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ABBREVIATIONS

AL — antennal lobe

Z11-16:Al - cis-11-hexadecenal
79-16:Al - cis-9-hexadecenal
79-14:Al - cis-9-tetradecenal
GOBP — general odorant-binding protein
MGC — macroglomerular complex
OBP — odorant-binding protein
PBP - pheromone-binding protein
PER — proboscis extension response
RN — receptor neurone

SOG — suboesophageal ganglion

VUM - ventral unpaired median



INTRODUCTION

The olfactory system

The chemical senses, present in all groups of animals even in single cell organisms, are
considered as the oldest of our senses. They play a major role in selection of food and in
avoiding ingestion of toxins. In addition to be an essential part of what is perceived as
the “taste of food” (flavour), olfaction is also important in mating and reproduction,
social organisation, predator — prey interaction, as well as in finding suitable places for
offsprings, like egglaying in insects. The odours given off from all the sources are
complex mixtures of volatiles. Thus, the challenge for the organism is to detect a wide
range of molecules that mediates the information of interest and to discriminate these
from other, not relevant odorants in the environment. To meet these challenges the
various organisms have evolved olfactory systems with special features, many of which
are shared across phyla. Similar mechanisms are particularly demonstrated in the first
two stages of the olfactory pathway, the receptor neurones (RNs) and the first relay
station, the primary olfactory centre, which is the antennal lobe (AL) in insects and the
olfactory bulb in vertebrates.

In organisms of all phyla the sensory cells are small bipolar neurones with thin
cilia or dendrites containing the receptor proteins, and one thin unmyelinated axon
projecting in the primary olfactory centre. Here they make synapses with the central
neurones in the spherical structures termed glomeruli. Both in the glomeruli of
vertebrates and invertebrates a network is formed by the primary axons, local
interneurones and projection neurones, where the first processing of olfactory
information takes place. Excitatory synapses between RNs and AL projection neurones,
as well as inhibitory and excitatory synapses between local interneurones and projection
neurones, are believed to cause excitation within a glomerulus, and lateral inhibition as
well as disinhibition between glomeruli in vertebrates and insects (Smith and Shepherd,
1999).

Other similarities are found in the organisation of the olfactory system in two

separate pathways, one main system dedicated to food or general odours and another



accessory system dedicated to pheromones. In mammals, the olfactory epithelium of the
main olfactory system is located in the upper nasal cavity, from where the primary
axons project into the main olfactory bulb. The sensory epithelium of the accessory
olfactory system, the vomeronasal organ, is located ventrally in the nasal cavity of many
mammals (Deving and Trotier, 1998). It is also present in amphibians and some
reptiles. Projections from these RNs are in a separate accessory olfactory bulb, which is
found dorsally of the main olfactory bulb in mammals (Wysocki and Meredith, 1987).
Also in herbivorous Lepidopterans there are separations between the olfactory pathways
for information about insect produced signals and food or host plant odours. The RNs
sensitive to the two kinds of odorants are located in different sensilla types. In the male
AL the two kinds of odour information is kept separate by the macroglomerular
complex (MGC) dedicated to the pheromones and the inter-specific signals, and the
numerous ordinary glomeruli to plant odours (Mustaparta, 2002).

Learning and memory play an important role in olfaction. In humans it is
claimed that most odours are not inborn, but are easily learned (perhaps except odours
of decaying food) (Kdster, 2002). This means that we can learn to like or dislike almost
all odours. We know the expression that “no memory is as strong as the memory about a
bad meal,” which refers to flavour aversion learning. The importance of learning odours
of a good meal is also experienced in our everyday life. In insects, olfactory learning is
well documented in field as well as in laboratory studies. The most extensive studies
have been performed on the honeybee. Since von Frisch first demonstrated that
honeybees can learn colour in connection with feeding, appetitive learning of odours
has also been well documented in this species (rewieved by Menzel, 2001). This thesis
is focusing on sensory mechanisms involved in olfactory coding and the use of
associative learning to find out how well heliothine moths can learn and discriminate

selected odorants of biological relevance.

Insect antenna and sensilla

In contrast to the inverted olfactory epithelium in vertebrates, the insect olfactory
sensilla are situated on the antennae, being exposed to the ambient air. The antenna,

showing strikingly different shapes in various insects (Schneider and Steinbrecht,



1968), are filiform in heliothine moths, consisting of two proximal segments (scape and
pedicel) and one long flagellum with 80 to 81 annuli (Almaas and Mustaparta, 1990).
Only the side frontally oriented during flight, bears the numerous sensilla with different
sensory modalities for chemo-, mechano-, temperature- and humidity-sensation
(Almaas and Mustaparta, 1991; Jergensen, 2003; Kvello, 2003; Lassa, 2004). Like in
many other species, the olfactory sensilla in heliothine moths are classified in several
morphological types sensilla trichodea, sensilla basiconica, sensilla auricillia and
sensilla coeloconica (Jefterson et al., 1970; Steinbrecht, 1973; Hallberg, 1981; Keil and
Steinbrecht, 1984; Almaas and Mustaparta, 1990; Almaas et al., 1991; Koh et al., 1995;
Feeravaag, 1999). Different functions are ascribed to these sensilla in various insects,
like detection of pheromones by s. trichodea and detection of plant odours by s.
basiconica. In heliothine moths two types of s. trichodea are present, the type 1 being
male specific, detecting the female produced pheromones and the type 2, present in both
sexes, probably detecting pheromone and plant odours in males and only plant odours in
females (Almaas and Mustaparta, 1991).

The outer structures of many olfactory sensilla, like s. frichodea and s.
basiconica are hair formed with the cuticle walls perforated by numerous pores, which
allow the hydrophobic odour molecules to enter the sensillum (Steinbrecht, 1997). The
olfactory sensilla have one to several RNs with dendrites penetrating the hair lumen,
which is filled with receptor lymph. The RNs are surrounded by three auxiliary cells,
the thecogen, thormogen and trichogen cells (Schneider and Steinbrecht, 1968; Keil and
Steinbrecht, 1984). In Heliothis virescens, Helicoverpa assulta and Helicoverpa zea
most s. trichodea contains 2 to 4 dendrites (Koh et al., 1995; Feravaag, 1999). This
number corresponds to the number of units showing activity in electrophysiological
recordings from these sensilla (Almaas et al., 1991; Almaas and Mustaparta, 1991;
Hansson et al., 1995; Berg et al., 1998; Skiri, 1999; Restelien et al., 2000a, b; Stranden
et al.,2003a, b; Berg et al., 2004).

Perireceptor events and transduction

The sensillum lymph in insect olfactory sensilla and the mucus of the olfactory

epithelium in vertebrates contain odorant-binding proteins (OBPs) that seem to be



important both as a filter to protect the RNs from irrelevant molecules, and as a
transporter of the odour molecules to the receptor proteins located in the membrane of
the dendrites and the cilia of the RNs (Breer et al., 1990b; Krieger et al, 1993;
Prestwich et al., 1995; Garibotti et al., 1997; Steinbrecht, 1998; Pes et al., 1998; Vogt et
al., 1999). Particularly interesting in insects is that specific types of OBPs are found in
different sensilla types. In noctuid moths pheromone-binding proteins (PBPs) are
mainly present in the s. trichodea and the general odorant-binding proteins (GOBPs) in
s. basiconica (Zhang et al., 2001). OBPs have also been identified in other insect
species including Drosophila melanogaster (Shanbhag et al., 2001; Graham and Davies,
2002). Recent studies have shown that PBPs in moths can bind to different molecules,
but only the appropriate ligand induces structural changes in the proteins (Mohl et al.,
2002; Bette et al., 2002; Maida et al., 2003). Changes of conformation of the PBP has
also been shown with changing pH (Wojtasek and Leal, 1999; Damberger et al., 2000;
Horst et al., 2001). It is suggested that unfolding of the PBP structure is triggered by
contact with the charged membranes, which might be a mechanism for ligand release
upon interaction with the surface of the dendrites (Horst et al., 2001). Another study on
the moths Antheraea polyphemus and Bombyx mori have indicated that PBPs together
with the pheromone component seem to contribute to the excitation of the RNs (Pophof,
2004).

After interaction between the odour molecule (or in complex with the OBP) and
the receptor protein, an intracellular cascade reaction (the transduction event) takes
place, leading to opening of cation channels and depolarisation of the cell membrane.
Both in vertebrates and invertebrates the transduction event is mediated by G-proteins
(Breer et al., 1988; Jones and Reed, 1989; Laue et al., 1997). However, different
intracellular pathways occur in the two groups, in insects via the second messenger
inositol 1, 4, S-trisphospate (IPs;) (Breer et al.,, 1990a) and in vertebrates via the
adenosine 3, 5-monophosphate (cAMP) (Nakamura and Gold, 1987). It has also been
discussed whether the cAMP pathway may contribute in the transduction elicited by
some odorants in insects, because of the presence of a cAMP sensitive ion channel in

the antenna (Krieger et al., 1999).



Olfactory receptor neurones and receptor proteins

The RNs are functionally classified according to which odorants they respond to. In
contrast to RNs in vertebrates and in some insect species (De Bruyne et al., 2001),
which are found to respond to a wide range of molecules (broadly tuned) (Smith and
Shepherd, 1999), the RNs in most studies of Lepidopterans and beetles show a narrow
tuning (reviewed by Mustaparta, 2002). After the first study of the silkmoth B. mori,
demonstrating RNs specialised for the pheromone bombycol, narrowly tuned RN-types
for pheromone components have been shown in many insect species, particularly in
Lepidopterans (Kaissling and Priesner, 1970; Almaas and Mustaparta, 1990; Almaas et
al., 1991; Hansson et al., 1995; Berg and Mustaparta, 1995; Berg et al., 1998; Vickers
et al., 1998; Cosse et al., 1998; Skiri, 1999; Larsson et al.,, 2002; Vickers and
Christensen, 2003; Berg et al., 2004). In more recent studies of many species, RN-types
responding to plant odorants have been classified in detail by the use of
electrophysiology combined with gas chromatography (Blight ez al., 1995; Wibe and
Mustaparta, 1996; Wibe et al., 1996; Rostelien et al., 2000a, b; Stensmyr et al., 2001;
Barata et al., 2002; Stranden et al., 2002; Bichao et al., 2003; Stensmyr et al., 2003;
Stranden ef al., 2003a, b). These studies have shown a narrow tuning also of plant odour
RNs, each type characterised by a major response to one or a few odorants (primary
odorants), and much weaker responses to a few other (secondary odorants) having
similar chemical structures.

The classification of distinct RN-types is in accordance with the results from
molecular biological studies showing that each sensory cell express only one receptor
subtype, as shown in insects (D. melanogaster) and vertebrates (Ressler et al., 1993;
Vassar et al., 1993; Clyne et al., 1999; Vosshall et al., 1999). Also in H. virescens the
candidate receptor proteins identified so far show expression of one type in each
neurone (Krieger et al., 2002). In general the receptor proteins in H. virescens have
shown low homology with those in the fruitfly D. melanogaster and the mosquito
Anopheles gambiae, with exception of one subtype (the Drosophila Dor83b, the
Anopheles AgamGPRor7 and the moth HR2), that share a high degree of sequence
identity in several species (Clyne et al., 1999; Vosshall et al., 1999, 2000; Fox et al.,
2001; Krieger et al., 2002; Hill et al., 2002; Krieger et al., 2003). Unlike the other
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subtypes these proteins are expressed in a large number of antennal neurones and are
co-localised with the others, which has indicated a different function in insect olfaction.
The olfactory receptor proteins belong to a large family of G-protein linked receptors,
the metabotrophic receptor types (7-transmembrane receptors) (Buck and Axel, 1991).
Since the first identification and characterisation of these receptor genes, large numbers

of olfactory receptor proteins have been identified in many organisms.

