheromone components branch in the corresponding 

glomerulus (Berg et al., 1998; Vickers et al., 1998). These response profiles are confirmed in 

optical recording studies (Fig. 9, page 34) (Galizia et al., 2000b). In these studies, the 

responses to different concentrations was particularly interesting: for the main component 

Z11-16:AL, the response increased when the concentration of the stimulus was increased. For 

the minor component Z9-14:AL, however, increasing the concentration in the same steps led 

to a decrease of the glomerular response, which is probably due to the ORNs already 

adapting, and at the highest concentration also one of the antagonistic glomeruli became 

active. This finding is confirmed from electrophysiological recordings in ORNs sensitive to 

the behavioural antagonist Z11-16:OH (Z-11-hexadecenol): they show a response to high 

concentrations of Z9-14:AL (Berg et al., 1998).  

The olfactory coding mechanism in this sexual pheromone system is a labelled line 

system: for each chemical there is a separate information channel, with its own, selective 

ORNs, its dedicated glomerulus, and selective PNs. Possibly, when tested against an 

extensive panel of chemicals closely related to the tuned stimulus, a family of chemicals 

could be found which elicits a response in that ORN. However, for a labelled line system it is 

not essential that the molecular response profile be narrowly tuned in absolute terms, but that 

in the natural environment of the species the response profile is so narrowly tuned that no 
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other chemical normally present in that environment would also elicit a response. Under these 

circumstances, the coding can be described as a labelled-line system, in which each line codes 

for a particular chemical, i.e. for a pheromone component.  

Still, the pheromone as a mixture of different substances is not coded in the individual 

lines, but as a pattern. In the natural blend of Heliothis virescens the ratio between the main 

and the second component is about 16:1, therefore a high concentration of Z11-16:AL is 

combined with a low concentration of Z9-14:AL. From the optically recorded responses to 

different concentrations of the components it appears that this mixture would elicit a response 

of about equal intensity in the cumulus and the dorso-medial compartment. Furthermore, a 

response in one of the ventral compartments signals the presence of a behavioural antagonist 

or an unspecifically high concentration of the minor component. Thus, the behaviourally 

significant pattern consists in activity of the two larger glomeruli, and lack of activity in the 

two minor glomeruli. The readout of this pattern, which is the only behaviourally relevant 

information, is probably outside of the AL, since most PNs are not pattern selective, but 

glomerulus selective. There are, however, also reports of blend-specific PNs (Hansson et al., 

1991; Hansson and Christensen, 1999). 

Summing up, the sexual pheromone system consists of labelled lines coding for the 

individual pheromone components, and an across-glomeruli pattern code for the 

behaviourally significant pheromone blend.  
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Summary 

The olfactory system of insects represents a suitable model system to investigate 

different coding strategies. In this paper, I argue that coding strategies differ for different 

tasks, and that the identical brain structures can use different coding strategies in different 

situations. In particular, non-pheromonal odours may be coded in two different „modes“: a 

high-concentration mode and a low-concentration mode. In the high-concentration mode each 

odour is coded in a combinatorial pattern of activated glomeruli. This code is concentration-

invariant over several orders of magnitude, and capable of encoding thousands of odours. The 

low-concentration mode is capable of encoding only a limited number of key substances. 

These odours are detected at very low concentration, and may represent ecological key-

substances. The other two coding strategies relate to pheromones: sexual pheromone 

components are coded in labelled lines, within the specialized macroglomerular complex of 

males, while the species specific sexual pheromone blend itself corresponds to an across-

glomeruli pattern across the component glomeruli of the macroglomerular complex. Non-

sexual (social) pheromones are coded as across-glomeruli patterns, in patterns overlapping 

with those for environmental odours. These hypotheses are supported, among others, by 

optical recording studies in a variety of insect species. Since these can only be interpreted on 

the background of the morphological organization of the antennal lobe, this paper opens with 

a review about the cytoarchitecture of the honeybee antennal lobe, followed by a summary of 

what optical recording studies have revealed about the functional organization of it. Finally, 

the four coding strategies outlined above are discussed. 
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