The antennal lobe

Evidence for the early idea proposed by Lord Adrian (1951), that glomeruli might be
functional units involved in coding of odour quality is particularly given through
molecular biological studies in D. melanogaster and in vertebrates, showing that RNs
expressing the same type of receptor proteins project in one or two glomeruli (Ressler et
al., 1994; Vassar et al., 1994; Mombaerts et al., 1996; Vosshall et al., 2000; Gao et al.,
2000). Also a number of functional tracing experiments and optical recordings in insects
and vertebrates have indicated that each glomerulus is involved in processing
information about a particular odour quality. For instance, by optical imaging studies
and functional tracing of pheromone RNs and projection neurones in the AL of
Lepidopteran species, each MGC glomerulus is shown to be specified for one
compound of the pheromones or the insect produced signals (Christensen and
Hildebrand, 1987; Hansson et al., 1991; Christensen et al., 1991, 1995; Hansson et al.,
1995; Ochieng et al., 1995; Berg et al., 1998; Vickers et al., 1998; Galizia et al., 2000;
Carlsson et al., 2002; Vickers and Christensen, 2003; Berg et al., 2004). The tracing
studies in H. virescens males have shown a correspondence between the input to and the
output from the glomeruli in the MGC, in contrast to a mismatch found in Agrotis
segetum (Hansson et al., 1994; Anton and Hansson, 1999). Correspondence between
input and output has also been found in ordinary glomeruli in the honeybee Apis
mellifera by optical imaging measuring simultaneously from RNs and projection
neurones (Sachse and Galizia, 2002). Interesting studies are now being performed with
a genetically encoded fluorescence probe, in the fruitfly D. melanogaster, allowing
optical measurements of projection neurones (Fiala et al., 2002) or RNs (Pelz et al.,

2003) of common genetic identity. Intracellular recordings combined with stainings,
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have been carried out in a number of species, with the intention to show the functional
organisation and output of the ordinary glomeruli (Anton and Hansson, 1994, 1995;
Roche King et al., 2000; Sadek et al., 2002; Masante-Roca et al., 2002; Galizia and
Kimmerle, 2004; Reisenman et al., 2004; Rg et al. in progress). Further evidence for
functional organisation of glomeruli are given by the conserved activity pattern across
individuals, as well as between the right and left ALs, as shown in calcium imaging
studies of the honeybee (Galizia ef al., 1998).

The information given to the projection neurones is not only direct, excitatory
input from RNs, but also information given via local interneurones, both in insects and
vertebrates (Waldrop et al., 1987; Boeckh and Tolbert, 1993; Christensen et al., 1993;
Sun et al., 1997). The local interneurones in insects are characterised by dendritic
arborisations in several or many glomeruli. These neurones usually have an inhibitory
function, most of them being GABAergic in moths and cockroach and GABAergic and
histaminergic in the honeybee (Witthoft, 1967; Hoskins et al., 1986; Waldrop et al.,
1987; Distler, 1990; Sachse, 2002). Having extensive arborisations in the AL, they are
believed to provide contrast enhancement between glomeruli (Sachse and Galizia, 2002;
Lei et al., 2002). In Manduca sexta they are shown to sharpen the pulsed responses of
the projection neurones by providing inhibition between odour pulses (Christensen et
al., 2000; Lei et al., 2002; Christensen et al., 2003). A third important function of the
local interneurones is to synchronise the activity of populations of projection neurones,
as shown by multi-electrode recordings in the pheromone system of the moth M. sexta
(Lei et al., 2002) and the plant odour system of the cockroach P. americana and the
honeybee A. mellifera (reviewed by Stopfer et al., 1999). In contrast to the studies in M.
sexta the synchronisation in the two other species was found to be oscillatory and was
proposed to contribute to odour discrimination. In accordance with this, blocking of
GABAergic local interneurones made the honeybee lose the ability to distinguish
between similar odours (Stopfer et al., 1997). It is possible that the different findings in
moths vs. honeybees and locusts are due to different coding principles in these species,

or to differences in the pheromone vs. plant odour detecting system.
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The mushroom body and the lateral protocerebrum.

In insects the projection neurones conduct the olfactory information to two higher
centres in protocerebrum, the mushroom body shown to be important in learning and
memory, and the lateral horn, a pre-motoric area. The projection neurones follow three
major tracts from the AL to the protocerebrum, both in the honeybee (reviewed by
Menzel and Miiller, 1996) and the moth (Homberg et al., 1988). In the moth these tracts
are named the inner-, the outer- and the middle antenno-cerebral tract. The inner tract
projects first in the calyces of the mushroom body and then in the lateral protocerebrum,
the outer tract first in the lateral protocerebrum and then in the calyces, whereas the
middle tract projects only to the lateral protocerebrum. The calyces, formed by the input
regions of the numerous Kenyon cells (Mobbs, 1982) receive the odour information
from a much smaller number of AL projection neurones. Each projection neurone give
off five collaterals that projects in a large part of the lip region of the calyses, i.e.
transmitting information to a large number of Kenyon cells (Miiller ef al., 2002; Ro et
al. in progress). The axon terminals show a large number of bouton-like swellings
indicating the presynaptic sites in the calyces. Several neurone types have been shown
to connect the mushroom body and the lateral protocerebrum. In honeybees, extrinsic
cells from the mushroom body are shown to have arborisations in the median and lateral
protocerebrum (Mauelshagen, 1993). GABAergic inhibitory interneurones mediating
information from the lateral horn to the Kenyon cells of the mushroom body are
described in locusts (Perez-Orive et al, 2002). In addition several GABA-
immunoreactive feedback neurones have been found in the mushroom bodies of the
honeybee, connecting the output and the input region of the Kenyon cells (Griinewald,
1999). Such inhibitory feedback loops are thought to be important for learning
dependent plasticity either by regulation of Kenyon cell activity or by controlling input

activity to the mushroom bodies.

The taste pathway

Insects have taste, or contact-chemo sensilla, on many appendages, particularly on the
antennae, proboscis and other mouthparts as well as on the feet. Little has been known

about the projections of the taste RNs, only that they project in the suboesophageal
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ganglion (SOG), which is the primary taste centre. One study in the honeybee has
shown that the RNs on the proboscis project in close contact with premotor and
motorneurones involved in the proboscis extension response (PER) (Rehder, 1989). In
resent studies of the moth H. virescens projections of taste RNs on the antennae and on
the proboscis have been traced and found to terminate in defined areas of the fronto-
dorsal SOG (Jergensen, 2003; Kvello, 2003). These tracing studies are important both
for resolving the central sensory pathways of taste information as well as for identifying
the neuronal connections to the olfactory pathways, which are involved in appetitive
learning. In the honeybee connections between the SOG and the olfactory pathway have
been described. The subesophageal-calycal tract connecting the SOG and the calyces of
the mushroom body contain neurones innervating input areas of the mushroom body
that does not overlap with the area innervated by the olfactory projection neurones
(Schroter and Menzel, 2003). These neurones are thought to provide the mushroom
body with sensory information from the proboscis. Of particular interest for olfactory
learning is the identification of the ventral unpaired neurone (VUMyy;) with cell soma
and dendrites in the SOG and extensive arborisations in the AL, the Ilateral

protocerebrum and the calyces of the mushroom body in the honeybee (Hammer, 1993).

Olfactory learning

The knowledge about learning in insects comes particularly from studies of the
honeybee. This species learns colour and odour of the flower, and can after experience
choose the flower with the best reward (rewieved by Menzel, 2001). Olfactory learning
of host plant odours is also demonstrated in other insect species, like phytophagous
Lepidopteran. In one heliothine species, Helicoverpa armigera, field experiments have
demonstrated that the moths prefer nectar foraging and oviposition on flowering host
species on which they have previous experienced (Cunningham et al., 1998a, b, 1999).
Furthermore, wind tunnel experiments have shown that this moth preferred odours
previously paired with a sucrose reward (Cunningham et al., 2004). The mechanisms
for olfactory learning in connection with nectar feeding are particularly well studied in
the honeybee, which has become a model for studying appetitive learning in other insect

species (Bitterman et al., 1983; Menzel and Miiller, 1996; Menzel, 2001). In these
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classical conditioning experiments, stimulation with sucrose to the taste sensilla, which
elicit the proboscis extension, represent the unconditioned stimulus (US). When the US
is paired with the neutral odour stimulus (the conditioned stimulus, CS), the honeybee
will develop a conditioned PER to the odour. The connection between the CS and the
US pathway is mediated by the octopaminergic VUMmx1 neurone (Hammer, 1993;
Hammer and Menzel, 1998). This neurone was shown to respond to sucrose stimulation
applied to the antennae and proboscis, and depolarisation of this neurone could
substitute sucrose stimulation as the reinforcer (US) in conditioning experiments.
Olfactory learning and memory involves modulation of the responses to odour
stimulation. Comparisons of odour responses before and after olfactory conditioning
have indeed shown changed responses in the AL and the mushroom body
(Mauelshagen, 1993; Faber et al., 1999; Faber and Menzel, 2001; Sandoz et al., 2003).
The importance of the mushroom bodies in acquisition, storage and retrieval of
olfactory memory has been demonstrated both in the fruitfly and the honeybee
(reviewed by Menzel, 1999; Menzel, 2001; Heisenberg, 2003). The fruitfly is a
particularly interesting model because of the numerous mutants showing deficiencies in
olfactory learning. Four of the well studied mutants (dunce, amnesiac, rutabaga and
DCO) have defected genes coding for enzymes in the cAMP pathway, which is shown
to be involved in learning and memory in other organisms (Heisenberg, 2003). In
addition, the learning ability is affected in mutants lacking parts of the mushroom
bodies (Pascual and Préat, 2001). This correlates with results found by chemical
ablation of the mushroom bodies (De Belle and Heisenberg, 1994). However, it is
shown that the honeybee can still perform elementary olfactory discrimination even
with partial mushroom body ablation, indicating that the remaining part of the
mushroom bodies are sufficient or that the mushroom bodies are not necessary in this
kind of simple learning tasks (Malun et al., 2002). In both insect species, the honeybee
and the fruitfly, output from the mushroom body seems not necessary for acquisition,
but is needed for retention of olfactory memories (Dubnau et al., 2001; Lozano et al.,

2001; McGuire et al., 2001).
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Heliothine moths

The three heliothine moths included in the study of this thesis were H. virescens
(Fabricius), H. armigera (Hiibner) and H. assulta (Guenée). They are all members of
the subfamily Heliothinae (Insecta; Lepidoptera; Noctuida) which consist of more than
80 species, distributed in all five continents (Todd, 1978; Matthews, 1999). Many of
these species are polyphagous, like H. armigera and H. virescens that are found on a
wide variety of host plant species belonging to several families [e.g. H. armigera is
found on more than 120 cultivated or wild host plants of 39 families (Reed and Pawar,
1982; Zalucki et al., 1986)]. The variety of host plants chosen by these species are
reflected by the many names given to them, e.g. H. armigera is named “corn ear worm,”
“tomato grub,” “tobacco budworm” and “cotton bollworm” (Zalucki et al., 1986). As
indicated by the names, these insects live on economically important plants and are
therefore considered to be major pests in many parts of the world. H. armigera is
widespread in South Europe, North Africa, Asia, Australia and the Eastern Pacific, the
Oriental tobacco budworm moth H. assulta is found in Asia and Australia and the
tobacco budworm moth H. virescens is found on the American continent. H. assulta is
considered oligophagous with a more narrow host plant range, mainly feeding on plant
species of Solanacea.

The pest status of these heliothine moths is the reason for the extensive studies
of the pheromone communication and identification of the sex pheromones, which have
been made in 8 species (reviewed by Arn et al., 1992). Although several compounds are
identified as constituents of the pheromone blends, only two compounds are necessary
and sufficient in each species, for male attraction and sexual behaviour (Vetter and
Baker, 1983). The major pheromone component is cis-11-hexadecenal (Z11-16:Al) in
all the species studied, except for H. assulta, using cis-9-hexadecenal (Z9-16:Al). The
presence of the second principal pheromone compound in a certain ratio with the major
component, provides the species specificity of the pheromone blend (Vetter and Baker,
1984). Another interesting aspect is the inter-specific effect of the second component,
which is shown to interrupt the attraction of sympatric males (Shaver et al., 1982;
Vetter and Baker, 1983; Kehat and Dunkelblom, 1990; Boo et al., 1995). The

pheromones of the various heliothine species, as well as chemical analogues, have been
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available for studying the specificity of the pheromone RNs in males. These studies
have shown in each species a functional classification of three to four RN-types
(reviewed by Mustaparta, 2002). The neurones are characterised by a narrowly tuning to
one compound and much weaker responses to a few analogues. Similarities of the RN
specificity across species have also been shown, for instance for the RN-type tuned to
Z11-16:Al. Also interesting differences of the RN-specificity have been found for
interspecific signals. These RNs responding to insect produced signals, have been used
in combined electrophysiological and staining experiments to study the functional
organisation of the MGC as mentioned above.

In recent studies using gas chromatography linked to single cell recordings, 18
functional types of plant odour RNs have been identified in heliothine moths (Restelien
et al., 2000a, b; Stranden et al., 2002, 2003a, b; Restelien et al. in progress; Ulland et
al. in progress). Like the pheromone RNs, these neurones are also characterised by a
major response to one or two compounds (primary odorants) and weaker responses to
compounds of related molecular structures (secondary odorants). One interesting type,
frequently occurring in H. virescens, H. armigera and H. assulta, is the (-)-germacrene
D RN-type. The similar structure-activity relationship of these neurones has indicated
that all of them belong to the same functional type in the three species (Rostelien ef al.,
2000a; Stranden et al., 2002, 2003a). The behavioural importance of the sesquiterpene
(-)-germacrene D is demonstrated as increased attraction and oviposition by mated H.
virescens females (Mozuraitis et al., 2002). The primary odorants for some of the other

RN-types are the E,E-a-farnesene, E-B-ocimene, geraniol and (S)-(+)-linalool. Also

these RNs show similarities across the heliothine species. Due to the knowledge about
the specificity, particularly of the plant odour RNs, the three closely related heliothine
species are especially interesting model organisms for studying the functional

organisation of the glomeruli in the AL as well as studying olfactory learning.
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AIMS OF THE THESIS

The aims of the thesis were:

I. To elucidate anatomical and functional organisation of the glomeruli in the AL of
heliothine moths.

II. To demonstrate the ability of heliothine moths to learn and to discriminate
biological relevant plant odorants, and correlate the behavioural responses to odour

induced activity in the glomeruli and the RNs.

SURVEY OF THE INDIVIDUAL PAPERS

The aims given above are elucidated by:

e Making digital 3D atlases of the glomeruli in the ALs of H. armigera males and
females and H. assulta females, as a complement to the previously made atlases of
H. assulta males and H. virescens males and females.

e Measuring optically the activity in AL glomeruli of one heliothine species, H.
virescens, during stimulation with identified primary and secondary odorants of
different RN-types.

e Carrying out olfactory conditioning experiments to demonstrate the ability of the
moth to learn and to discriminate three selected odorants with known RN-

specificity, which were also tested in the optical imaging experiments.

Paper |

Three dimensional reconstructions of the AL glomeruli of H. armigera males and
females and H. assulta females were made by the use of synaptic antibody staining
combined with confocal laser scanning microscopy. The digital 3D reconstructions were
made in the AMIRA software. Atlases of four AL preparations within each sex of H.
armigera and two AL preparations of H. assulta females were made separately.

Comparison between the atlases allowed identification of glomeruli across individuals.
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Corresponding glomeruli were given the same number and colour. There was a large
consistency in glomerular size and position across individuals. In H. armigera 64
glomeruli were identified in females and males. In males these numbers included 3
glomeruli constituting the MGC, located at the entrance of the antennal nerve, well
separated from the assembly of the ordinary glomeruli. The three glomeruli were named
the cumulus, the anterior dorso-medial glomerulus and the posterior dorso-medial
glomerulus. In females, the numbers included two glomeruli located at the entrance of
the antennal nerve, named the central large female glomerulus and the medial large
female glomerulus. In H. assulta 61 glomeruli were found, including the two female
specific glomeruli. In both species, two cell clusters densely packed with clearly visible
somata, were seen. They were named the lateral cell cluster and the medial cell cluster.
Together with the previous study (Berg et al., 2002) we now have 3D atlases of the
glomeruli in both sexes of three heliothine moths (H. virescens, H. armigera and H.
assulta). Comparison across species showed some pronounced glomeruli that seemed to
be homologous by having similar size and position in all species. These atlases provide
a necessary tool in studies of the functional organisation of the glomeruli in the three

species.

Paper Il

The study of paper II was based on the findings of narrowly tuned RNs in heliothine
mots, each responding mainly to one or two odorants (primary odorants) and weaker to
a few odorants (secondary odorants) of similar chemical structures (reviewed by
Mustaparta, 2002). In addition, a calcium imaging study of the AL of H. virescens
confirmed and extended the results on the functional organisation of the MGC (Galizia
et al., 2000), previously shown by functional tracing of RNs and projection neurones
(Christensen et al., 1995; Hansson et al., 1995; Berg et al., 1998; Vickers et al., 1998).
A few selected plant odorants included as stimulants in the study by Galizia et al.
indicated odour specific activity patterns in the ordinary glomeruli of the AL. This
encouraged a more extensive optical imaging study of the plant induced activity in the

AL of this species, resulting in paper I1.

19



In principle the insect preparation was made according to the previous study by
Galizia et al. (2000), by opening the head capsule, exposing the brain, and staining with
calcium green 2 AM for one hour. This assured uptake of the dye before the
extracellular dye was washed away. During the optical imaging experiments we
recorded the spatio-temporal activity pattern of the glomeruli in the anterior AL during
odour stimulation. Single plant odorants, most of which were known to activate specific
RN-types, two essential oils containing several of the selected odorants, as well as the
principal pheromone component were tested. Different from the previous study was the
staining with a second dye, to make the glomerular structures visible in epifluorescent
light, after the optical imaging recordings. In this way the activated foci could be
ascribed to glomeruli in the AL. Attempts were made to identify the activated glomeruli
according to the available 3D atlas (Berg et al., 2002). However, this was in general
difficult for the ordinary glomeruli, whereas the MGC and two large glomeruli (labial
pit organ glomerulus and the neighbouring glomerulus) could be easily identified. In
spite of this an across individual comparison could be performed, showing eight
glomeruli with corresponding plant odour responses and positions in the AL within each
sex. Each odorant was found to activate one or a few glomeruli. Like in previous
studies, the major pheromone component elicited activity exclusively in the large MGC
glomerulus, the cumulus, whereas single plant odorants and the two essential oils
elicited activity in the ordinary glomeruli only. Specific activation in one or a few
glomeruli was found, e.g. for linalool, B-ocimene/ B-myrcene (activating the same RN-
type) and germacrene D, which each specifically activated glomeruli that were not
activated by any of the other odorants. These results could be expected based on the
knowledge about the RN specificity (Restelien et al., 2000a, b; Stranden et al., 2002,
2003a, b; Restelien ef al. in progress) and the convergence of the same RN-type in one
or two glomeruli (Vosshall et al., 2000; Gao et al., 2000). Surprisingly, one to three
glomeruli in the two sexes were activated by more than one odorant. Thus the

monoterpenes, linalool and B-ocimene/ 3-myrcene, activated 1 or 2 glomeruli and the
sesquiterpenes, germacrene D and o-farnesene, another glomerulus. Stimulation with

the two essential oils containing some of the single test odorants, elicited activity that

covered the glomeruli activated by the single constituents. The dose-response study
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showed that increased odour concentration led to stronger activation in the AL. This
was shown both as increased response strength in the odorant-specific glomeruli as well
as by recruitment of less sensitive glomeruli. This corresponds to the results obtained in

the honeybee (Sachse and Galizia, 2003).

Paper lli

Studies of olfactory learning have shown that the insects’ preference for host plants can
be modulated by odour experience in combination with a food reward, either at the host
plant site or in controlled laboratory experiments. In heliothine moths, the responses of
olfactory RNs have been very well characterised and represent an interesting model for
evaluating possible changes in odour responses through learning. The present study
represents an effort to describe olfactory learning mechanisms in H. virescens, before an
extensive search for learning-induced changes in this species can begin. By the use of
the PER, classical conditioning experiments were performed on H. virescens to study
the ability to learn three selected odorants identified as biologically relevant in this moth
(Rostelien et al., 2000b; Stranden et al., 2003b; Restelien ef al. in progress). Two of the
odorants activate the same RN-type, B-ocimene stronger than P-myrcene, whereas
racemic linalool activates two other RN-types, one as a primary odorant and the other as
a secondary odorant. Acquisition curves showed that the moth could learn all three
odorants, and they could keep the memory of a learned odour CS up to 24 hours.
However, the maximum percentage of moths showing PER was lower than in the
honeybee and more learning trials were needed to induce memory. One set of
experiments was performed to determine the inter-stimulus interval (ISI) giving the
optimal learning conditions. The best learning performance was obtained for ISIs of one
to three seconds, which is in accordance with previous results obtained in honeybee and
moths (Menzel and Miiller, 1996; Fan et al., 1997). In another set of experiments, the
effect of odour concentration was studied. For all odorants, an increased concentration
improved learning performance. However, a much lower concentration threshold for
learning was found for racemic linalool than for the two other odorants. This seemed to
be due to a higher sensitivity to linalool, as demonstrated by electroantennogram

recordings in this study and by optical imaging in paper II. The ability of the moths to
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discriminate between the three odorants was evaluated in differential conditioning tests
with odour concentrations eliciting the same percentage of conditioned responses. The
best discrimination was found with B-myrcene rewarded and racemic linalool
unrewarded. The opposite combination gave lower discrimination, indicating a higher
salience for B-myrcene than for linalool. The moths could also discriminate between [-
ocimene and racemic linalool, and between PB-ocimene and B-myrcene, but no
difference in salience was found between these odorants. The discrimination between 3-
ocimene and [B-myrcene was surprising, since they activate the same RN-type.
However, these two odorants were more easily confused than the other odour pairs, as

shown in the generalisation tests.
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DISCUSSION

Anatomy and functional organisation of the antennal lobe

The present study on the functional organisation and odour discrimination in heliothine
moths is based on the knowledge about RN specificity for primary and secondary
odorants. This is an advantage since screening of chemicals for possible sensitivity and
relevance is difficult. This particularly applies to the plant odours, being produced in
large numbers, as hundreds of different compounds. In addition, interaction between
intra-molecular features makes it difficult to screen for a continuum of important
characteristics to find the most efficient stimulants. In the search for relevant odorants,
the use of gas chromatography linked to single cell recordings, has ensured that in
principle most volatiles emitted by a plant are tested on each single RN. In addition the
method ensures the purity of the odorants. The resulted classification of distinct RN-
types with narrowly tuned and similar dose-response relationship has shown the
biological significance of the identified odorants. Having the knowledge about the
primary and secondary odorants the purpose of paper I and II was to find out how these
odour qualities might be represented in the AL. These studies have in principle given
two kinds of information; a comparison of the anatomical organisation of the glomeruli,
both the male specific MGC and the ordinary glomeruli, and the odour quality
representation in the glomeruli.

The results of the two papers have extended the knowledge about the MGC.
With the completion of the 3D atlases of the glomeruli in three closely related
heliothine moths, H. armigera, H. assulta and H. virescens, the anatomical organisation
of the MGC can be compared in more detail across species. The confocal laser scanning
microscopy method, non-invasive to the heliothis brain, have given accurate measures
of the glomeruli, making the comparison more reliable. For instanse the volumes of the

cumulus in the three species, shows a volume range of 221000 to 299000 pum’ in the
four H. armigera preparations, a volume of 304200 um® in H. assulta (preparation 1)
and 481200 um® in H. virescens (preparation 1). Interestingly, the number of three

glomeruli forming the MGC of H. armigera is the same as in the two other previously
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studied species of the genus Helicoverpa (H. assulta and H. zea), whereas two species
of the genus Heliothis (H. virescens and Heliothis subflexa) have four glomeruli
(Hansson et al., 1995; Berg et al., 1998; Vickers et al., 1998; Skiri, 1999; Vickers and
Christensen, 2003; Berg et al., 2004). The anatomical division of these glomeruli
becomes more interesting when comparing the function. The previous studies using
functional tracing and optical imaging have shown that the cumulus in all species
receives information about the major pheromone component (Christensen et al., 1995;
Hansson et al., 1995; Berg et al., 1998; Skiri, 1999; Galizia et al., 2000; Berg et al.,
2004). One dorso-medial compartment receives information about Z9-14:Al in all
species except H. subflexa, independent of whether this compound act as the second
principal pheromone component or an inter specific signal [Indirect evidence for this
principle is shown in H. assulta where the two RN-types tuned to the major pheromone
component and to Z9-14:Al are co-localised (Berg et al., 2004)]. The third and fourth
glomeruli show more species variation when it comes to odour specificity. Particularly
interesting is the comparison between H. armigera and H. zea. The two species,
geographically separated on different continents, are believed to be paraphyletic.
Attempts of cross mating between these two species gave fertile eggs and viable
offspring (reviewed by Matthews, 1999). The relatedness of these two species are also
reflected in the same anatomical and functional organisation of all the glomeruli of the
MGC; the cumulus, anterior dorso-medial and posterior dorso-medial compartments
(Almaas et al., 1991; Vickers et al., 1998; Skiri, 1999). The only difference found is the
response to Z11-16:Ac in H. zea, but not in H. armigera, the component being an inter-
specific signal produced by the American sympatric species H. subflexa. The
knowledge about the MGC in several heliothine species is interesting, since species-
specific differences are reflected in a different anatomical and functional organisation of
the MGC, suggesting that the MGC has been exposed to evolutionary changes.

The present results on the ordinary glomeruli (paper I and II) are related to
several aspects in olfaction: 1) the number of glomeruli within a species in relation to
the number of RN-types, 2) the number and homology of glomeruli across related
species and 3) the representation in the glomeruli of odour qualities, particularly of
primary and secondary odorants. Based on the findings from molecular biological

studies that each RN-type project in one or two glomeruli as shown in some vertebrates

24



and insects (Ressler ef al., 1994; Vassar et al., 1994; Mombaerts et al., 1996; Vosshall
et al., 2000; Gao et al., 2000), one expects that the number of glomeruli might indicate
the number of RN-types present. The 64 ordinary glomeruli in female H. armigera,
including the labial pit organ glomerulus (probably receiving information about CO,)
and two female specific glomeruli that might be involved in intra-specific information,
leave 61 glomeruli for plant odour information. With a ratio of 2 glomeruli for each
RN-type, at least 30 RN-types should be present in these moths. So far, 18 different
RN-types have been identified in the heliothine species (Rostelien ef al., 2000a, b;
Stranden et al., 2002, 2003a, b; Ulland ef al. in progress; Restelien et al. in progress).
Considering the large number of olfactory sensilla on the antenna [17 000 in females
and 12 000 in males of H. virescens (Almaas and Mustaparta, 1990)], most of which
contain one-four RNs (Faravaag, 1999), one can expect more RN-types to be identified
in future experiments. Also taking into account the large number of host plant species
used by these insects, many odorants might not yet have been tested on the RNs, which
might have caused the missing identification of some RN-types.

The atlases presented in paper I, together with the previous atlases (Berg ef al.,
2002), have revealed a relative constant number of ordinary glomeruli also across the
heliothine species. In addition, some of them seem to be homologous, as indicated by
position, size and in some cases by similar function, like the already discussed MGC in
males, the large labial pit organ glomerulus shown to receive input from the labial pit
organ in H. virescens and M. sexta (Kent et al., 1986; Kvello, 2003; Almaas, personal
communication), and the two female specific glomeruli, which may either receive plant
odour information as shown in M. sexta (Roche King et al., 2000; Reisenman et al.,
2004) or be involved in intra-specific signal information about male produced
compounds (Teal and Tumlinson, 1989). Some other glomeruli also show similarities in
size and position. An interesting question is whether the functional organisation is
similar across these species. This question remains unanswered until more species have
been investigated according to glomerular specificity.

In the studies of the functional organisation of the glomeruli, one important goal
is to resolve the codes for the odour qualities in the AL. For this purpose optical
imaging is a suitable method since the activity in a large number of glomeruli can be

measured simultaneously, as done in the honeybee (Galizia et al., 1999; Sachse et al.,
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1999). With this method and the knowledge about the RN specificity for identified
odorants, the study of paper II was found particularly interesting, since the activity
elicited by each of the primary odorants make one able to predict which RN-type is
mediating the information. Furthermore, since the RN-types classified have shown only
minimal overlap in molecular receptive ranges, one question was whether this might be
reflected in glomerular activity in a single or a few glomeruli when stimulating with
each odorant. When this study started, only a few primary and secondary odorants had
been identified that were available in large enough quantities to be included, like (-)-
germacrene D, E,E-o-farnesene, E-f-ocimene, E-B-myrcene (secondary odorant to the
E-B-ocimene RN-type) and (S)-(+)-linalool. Based on the knowledge about RN-types
and the converging projection of RNs in the AL we expected a specific non-overlapping
response pattern for each of the primary odorants. Indeed we found glomeruli that each
responded to one of the odorants, e.g. one glomerulus in females responded specifically
to germacrene D, one or two glomeruli in males responded only to -ocimene and [3-

myrcene and another responded only to linalool. Surprisingly we also found a few
glomeruli that seemed to respond to several of the odorants. One glomerulus in females
responded to both of the sesquiterpenes germacrene D and o-farnesene, while one or
two glomeruli (males and females, respectively) responded to both monoterpenes [3-
ocimene and linalool. In the honeybee, optical imaging studies have shown that each
odour activates a few glomeruli and that each glomerulus can be activated by several
odorants. These results indicate that each odour is coded by an across-glomeruli pattern
code (reviewed by Galizia and Menzel, 2000). So far this overlapping response pattern
is only found for a few of the glomeruli in the moth AL. It might be that these glomeruli
are involved in coding of other properties than odour quality. However, far more
odorants need to be tested in order to know if the odour quality is coded by an across-
glomeruli pattern also in the moth. In addition, optical imaging studies of the projection
neurones in the heliothine moths should be made, in order to investigate whether the
output from the AL is contrast enhanced in the same way as in the honeybee (Sachse
and Galizia, 2002).

Paper II included a study of the effects of mixtures on the activity pattern in the

AL that are interesting for revealing inter-glomerular interactions like inhibition. In this
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study essential oils were used as mixtures. They were chosen because they contained
large numbers of odorants and were primarily used to test the sensitivity of the insect
AL in the start of each experiment. The two mixtures contained several of the single
components tested and the expectation was therefore that the AL responses of the
mixtures should cover the response areas activated by the single constituents. This was
also what we found in the results of the calcium imaging experiments. However, no
interaction in the form of inter-glomerular inhibition could be observed, which might
have been masked by the different quantities of the constituents. In future experiments
compounds with defined amounts should be used in the mixtures, in order to compare
with the responses to the single compounds, and search for across-glomerular
inhibitions. This mechanism is interesting in contrast enhancement in olfaction, and is
found in imaging experiments on the honeybee (Joerges et al., 1997; Sachse, 2002;
Sachse and Galizia, 2003).

Optical imaging has been demonstrated as a useful technique to study the
activation of glomeruli in a large part of the AL. However, the studies are challenging in
respect to the long preparation where the insect brain is exposed for almost two hours
before the measurement starts. This is the reason for the relative short time of carrying
out experiments in each preparation (up to two hours). As a complement to optical
recordings, it is therefore advantageous to carry out electrophysiological studies.
Intracellular recordings in the AL combined with staining are very challenging in these
small insects, but have the advantage of specific measurements from single neurones
and of a precise anatomical tracing of the dendrites in the glomeruli where the
information is received. Correlation between the present optical measurements and
intracellular recordings has been shown in one case for a linalool specific glomerulus in
males (Ro et al. in progress). We hope to obtain more results for comparing calcium
responses (mainly representing the input to the glomeruli) with electrophysiological
responses of projection neurones (representing the output of the glomeruli). Additional
primary odorants activating new RN-types have been identified (Restelien ef al., in

progress), which awaits further studies.
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Coding of odour intensity

The results of the optical imaging experiments have given information about how odour
intensity is coded in the AL. We know that RNs increase their firing rate with
increasing concentration. We also know that RNs and projection neurones of the same
type may have different sensitivity, as shown for the pheromone and plant odour system
in heliothine moths (Almaas and Mustaparta, 1991; Christensen et al., 1995; Stranden et
al., 2003a, b). If all RNs of one type project into the same (one or two) glomeruli, the
activation elicited by the odours should be limited to these glomeruli, which should also
show dose-dependency. Another possibility would be that some glomeruli receive input
from the most sensitive RNs and others from less sensitive RNs, resulting in recruitment
of more glomeruli with increasing odour concentration. In fact, recruitment of less
sensitive glomeruli was found in the present study. An increased odour concentration
elicited stronger responses in sensitive odour specific glomeruli in addition to weaker
responses in a few others. However, the reason for the recruitment of glomeruli is not
known, and is not necessarily due to input from less sensitive, odour specific RNs.
Many RN-types are not yet identified, and we can not exclude the possibility that there
are non-identified RN-types for which the tested odorants act as secondary odorants.
Recruitment of glomeruli with increased odour concentration has also been shown in
the optical imaging experiments in the honeybees (Sachse and Galizia, 2003), in other
moth species (Carlsson and Hansson, 2003; Skiri ef al., 2004) and in mice (Fried et al.,
2002). In the honeybee the simultaneous measurements of activity in RNs and in a
group of projection neurones, showed that the projection neurones only received and
conveyed further the information from the strongly activated glomeruli. Sachse and
Galizia suggested that these more strongly activated glomeruli dealt with the odour
quality, while the additional weakly activated glomeruli dealt with odour quantity
information, converged to higher centres by multi-glomerular projection neurones.
Since multiglomerular projection neurones were not investigated in that study, this
question remains to be answered in future experiments. It is important to notice that the
olfactory system in the insects has different mechanisms for detecting odour intensity
over a large range, based on both a temporal (increased firing rate in each neurone) and

a spatial mechanism (recruitment of less sensitive neurones). Low concentrations are
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particularly important for detecting odours released by sources over a large distance and
sensation of high intensity seems particularly important when the insect is sitting on the

flower, and olfactory conditioning takes place.

Odour sensitivity

Several studies have shown low sensitivity to plant odorants during single cell
recordings in the AL. This was also the case in the calcium imaging study included in
paper II, where strong responses to the major pheromone component were elicited at
doses of 1 ug on the filterpaper, whereas higher concentration were often necessary for
eliciting responses to plant odorants at all. Also in other studies, odour doses up to 10 or
100 pug of the component on the filter paper was needed to obtain responses in local

interneurones and projection neurones of the AL (Anton and Hansson, 1995; Roche
King et al., 2000; Shields and Hildebrand, 2001; Greiner ef al., 2002; Masante-Roca et
al., 2002; Reisenman et al., 2004; Ro et al., in progress). This concentration level is
quite high as compared to the doses of 0.1 to 1 ng, which are enough to elicit responses
in RNs as shown in single RN recordings (Restelien ef al., 2000a; Stranden et al.,
2003a, b). One would rather expect the opposite sensitivity difference of RNs and AL
neurones like in the pheromone system, where the projection neurones in the AL
respond to concentrations 100 times lower than the RNs (Almaas et al, 1991;
Christensen et al., 1991, 1995; Berg and Mustaparta, 1995; Berg et al., 1995, 1998;
Vickers et al., 1998). The differences between the pheromone and plant odour system
might partly be due to a larger convergence of the pheromone responding RNs in the
few MGC glomeruli as compared to the convergence of the plant odour RNs in about 60
glomeruli. In comparison of optical and electrophysiological recordings it is also
possible that optical recordings are less sensitive. Whereas the electrophysiological
recordings in heliothine moths have shown RN responses down to concentrations of 0.1
ng, the calcium imaging experiments in this study showed a threshold of 100 ng or often
higher, which might be due to some fatigue of the preparations. Interestingly, optical
imaging studies with simultaneous recordings from projection neurone signals and
compound signals (mainly responses from RNs) in honeybees have shown no difference

in sensitivity (Sachse and Galizia, 2003). One general explanation for the relative low

29



sensitivity of AL projection neurones in the plant odour system is that stimulation has
been made with compounds that are not primary odorants. This, together with a possible
downregulation of sensitivity due to neuromodulation in the AL might be the reason for
the low sensitivity recorded in most species. Neuromodulation of the AL neurones are
known from studies of honeybees and moths. Seretonin can function as
neurotransmitters, neuromodulators and neurohormones in insects and thereby modulate
the sensitivity of neurones (reviewed by Erber et al, 1993). One seretonin-
immunoreactive neurone has been identified in each AL of M. sexta, which make direct
output synaptic contact with local interneurones (Kent et al., 1987; Sun et al., 1993).
Intracellular recordings of this moth as well as of cultured AL neurones, have shown
that seretonin modulates the responses of local and projection neurones, reducing their
excitatory responses at low concentrations and enhancing the responses at high
concentrations (Kloppenburg and Hildebrand, 1995; Mercer et al., 1996). Interestingly,
high pressure liquid chromatoghrapy studies have shown that the seretonin level in the
ALs fluctuate over a 24 hr period, with the highest levels when the moths are most
active, indicating influence on the performance of odour—dependent behaviour
(Kloppenburg et al., 1999). The presence of one seretonin immunoreactive neurone in
each AL, has also been identified in H. virescens (Almaas and Homberg, unpublished

data), suggesting a similar neuromodulation in this species.

Olfactory learning and odour discrimination

The ability of an organism to discriminate between odour qualities is first of all based
on the presence of different types of RNs. In contrast to colour vision, having only three
types of photoreceptors, olfactory discrimination is based on a large number of different
RN-types. In common is the expression of one type of sensory proteins in each cell, and
in both systems the further processing of information is obviously important for how
well the organism discriminate the different qualities of the stimuli. In insect olfaction,
information about odour qualities is processed in odorant specific glomeruli where
contrast enhancement may play a significant role in the odour discrimination. In
addition comes the involvement of the Kenyon cells of the mushroom body, a process

important for learning and memory of odour qualities. Although H. virescens do not
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show the same high learning success as the honeybee (50% compared to 80-90%)
(Bitterman et al., 1983), the knowledge about the RN-specificity made this heliothine
moth particularly interesting for studies of olfactory learning. In paper III, we therefore
used the simple learning paradigm, PER conditioning, to study the ability of the moths
to learn and to discriminate the three odorants, -ocimene and B-myrcene activating the
same RN-type and racemic linalool two other types. What also makes the
discrimination tests in this study interesting is that the concentrations were adjusted so
that the different odours were tested with concentrations giving the same degree of
learning success. This eliminated a concentration effect on learning, leaving only
subjective similarities and salience as the causes for distinction between odour qualities.
In this study the expectation was a higher discrimination success with the odour pairs
activating different RN-types, than with the two odours activating the same type.
Surprisingly we found that the moths had the ability to discriminate between all three
odorants tested, including B-ocimene and [-myrcene at the adjusted concentrations.
This indicates the existence of olfactory neurones mediating information about one and
not the other odorant. This has not yet been found in the previous electrophysiological
studies of the RNs. However, the calcium imaging experiments in paper II showed one
or two glomeruli that were only activated by B-ocimene and not by B-myrcene, which
might be one underlying mechanism for this discrimination. Although there were
differences in the response patterns for these two odorants in the AL, the overlap in the
sensitive odour specific glomeruli was significant. It was therefore interesting to find a
relative large degree of confusion between the two odorants in the generalisation tests.

For instance, with B-myrcene rewarded and racemic linalool unrewarded during the
training, the following generalisation test with B-ocimene elicited PER. Altogether the
results obtained in these appetitive learning tests have shown a correlation between the
response patterns in the AL and the odour discrimination ability of this moth species.
Another interesting aspect of these studies was the finding of a difference in
salience for two of the odorants. This was demonstrated by a higher discrimination
ability when B-myrcene was rewarded and racemic linalool unrewarded as compared to
the opposite combination. This asymmetry indicated a higher salience for B-myrcene

than for racemic linalool. Furthermore, these results implies that a high sensitivity to an
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odorant, as for racemic linalool, does not necessary mean that this odorant has a higher
salience, when the concentration effect is eliminated. Thus, the use of compensated
concentrations of odorants is important when searching for odour differences in
salience.

The results in paper III also showed that the learning ability of the moths
increased with increased concentration of all three odorants. This is not surprising since
the learning ability is measured here as conditioning of PER during appetitive learning.
This kind of learning takes place when the insect is sitting on the flower, exposed to
high odour concentrations. Increased learning success with increasing odour
concentrations during appetitive learning has also been shown in studies of the moth M.
sexta and the honeybee 4. mellifera (Pelz et al., 1997; Bhagavan and Smith, 1997; Daly
et al., 2001; Wright and Smith, 2004). Interestingly, the conditioning experiments of
this study also showed concentration dependent odour differences in learning ability,
where much lower concentrations were needed for racemic linalool than for the other
two odorants. These results correlated well with the RN sensitivity measured as
electroantennograms in paper III and as calcium responses in paper II. Also the
somewhat higher sensitivity to B-ocimene than to B-myrcene correlated with the results
of electroantennogram and optical imaging recordings as well as of previous
electrophysiological recordings (Restelien et al., 2000b; Stranden et al., 2003b). Thus,
the results from these experiments have shown that improved learning success in PER
conditioning is well correlated with a higher activity in the sensory olfactory system.

Altogether this study has shown that the moths can be used as a model to address
questions related to learning, discrimination, generalisation and salience of olfactory
stimuli. The results have opened up for more studies to be performed, where additional
odorants recently identified, should be included. Further studies should also be
performed on odorants involved in different(Stranden et al., 2002; Stranden et al.,

2003a) contexts, like egglaying and nectar feeding.
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CONCLUSIONS AND PROSPECTS

The studies included in this thesis were the first step to investigate the functional
organisation of the ordinary glomeruli in heliothine moths. The anatomical atlases of the
glomeruli in the AL of H. armigera and H. assulta (female), was a complement to the
previously made atlases of H. assulta (male) and H. virescens (Berg et al., 2002), and
showed constancy in glomerular number, size and positions across individuals within a
species, as well as similarities and differences across species. The optical imaging study
was the first to address specific questions about how biologically relevant plant odour
qualities were represented in the AL of heliothine moths. The results showed activation
of odorant specific glomeruli as expected from the knowledge about RN-types.
However a few glomeruli were also found that were activated by more than one
odorant. These patterns were constant across individuals of H. virescens. Future studies
may show whether the functional organisation is similar across species, both by using
calcium imaging and electrophysiology combined with neurone staining. The
comparison between polyphagous (H. armigera and H. virescens) and oligophagous
species (H. assulta) are especially interesting. A crucial step in this process is to
develop methods enabling identification of the activated glomeruli according to the
available atlases. Helpful in this process will be the standard atlases of the whole brain
and the ALs, which is under reconstruction in our lab.

The results of the olfactory learning experiments have demonstrated that the
moths can be used as a model for studying olfactory learning and discrimination.
Interesting in future studies will be to combine in the same preparation learning
experiments with measurements of activity in the brain, both the ALs and the
mushroom bodies, in order to investigate changes of responses during associative
learning. Future studies should therefore emphasise on establishing experimental
procedures for combining single cell recordings and PER conditioning or optical

imaging and PER conditioning.

33



ACKNOWLEDGEMENTS

The optical imaging experiments were performed together with Dr. Giovanni Galizia in
Professor Randolf Menzel's group at Institut fiir Biologie-Neurobiologie, Freie
Universitit Berlin, Germany. The conditioning experiments and the 3D atlas works
were performed at the Neuroscience Unit, Department of Biology, The Norwegian
University of Science and Technology, Trondheim, Norway. The Norwegian Research
Council (NFR) financed this project (project number 134497/432). DAAD, ECRO and
The Norwegian University of Science and Technology provided travel grants for the

two stays in Berlin and for travels to international conferences.

First of all I am especially grateful to my supervisor during my Cand. scient. and Dr.
scient. studies, Professor Dr. philos Hanna Mustaparta, who introduced me to this
fascinating research field and who has supported and inspired me for all this years. I am
also grateful to Dr. Bente Berg and Dr. Tor Jergen Almaas for teaching me
electrophysiology, morphological techniques and confocal laser scanning microscopy
and Giovanni Galizia for teaching me the calcium imaging techniques. For inspiring
discussions and sharing of pleasures and sorrows during my PhD studies I am especially
thankful to Dr. Marit Stranden and PhD student Helena Bichao (Department of Biology,
NTNU, Trondheim). In general I want to thank all my fellow students and collaborators
in the Neuroscience Unit: we have had some great years together and I will miss you all

a lot!

I wish to thank technicians Beate Eisermann and Astrid Klawitter (both: Freie
Universitit Berlin), student Ase Schiett and engeneer Ingvild Hammer (both: NTNU)
for technical help and Dr. Stian Lydersen (Department of Cancer Research and
Molecular Medicine, Faculty of Medicine, NTNU) for help with the statistics. I also
want to thank Dr. Silke Sachse (presently at Rockefeller University, New York) for all
her help and good advises during my calcium imaging experiments at Freie Universitét
Berlin. Dr. Robert Brandt and PhD student Sabine Krofczik (Freie Universitdt Berlin,

Germany) are acknowledged for good advises in the use of the AMIRA software and

34



computer engineer Haagen Waade and PhD student Helena Bichao (both: NTNU) for
help with making the videos of the 3D atlases.

35



REFERENCES

Adrian,E.D. (1951) Olfactory discrimination. L' Annee psychologique, 50, 107-113.

Almaas,T.J., Christensen,T.A. and Mustaparta,H. (1991) Chemical communication in heliothine
moths 1. Antennal receptor neurons encode several features of intra-and interspecific odorants in
the corn earworm moth Helicoverpa zea. J. Comp. Physiol., 169, 249-258.

Almaas,T.J. and Mustaparta,H. (1990) Pheromone reception in tobacco budworm moth, Heliothis
virescens. J. Chem. Ecol., 16, 1331-1347.

Almaas,T.J. and Mustaparta,H. (1991) Heliothis virescens: response characteristics of receptor
neurons in sensilla trichodea type 1 and type 2. J. Chem. Ecol., 17, 953-972.

Anton,S. and Hansson,B.S. (1994) Central processing of sex-pheromone, host odor, and oviposition
deterrent information by interneurons in the antennal lobe of female Spodoptera littoralis
(Lepidoptera, Noctuidae). J. Comp. Neurol., 350, 199-214.

Anton,S. and Hansson,B.S. (1995) Sex-pheromone and plant-associated odor processing in antennal
lobe interneurons of male Spodoptera littoralis (Lepidoptera, Noctuidae). J. Comp. Physiol. A,
176, 773-789.

Anton,S. and Hansson,B.S. (1999) Physiological mismatching between neurons innervating olfactory
glomeruli in a moth. P Roy Soc B, 266, 1813-1820.

Arn, H., Toth, M., and Priesner, E. List of sex pheromones and related attractants. 1992. International
organization for Biological Control, West Palearctic Regional Section, Mont Favet, Frankrike.

Barata,E.N., Mustaparta,H., Pickett,J.A., Wadhams,L.J. and Araujo,J. (2002) Encoding of host and
non-host plant odours by receptor neurones in the eucalyptus woodborer, Phoracantha
semipunctata (Coleoptera: Cerambycidae). J. Comp. Physiol. A, 188, 121-133.

Berg,B.G., Almaas,T.J., Bjaalie,J.G. and Mustaparta,H. (1998) The macroglomerular complex of the
antennal lobe in the tobacco budworm moth Heliothis virescens: specified subdivision in four
compartments according to information about biologically significant compounds. J. Comp.
Physiol. A, 183, 669-682.

Berg,B.G., Almaas,T.J., Bjaalie,J.G. and Mustaparta,H. (2004) Projections of male specific receptor
neurons in the antennal lobe of the Oriental tobacco budworm moth, Helicoverpa assulta. A
unique glomerular organisation among related species. J. Comp. Neurol., submitted.

Berg,B.G., Galizia,C.G., Brandt,R. and Mustaparta,H. (2002) Digital atlases of the antennal lobe in
two species of tobacco budworm moths, the oriental Helicoverpa assulta (male) and the American
Heliothis virescens (male and female). J. Comp. Neurol., 446, 123-134.

Berg,B.G. and Mustaparta,H. (1995) The significance of major pheromone components and
interspecific signals as expressed by receptor neurons in the oriental tobacco budworm moth,

Helicoverpa assulta. J. Comp. Physiol. A, 177, 683-694.

36



Berg,B.G., Tumlinson,J.H. and Mustaparta,H. (1995) Chemical communication in heliothine moths
1V. Receptor neuron responses to pheromone compounds and formate analogues in the male
tobacco budworm moth Heliothis virescens. J. Comp. Physiol. A, 177, 527-534.

Bette,S., Breer,H. and Krieger,J. (2002) Probing a pheromone binding protein of the silkmoth
Antheraea polyphemus by endogenous tryptophan fluorescence. Insect Biochem. Mol. Biol., 32,
241-246.

Bhagavan,S. and Smith,B.H. (1997) Olfactory conditioning in the honeybee, Apis mellifera: Effects of
odor intensity. Physiology & Bahavior, 61, 107-117.

Bichio,H., Borg-Karlson,A.-K., Araujo,J. and Mustaparta,H. (2003) Identification of plant odours
activating receptor neurones in the weevil Pissodes notatus F. (Coleoptera, Curculionidae). J.
Comp. Physiol. A, 189, 203-212.

Bitterman,M.E., Menzel,R., Fietz,A. and Schifer,S. (1983) Classical conditioning of proboscis
extension in honeybees (Apis mellifera). J. Comp. Psychol., 97, 107-119.

Blight,M.M., Pickett,J.A., Wadhams,L.J. and Woodcock,C.M. (1995) Antennal perception of oilseed
rape, Brassica napus (Brassicaceae), volatiles by the cabbage seed weevil Ceutorhynchus
assimilis (Coleoptera, Curculionidae). J. Chem. Ecol., 21, 1649-1664.

Boeckh,J. and Tolbert,L.P. (1993) Synaptic organization and development of the antennal lobe in
insects. Microsc Res Tech, 24, 260-280.

Boo,K.S., Park,K.C., Hall,D.R., Cork,A., Berg,B.G. and Mustaparta,H. (1995) (Z)-9-tetradecenal: a
potent inhibitor of pheromone-mediated communication in the oriental tobacco budworm moth;
Helicoverpa assulta. J. Comp. Physiol. A, 177, 695-699.

Breer,H., Boekhoff,I. and Tareilus,E. (1990a) Rapid kinetics of second messenger formation in
olfactory transduction. Nature, 345, 65-68.

Breer,H., Krieger,J. and Raming,K. (1990b) 4 novel class of binding proteins in the antennae of the
silk moth Antherea pernyi. Insect Biochem, 20, 735-740.

Breer,H., Raming,K. and Boekhoff,I. (1988) G-proteins in the antennae of insects.
Naturwissenschaften, 75, 627.

Buck,L. and AxeL,R. (1991) A novel multigene family may encode odorant receptors: a molecular basis
for odour recognition. Cell, 65, 175-187.

Carlsson,M.A., Galizia,C.G. and Hansson,B.S. (2002) Spatial representation of odours in the antennal
lobe of the moth Spodoptera littoralis (Lepidoptera: Noctuidae). Chem. Senses, 27, 231-244.
Carlsson,M.A. and Hansson,B.S. (2003) Dose-Response Characteristics of Glomerular Activity in the

Moth Antennal Lobe. Chem. Senses, 28, 269-278.

Christensen,T.A. and Hildebrand,J.G. (1987) Male-specific, sex pheromone-selective projection
neurons in the antennal lobes of the moth Manduca sexta. J. Comp. Physiol. A, 160, 553-569.

Christensen,T.A., Lei,H. and Hildebrand,J.G. (2003) Coordination of central odor representations
through transient, non-oscillatory synchronization of glomerular output neurons. PNAS, 100,

11076-11081.

37



Christensen,T.A., Mustaparta,H. and Hildebrand,J.G. (1991) Chemical communication in heliothine
moths. II. Central processing of intra- and interspecific olfactory messages in the male corn
earworm moth Helicoverpa zea. J. Comp. Physiol. A, 169, 259-274.

Christensen,T.A., Mustaparta,H. and Hildebrand,J.G. (1995) Chemical communication in heliothine
moths VI. Parallel pathways for information processing in the macroglomerular complex of the
male tobacco budworm moth Heliothis virescens. J. Comp. Physiol., A 177, 545-557.

Christensen,T.A., Pawlowski,V.M., Lei,H. and Hildebrand,J.G. (2000) Multi-unit recordings reveal
context-dependent modulation of synchrony in odor-specific neural ensembles. Nature Neurosci.,
3,927-931.

Christensen,T.A., Waldrop,B.R., Harrow,Il.D. and Hildebrand,J.G. (1993) Local interneurons and
information processing in the olfactory glomeruli of the moth Manduca sexta. J. Comp. Physiol.
A, 173, 385-399.

Clyne,P.J., Warr,C.G., Freeman,M.R., Lessing,D., Kim,J. and Carlson,J.R. (1999) 4 novel family of
divergent seven-transmembrane proteins: Candidate odorant receptors in Drosophila. Neuron, 22,
327-338.

Cossé,A.A., Todd,J.L. and Baker,T.C. (1998) Neurons discovered in male Helicoverpa zea antennae
that correlate with pheromone-mediated attraction and interspecific antagonism. J. Comp.
Physiol. A, 182, 585-594.

Cunningham,J.P., Jallow,M.F.A., Wright,D.J. and Zalucki,M.P. (1998a) Learning in host selection in
Helicoverpa armigera (Hiibner) (Lepidoptera: Noctuidae). Animal Behaviour, 55, 227-234.
Cunningham,J.P., Moore,C.J., Zalucki,M.P. and West,S.A. (2004) Learning, odour preference and

flower foraging in moths. J. Exp. Biology, 207, 87-94.

Cunningham,J.P., West,S.A. and Wright,D.J. (1998b) Learning in the nectar foraging behaviour of
Helicoverpa armigera. Ecol. Entomol., 23, 363-369.

Cunningham,J.P., Zalucki,M.P. and West,S.A. (1999) Learning in Helicoverpa armigera
(Lepdioptera: Noctuidae): A new look at the behaviour and control of a polyphagous pest. Bull.
Ent. Res., 89, 201-207.

Daly,K.C., Durtschi,M.L. and Smith,B.H. (2001) Olfactory-based discrimination learning in the moth,
Manduca sexta. J. Insect Physiol., 47, 375-384.

Damberger,F., Nikonova,L., Horst,R., Peng,G.H., LeallW.S. and Wuthrich,K. (2000) NMR
characterization of a pH-dependent equilibrium between two folded solution conformations of the
pheromone-binding protein from Bombyx mori. Protein Science, 9, 1038-1041.

De Belle,J.S. and Heisenberg,M. (1994) Associative odor learning in Drosophila abolished by chemical
ablation of mushroom bodies. Science, 263, 692-695.

De Bruyne,M., Foster,K. and Carlson,J.R. (2001) Odor coding in the drosophila antenna. Neuron, 30,
537-552.

38



Distler,P. (1990) GABA-immunohistochemistry as a label for identifying types of local interneurons and
their synaptic contacts in the antennal lobes of the American cockroach. Histochemistry, 93, 617-
626.

Dubnau,J., Grady,L., Kitamoto,T. and Tully,T. (2001) Disruption of neurotransmission in Drosophila
mushroom body blocks retrieval but not acquisition of memory. Nature, 411, 476-480.

Doving,K.B. and Trotier,D. (1998) Structure and function of the vomeronasal organ. J Exp Biol , 201,
2913-2925.

Erber,J., Kloppenburg,P. and Scheidler,A. (1993) Neuromodulation by serotonin and octopamine in
the honeybee:behaviour, neuroanatomy and electrophysiology. Experientia, 49, 1073-1083.
Faber,T., Joerges,J. and Menzel,R. (1999) Associative learning modifies neural representations of

odors in the insect brain. Nature Neurosci., 2, 74-78.

Faber,T. and Menzel,R. (2001) Visualizing mushroom body response to a conditioned odor in honeybee.
Naturwissenschaften, 88, 472-476.

Fan,R.-J., Anderson,P. and Hansson,B.S. (1997) Behavioural analysis of olfactory conditioning in the
moth Spodoptera littoralis (Boisd.) (Lepidoptera: Noctuidae). J. Exp. Biology, 200, 2969-2976.

Fiala,A., Spall,T., Diegelmann,S., Eisermann,B., Sachse,S., Devaud,J.-M., Buchner,E. and
Galizia,C.G. (2002) Genetically expressed cameleon in Drosophila melanogaster is used to
visualize olfactory information in projection neurones. Current Biology, 12, 1877-1884.

Fox,A.N., Pitts,R.J., Robertson,H.M., Carlson,J.R. and Zwiebel,L.J. (2001) Candidate odorant
receptors from the malaria vector mosquito Anopheles gambiae and evidence of down-regulation
in response to blood feeding. PNAS, 98, 14693-14697.

Fried,H.U., Fuss,S.H. and Korsching,S. (2002) Selective imaging of presynaptic activity in the mouse
olfactory bulb shows concentration and structure dependence of odor responses in identified
glomeruli. PNAS, 99, 3222-3227.

Fzeravaag,A.C. (1999) En transmisjonselektronmikroskopisk- og immuncytokjemisk studie av
sensilletyper pd antennen hos to arter nattfly, Heliothis virescens og Helicoverpa zea
(Lepidoptera: Noctuidae). Master thesis, Norwegian University of Science and Technology,
Trondheim, Norway.

Galizia,C.G. and Kimmerle,B. (2004) Physiological and morphological characterization of honeybee
olfactory neurons combining electrophysiology, calcium imaging and confocal microscopy. J.
Comp. Physiol. A, 190, 21-38.

Galizia,C.G. and Menzel,R. (2000) Odour perception in honeybees: coding information in glomerular
patterns. Curr. Opin. Neurobiol., 10, 504-510.

Galizia,C.G., Nigler,K., Menzel,R. and Hélldobler,B. (1998) Odour coding is bilaterally symmetrical
in the antennal lobes of honeybees (Apis mellifera). Eur. J. Neurosci., 10, 2964-2974.

Galizia,C.G., Sachse,S. and Mustaparta,H. (2000) Calcium responses to pheromones and plant odours
in the antennal lobe of the male and female moth Heliothis virescens. J. Comp. Physiol. A, 186,
1049-1063.

39



Galizia,C.G., Sachse,S., Rappert,A. and MenzelLR. (1999) The glomerular code for odor
representation is species specific in the honeybee Apis mellifera. Nature Neurosci., 2, 473-478.

Gao,Q., Yuan,B. and Chess,A. (2000) Convergent projections of Drosophila olfactory neurons to
specific glomeruli in the antennal lobe. Nature Neurosci., 3, 780-785.

Garibotti,M., Navarrini,A., Pisanelli,A.M. and Pelosi,P. (1997) Three odorant-binding proteins from
rabbit nasal mucosa. Chem. Senses, 22, 383-390.

Graham,L.A. and Davies,P.L. (2002) The odorant-binding proteins of Drosophila melanogaster:
annotation and characterization of a divergent gene family. GENE, 292, 43-55.

Greiner,B., Gadenne,C. and Anton,S. (2002) Central processing of plant volatiles in Agrotis ipsilon
males is age-independent in contrast to sex pheromone processing. Chem. Senses, 27, 45-48.
Griinewald,B. (1999) Morphology of feedback neurons in the mushroom body of the honeybee, Apis

mellifera. J. Comp. Neurol., 404, 114-126.

Hallberg,E. (1981) Fine-structural Characterisics of the antennal sensilla of Agrotis segetum
(Insecta:Lepidoptera). Cell Tissue Res., 218, 209-218.

Hammer,M. (1993) An identified neuron mediates the unconditioned stimulus in associative olfactory
learning in honeybees. Nature, 366, 59-63.

Hammer,M. and Menzel,R. (1998) Multiple sites of associative odor learning as revealed by local brain
microinjections of octopamine in honeybees. Learning & Memory, 5, 145-156.

Hansson,B.S., Almaas,T.J. and Anton,S. (1995) Chemical communication in heliothine moths V.
Antennal lobe projection patterns of pheromone-detecting olfactory receptor neurons in the male
Heliothis virescens (Lepidoptera: Noctuidae). J. Comp. Physiol. A, 177, 535-543.

Hansson,B.S., Anton,S. and Christensen,T.A. (1994) Structure and function of antennal lobe neurons
in the male turnip moth, Agrotis segetum (Lepidoptera: Noctuidae). J. Comp. Physiol. A, 175,
547-562.

Hansson,B.S., Christensen,T.A. and Hildebrand,J.G. (1991) Functionally distinct subdivisions of the
macroglomerular complex in the antennal lobe of the male sphinx moth Manduca sexta. J. Comp.
Neurol.,, 312, 264-278.

Heisenberg,M. (2003) Mushroom body memoir: from maps to models. Nature Rev. Neurosci., 4, 266-
275.

Hill,C.A., Fox,A.N., Pitts,R.J., Kent,L.B., Tan,P.L., Chrystal, M.A., Cravchik,A., Collins,F.H.,
Robertson,H.M. and Zwiebel,L.J. (2002) G protein coupled receptors in Anopheles gambiae.
Science, 298, 176-178.

Homberg,U., Montague,R.A. and Hildebrand,J.G. (1988) Anatomy of antenno-cerebral pathways in
the brain of the sphinx moth Manduca sexta. Cell Tissue Res., 254, 255-281.

Horst,R., Damberger,F., Luginbuhl,P., Guntert,P., Nikonova,L., Leal, W.S. and Wuthrich,K. (2001)
NMR structure reveals intramolecular regulation mechanism for pheromone binding and release.

PNAS, 98, 14374-14379.

40



Hoskins,S.G., Homberg,U., Kingan,T.G., Christensen,T.A. and Hildebrand,J.G. (1986)
Immunocytochemistry of GABA in the antennal lobes of the sphinx moth Manduca sexta. Cell
Tissue Res., 244, 243-252.

Jefferson,R.N., Rubin,R.E., McFarland,S.U. and Shorey,H.H. (1970) Sex pheromones of Noctuid
moths. XXII. The external morphology of the anteannae of Trichoplusia ni, Heliothis zea,
Prodenia ornithogalli and Spodoptera exigua. Ann Entomol Soc Amer, 63, 1227-1238.

Joerges,J., Kiittner,A., Galizia,C.G. and Menzel,R. (1997) Representations of odours and odour
mixtures visualized in the honeybee brain. Nature, 387, 285-288.

Jones,D.T. and Reed,R.R. (1989) Golf: an olfactory neuron specific G-protein involved in odorant
signal transduction. Science, 244, 790-795.

Jorgensen,K. (2003) Resepsjon av smaksinformasjon og prjeksjon av smaksreseptorer i
suboesophagealgangliet hos nattflyarten Heliothis virescens. Master thesis, Norwegian University
of Science and Technology, Trondheim, Norway.

Kaissling,K.-E. and Priesner,E. (1970) Die Riechschwelle des Seidenspinners. Naturwissenschaften ,
57,23-28.

Kehat,M. and Dunkelblom,E. (1990) Behavioural responses of male Heliothis armigera (Lepidoptera:
Noctuidae) moths in a flight tunnel to combinations of components identified from female sex
pheromone glands. J. Insect Behavior, 3, 75-83.

Keil,T.A. and Steinbrecht,R.A. (1984) Mechanosensitive and olfactory sensilla of insects. In King,R.C.
and Akai,H. (eds.), Insect Ultrastructure 2. Plenum publishing corporation, New York, pp. 477-
516.

Kent,K.S., Harrow,L.D., Quartararo,P. and Hildebrand,J.G. (1986) An accessory olfactory pathway
in Lepidoptera: the labial pit organ and its central projections in Manduca sexta and certain other
sphinx moths and silk moths. Cell Tissue Res., 245, 237-245.

Kent,K.S., Hoskins,S.G. and Hildebrand,J.G. (1987) 4 novel serotonin-immunoreactive neuron in the
antennal lobe of the sphinx moth Manduca sexta persists throughout postembryonic life. J.
Neurobiol., 18, 451-465.

Kloppenburg,P. and Hildebrand,J.G. (1995) Neuromodulation by 5-hydroxytryptamine in the antennal
lobe of the sphinx moth Manduca sexta. J Exp Biol, 198, 603-611.

Kloppenburg,P., Ferns,D. and Mercer,A.R. (1999) Serotonin Enhances Central Olfactory Neuron
Responses to Female Sex Pheromone in the Male Sphinx Moth Manduca sexta. J. Neurosci., 19,
8172-8181.

Koh,Y.H., Park,K.C. and Boo,K.S. (1995) Antennal sensilla in adult Helicoverpa assulta (Lepidoptera:
Noctuidae): morphology, distribution, and ultrastructure. Annu Entomol Soc Am, 88, 519-530.

Krieger,J., Giénssle,H., Raming,K. and Breer,H. (1993) Odorant binding proteins of Heliothis
virescens. Insect Biochem. Mol. Biol., 23, 449-456.

Krieger,J., Klink,0., Mohl,C., Raming,K. and Breer,H. (2003) A candidate olfactory receptor subtype
highly conserved across different insect orders. J. Comp. Physiol. A, 198, 519-526.

41



Krieger,J., Raming,K., Dewer,Y.M.E., Bette,S., Conzelmann,S. and Breer,H. (2002) 4 divergent
gene family encoding candidate olfactory receptors of the moth Heliothis virescens. Eur. J.
Neurosci., 16, 619-628.

Krieger,J., Strobel,J., Vogl,A., Hanke,W. and Breer,H. (1999) Identification of a cyclic nucleotide-
and voltage-activated ion channel from insect antennae. Insect Biochem. Mol. Biol., 29, 255-267.

Kvello,P. (2003) Munndelene med sanseorganer og de assosierte reseptornevronenes projeksjoner i
sentralnervesystemet hos nattflyarten Heliothis virescens. Master thesis, Norwegian University of
Science and Technology, Trondheim, Norway.

Koster,E.P. (2002) The specific characteristics of the sense of smell. In Rouby,C., Schaal,B., Dubois,D.,
Gervais,R. and Holley,A. (eds.), Olfaction, taste and cognition. Cambridge University Press,
Cambridge, pp. 27-46.

Larsson,M.C., Hallberg,E., Kozlow,E., Francke,W., Hansson,B.S. and Lefstedt,C. (2002) Specialized
olfactory receptor neurons mediating intra- and interspecific chemical communication in
leafminer moths Eriocrania spp. (Lepidoptera: Eriocraniidae). J. Exp. Biology, 205, 989-998.

Lassa,E. K. (2004) Temperatursensitive reseptornevroner i Sensilla styloconica pd antennene til
nattsvermerarten Heliothis virescens. Master thesis, Norwegian University of Science and
Technology, Trondheim, Norway.

Laue,M., Maida,R. and Redkozubov,A. (1997) G-protein activation, identification and
immunolocalization in pheromone sensitive sensilla trichodea of moths. Cell Tissue Res., 288,
149-158.

Lei,H., Christensen,T.A. and Hildebrand,J.G. (2002) Local inhibition modulates odor-evoked
synchronization of glomerulus-specific output neurones. Nature Neurosci., 5, 557-565.

Lozano,V.C., Armengaud,C. and Gauthier,M.J. (2001) Memory impairment induced by cholinergic
antagonists injected into the mushroom bodies of the honeybee. J. Comp. Physiol. A, 187, 249-
254.

Maida,R., Ziegelberger,G. and Kaissling,K.-E. (2003) Ligand binding to six recombinant pheromone-
binding proteins of Antheraea polyphemus and Antheraea pernyi. J. Comp. Physiol. B, 173, 565-
573.

Malun,D., Giurfa,M., Galizia,C.G., Plath,N., Brandt,R., Gerber,B. and Eisermann,B. (2002)
Hydroxyurea-induced partial mushroom body ablation does not affect acquisition and retention of
olfactory differential conditioning in honeybees. J. Neurobiol., 53, 343-360 .

Masante-Roca,l., Gadenne,C. and Anton,S. (2002) Plant odour processing in the antennal lobe of male
and female grapevine moths, Lobesia botrana (Lepidoptera: Tortricidae). J. Insect Physiol., 48,
1111-1121.

Matthews,M. (1999) Heliothine moths of Australia. A guide to pest bollworms and related Noctuid
groups. CSIRO Publishing, Collingwood, Australia.

Mauelshagen,J. (1993) Neural correlates of olfactory learning paradigms in an identified neuron in the
honeybee brain. J. Neurophysiol., 69, 609-625.

42



McGuire,S.E., Phuang,T.L. and Davis,R.L. (2001) The role of Drosophila mushroom body signaling in
olfactory memory. Science, 293, 1330-1333.

Menzel,R. (1999) Memory dynamics in the honeybee. J. Comp. Physiol. A, 185, 323-340.

Menzel,R. (2001) Searching for the memory trace in a mini-brain, the honeybee. Learning & Memory ,
8, 53-62.

MenzelLR. and Miiller,U. (1996) Learning and memory in honeybees: From behavior to neural
substrates. Annu. Rev. Neurosci., 19, 379-404.

Mercer,A.R., Kloppenburg,P. and Hildebrand,J.G. (1996) Serotonin-induced changes in the
excitability of cultured antennal-lobe neurons of the sphinx moth Manduca sexta. J. Comp.
Physiol. A, 178, 21-31.

Mobbs,P.G. (1982) The brain of the honeybee Apis mellifera. 1. The connections and spatial
organization of the mushroom bodies. Phil Trans R Soc Lond B, 298, 309-354.

MohLC., Breer,H. and Krieger,J. (2002) Species-specific pheromonal compounds induce distinct
conformational changes of pheromone binding protein subtypes from Antheraea polyphemus.
Invert Neurosci, 4, 165-174.

Mombaerts,P., Wang,F., Dulac,C., Chao,S.K., Nemes,A., Mendelsohn,M., Edmondson,J. and
Axel,R. (1996) Visualizing an olfactory sensory map. Cell, 87, 675-686.

Mozuraitis,R., Stranden,M., Ramirez,M.I., Borg-Karlson,A.-K. and Mustaparta,H. (2002) (-)-
Germacrene D Increases Attraction and Oviposition by the Tobacco Budworm Moth Heliothis
virescens. Chem. Senses, 27, 505-509.

Mustaparta,H. (2002) Encoding of plant odour information in insects: peripheral and central
mechanisms. Entomol. Exp. Appl., 104, 1-13.

Miiller,D., Abel,R., Brandt,R., Zockler,M. and Menzel,R. (2002) Differential parallel processing of
olfactory information in the honeybee, Apis mellifera L. J. Comp. Physiol. A, 188, 359-370.
Nakamura,T. and Gold,G.H. (1987) A4 cyclic nucleotide-gated conductance in olfacotry receptor cilia.

Nature, 325, 442-444.,

Ochieng,S.A., Anderson,P. and Hansson,B.S. (1995) Antennal lobe projection patterns of olfactory
receptor neurons involved in sex pheromone detection in Spodoptera littoralis
(Lepidoptera:Noctuidae). Tissue and Cell, 27, 221-232.

Pascual,A. and Préat,T. (2001) Localization of long-term memory within the Drosophila mushroom
body. Science, 294, 1115-1117.

Pelz,C., Gerber,B. and Menzel,R. (1997) Odorant intensity as a determinant for olfactory conditioning
in honeybees: Roles in discrimination, overshadowing and memory consolidation. J. Exp. Biology,
200, 837-847.

Pelz, D., Roeske, C. C., and Galizia, C. G. Functional response spectrum of genetically identified
olfactory sensory neurons in the fruit fly Drosophila melanogaster. 8th European Symposium in

insect taste and olfaction. 8.2003.

43



Perez-Orive,J., Mazor,O., Turner,G.C., Cassenaer,S., Wilson,R.I. and Laurent,G. (2002)
Oscillations and sparsening of odor representations in the mushroom body. Science, 297, 359-
365.

Pes,D., Mameli,M., Andreini,l., Krieger,J., Weber,M., Breer,H. and Pelosi,P. (1998) Cloning and
expression of odorant-binding proteins la and Ib from mouse nasal tissue. GENE, 212, 49-55.

Pophof,B. (2004) Pheromone-binding Proteins Contribute to the Activation of Olfactory Receptor
Neurons in the Silkmoths Antheraea polyphemus and Bombyx mori. Chem. Senses, 29, 117-125.

Prestwich,G.D., Du,G. and LaForest,S. (1995) How is pheromone specificity encoded in proteins?
Chem. Senses.

Reed, W. and Pawar, C. S. Heliothis: a global problem. International Crops Research Institute for the
Semi-Arid Tropics. 9-14. 1982. Patancheru - India. Proceedings of the International Workshop on
Heliothis Management.

Rehder,V. (1989) Sensory pathways and motoneurons of the probosicis reflex in the suboesophageal
ganglion of the honey bee. J. Comp. Neurol., 279, 499-513.

Reisenman,C.E., Christensen,T.A., Francke,W. and Hildebrand,J.G. (2004) Enantioselectivity of
projection neurons innervating identified olfactory glomeruli. J. Neurosci., 24, 2602-2611.

Ressler,K.J., Sullivan,S.L. and Buck,L.B. (1993) A zonal organization of odorant receptor gene
expression in the olfactory epithelum. Cell, 73, 597-609.

Ressler,K.J., Sullivan,S.L. and Buck,L.B. (1994) Information coding in the olfactory system: Evidence
for a stereotyped and highly organized epitope map in the olfactory bulb. Cell, 79, 1245-1255.

Roche King,J., Christensen,T.A. and Hildebrand,J.G. (2000) Response characteristics of an
identified, sexually dimorphic olfactory glomerulus. J. Neurosci., 20, 2391-2399.

Rostelien,T., Borg-Karlson,A.-K., FildtJ., Jacobsson,U. and Mustaparta,H. (2000a) The plant
sesquiterpene germacrene D specifically activates a major type of antennal receptor neuron of the
tobacco budworm moth Heliothis virescens. Chem. Senses, 25, 141-148.

Restelien,T., Borg-Karlson,A.-K. and Mustaparta,H. (2000b) Selective receptor neurone responses to
E-Bocimene, B-myrcene, E E-o-farnesene and homo-farnesene in the moth Heliothis virescens,
identified by gas chromatography linked to electrophysiology. J. Comp. Physiol. A, 186, 833-847.

Sachse,S. (2002) Odor processing in the honeybee antennal lobe. PhD thesis, Freie Universitdt Berlin., 1-
103.

Sachse,S. and Galizia,C.G. (2002) Role of inhibition for temporal and spatial odor representation in
olfactory output neurons: A calcium imaging study. J. Neurophysiol., 87, 1106-1117.

Sachse,S. and Galizia,C.G. (2003) The coding of odour-intensity in the honeybee antennal lobe: local
computation optimizes odour representation. Eur. J. Neurosci., 18,2119-2132.

Sachse,S., Rappert,A. and Galizia,C.G. (1999) The spatial representation of chemical structures in the
antennal lobe of honeybees: steps towards the olfactory code. Eur. J. Neurosci., 11, 3970-3982.

44



Sadek,M.M., Hansson,B.S., Rospars,J.P. and Anton,S. (2002) Glomerular representation of plant
volatiles and sex pheromone components in the antennal lobe of the female Spodoptera littoralis.
J. Exp. Biology, 205, 1363-1376.

Sandoz,J.C., Galizia,C.G. and Menzel,R. (2003) Side-specific olfactory conditioning leads to more
specific odor representation between sides but not within sides in the honeybee antennal lobes.
Neurosci., 120, 1137-1148.

Schneider,D. and Steinbrecht,R.A. (1968) Checklist of insect olfactory sensilla. Symp Zool Soc Lond,
23,279-297.

Schroter,U. and Menzel,R. (2003) 4 new ascending sensory tract to the calyces of the honeybee
mushroom body, the subesophageal-calycal tract. J. Comp. Neurol., 465, 168-178.

Shanbhag,S.R., Hekmat-Scafe,D., Kim,M.-S., Park,S.-K., Carlson,J.R., Pikielny,C., Smith,D.P. and
Steinbrecht,R.A. (2001) Expression mosaic of odorant-binding proteins in Drosophila olfactory
organs. Microsc Res Tech, 55, 297-306.

Shaver,T.N., Lopez jr.,J.D. and Hartstack jr,A.W. (1982) Effects of pheromone components and their
degradation products on the responses of Heliothis spp. to traps. J. Chem. Ecol., 8, 755-762.
Shields,V.D.C. and Hildebrand,J.G. (2001) Responses of a population of antennal olfactory receptor
cells in the female moth Manduca sexta to plant-associated volatile organic compounds. J. Comp.

Physiol. A, 186, 1135-1151.

Skiri,H.T. (1999) Funksjonell organisering av makroglomerularkomplekset i antenneloben hos
nattsvermerarten Helicoverpa armigera. Master thesis, Norwegian University of Science and
Technology, Trondheim, Norway.

Skiri,H., Galizia,C.G. and Mustaparta,H. (2004) Representation of primary plant odorants in the
antennal lobe of the moth Heliothis virescens, using calcium imaging. Chem. Senses, 29, 253-267.

Smith,D.V. and Shepherd,G.M. (1999) Chemical Senses: Taste and Olfaction. In Zigmond,M.J.,
Bloom,F.E., Landis,S.C., Roberts,J.L. and Squire,L.R. (eds.), Fundamental Neuroscience.
Academic press, San Diego, pp. 719-757.

Steinbrecht,R.A. (1973) Der Feinbau olfaktorischer Sensillen des Seidenspinners (Insecta, Lepidoptera).
Rezeptorfortsdtze und reizleitender Apparat. Z Zellforsch, 139, 533-565.

Steinbrecht,R.A. (1997) Pore structures in insect olfactory sensilla. A review of data and concepts. Int.
J. Insect Morphol. Embryol., 26, 229-245.

Steinbrecht,R.A. (1998) Odorant-binding proteins: Expression and function. Ann NY Acad Sci, 855,
323-332.

Stensmyr,M.C., Giordano,E., Ballio,A., Angioy,A.M. and Hansson,B.S. (2003) Novel natural ligands
for Drosophila olfactory receptor neurones. J Exp Biol, 206, 715-724.

Stensmyr,M.C., Larsson,M.C., Bice,S. and Hansson,B.S. (2001) Detection of fruit- and flower-emitted
volatiles by olfactory receptor neurons in the polyphagous fruit chafer Pachnoda marginata

(Coleoptera: Cetoniinae). J. Comp. Physiol. A, 187, 509-519.

45



Stopfer,M., Bhagavan,S., Smith,B.H. and Laurent,G. (1997) Impaired odour discrimination on
desynchronization of odour-encoding neural assemblies. Nature, 390, 70-74.

Stopfer,M., Wehr,M., MacLeod,K. and Laurent,G. (1999) Neural dynamics, oscillatory
synchronisation, and odour codes. In Hansson,B.S. (ed.), Insect olfaction. Springer-Verlag, Berlin
Heidelberg, pp. 163-180.

Stranden,M., Borg-Karlson,A.-K. and Mustaparta,H. (2002) Receptor neuron discrimination of the
germacrene D enantiomers in the moth Helicoverpa armigera. Chem. Senses, 27, 143-152.
Stranden,M., Liblikas,I., Kénig,W.A., Almaas,T.J., Borg-Karlson,A.-K. and Mustaparta,H. (2003a)
(-)-Germacrene D receptor neurones in three species of heliothine moths: structure-activity

relationships. J. Comp. Physiol. A, 189, 563-577.

Stranden,M., Restelien,T., Liblikas,I., Almaas,T.J., Borg-Karlson,A.-K. and Mustaparta,H. (2003b)
Receptor neurones in three heliothine moths responding to floral and inducible plant volatiles.
Chemoecology, 13, 143-154.

Sun,X.J., Tolbert,L.P. and Hildebrand,J.G. (1993) Ramification pattern and ultrastructrural
characteristics of the serotonin-immunoreactive neuron in the antennal lobe of the moth Manduca
sexta: A laser scanning confocal and electron microscopic study. J Comp Neurol, 338, 5-16.

Sun,X.J., Tolbert,L.P. and Hildebrand,J.G. (1997) Synaptic organization of the uniglomerular
projection neurons of the antennal lobe of the moth Manduca sexta: A laser scanning confocal and
electron microscopic study. J. Comp. Neurol., 379, 2-20.

Teal,P.E.A. and Tumlinson,J.H. (1989) Isolation,identification and biosynthesis of compounds
produced by male hairpencil glands of Heliothis virescens (F.) (Lepidoptera: Noctuidae). J. Chem.
Ecol,, 15, 413-427.

Todd,E.L. (1978) A checklist of species of Heliothis Oschenheimer (Lepidoptera: Noctuidae). Proc
Entomol Soc Wash, 80, 1-14.

Vassar,R., Chao,S.K., Sitcheran,R., Nuifiez,J.M., Vosshall,L.B. and Axel,LR. (1994) Topographic
organization of sensory projections to the olfactory bulb. Cell, 79, 981-991.

Vassar,R., Ngai,J. and Axel,LR. (1993) Spatial segregation of odorant receptor expression in the
mammalian olfactory epithelum. Cell, 74, 309-318.

Vetter,R.S. and Baker,T.C. (1983) Behavioral responses of male Heliothis virescens in a sustained-
flight tunnel to combinations of seven compounds identified from female sex pheromone glands. J.
Chem. Ecol., 9, 747-759.

Vetter,R.S. and Baker,T.C. (1984) Behavioral responses of male Heliothis zea moths in sustained-flight
tunnel to combinations of four compounds identified from female sex pheromone gland. J. Chem.
Ecol., 10, 193-202.

Vickers,N.J. and Christensen,T.A. (2003) Functional divergence of spatially conserved olfactory

glomeruli in two related moth species. Chem. Senses, 28, 325-338.

46



Vickers,N.J., Christensen,T.A. and Hildebrand,J.G. (1998) Combinatorial odor discrimination in the
brain: Attractive and antagonist odor blends are represented in distinct combinations of uniquely
identifiable glomeruli. J. Comp. Neurol., 400, 35-56.

Vogt,R.G., Callahan,F.E., Rogers,M.E. and Dickens,J.C. (1999) Odorant binding protein diversity and
distribution among the insect orders, as indicated by LAP, an OBP-related protein of the true bug
Lygus lineolaris (Hemiptera, Heteroptera). Chem. Senses, 24, 481-495.

Vosshall,L.B., Amrein,H., Morozov,P.S., Rzhetsky,A. and Axel,LR. (1999) 4 Spatial Map of Olfactory
Receptor Expression in the Drosophila Antenna. Cell, 96, 725-736.

Vosshall,L.B., Wong,A.M. and Axel,R. (2000) An olfactory sensory map in the fly brain. Cell, 102,
147-159.

Waldrop,B.R., Christensen,T.A. and Hildebrand,J.G. (1987) GABA-mediated synaptic inhibition of
projection neurons in the antennal lobes of the sphinx moth, Manduca sexta. J. Comp. Physiol. A,
160, 1-10.

Wibe,A., Borg-Karlson,A.-K., Norin,T. and Mustaparta,H. (1996) Identification of plant volatiles
activating the same receptor neurons in the pine weevil, Hylobius abietis. Entomol. Exp. Appl.,
80, 39-42.

Wibe,A. and Mustaparta,H. (1996) Encoding of plant odours by receptor neurons in the pine weevil
(Hylobius abietis) studied by linked gas chromatography-electrophysiology. J. Comp. Physiol. A,
179, 331-344.

Witthoft,W. (1967) Absolute Anzahl und Verteilung der Zellen im Hirn der Honigbiene. Z. Morph. Tiere,
61, 160-184.

Wojtasek,H. and Leal,W.S. (1999) Conformational change in the pheromone-binding protein from
Bombyx mori induced by pH and by interaction with membranes. J. Biol. Chem., 274, 30950-
30956.

Wright,G.A. and Smith,B.H. (2004) Different Thresholds for Detection and Discrimination of Odors in
the Honey bee (Apis mellifera). Chem. Senses, 29, 127-135.

Wysocki,C.J. and Meredith,M. (1987) The vomeronasal system. In Finger,T.E. and Silver,W.L. (eds.),
Neurobiology of taste and smell. Wiley, New York, pp. 125-150.

Zalucki,M.P., Daglish,G., Firempong,S. and Twine,P. (1986) The biology and ecology of Heliothis
armigera (Hiibner) and H. punctigera Wallengren (Lepidoptera: Noctuidae) in Australia: What do
we know? Aust J Zool, 34, 779-814.

Zhang,S., Maida,R. and Steinbrecht,R.A. (2001) Immunolocalization of odorant-binding proteins in
noctuid moths (Insecta, Lepidoptera). Chem. Senses, 26, 885-896.

47





