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Abstract

Lateralization is a very common feature among vertebrates.

However

little is known about lateralization in invertebrates. Here, the honeybee Apis
mellifera is used as a model organism to investigate lateralized functions in
invertebrates. First, using two different versions of the Proboscis Extension
Reflex (PER) paradigm, I demonstrate that honeybees learn odours better
when trained through their right antenna. This is the first report of lateralized
learning behaviour in an invertebrate. These findings lead to the question as to
where in the olfactory pathway the observed asymmetry is manifested. Based
on this question, the next study starts to compare the number of Sensilla
placodea in left and right antennae. The results show significantly more
olfactory receptors on the right antenna than there are on the left antenna.
New experiments with bees that had only half of their right antenna exposed
show that the number of Sensilla placodea per se is influencing the bees'
learning behaviour. Furthermore, analysis of the first training trials shows that
bees perform slightly, but never significantly better when only their right
antenna is exposed to the training stimuli. However, after training, there is a
strikingly significant difference between the same bees and both, bees with
only their left antenna exposed and the untreated controls. In an additional
study I compare the left and right antennal sensitivities by recording
electroantennograms (EAGs) and find that the right antenna is more sensitive
to most of the presented odour concentrations than the left antenna. However,
this difference is only significant at one of eight concentrations.
The results following the analysis of the first training trials and the EAG
recordings suggest that the right antenna is slightly more sensitive than the left

antenna. However the lack of statistical significance in both approaches leads
to the conclusion that the slightly higher sensitivity of the right antenna alone
cannot account for the striking lateralization observed during the PER task.
Thus, it is likely that there are additional asymmetries at higher levels of the
olfactory pathway.
The findings in the olfactory system lead to the intriguing possibility of
lateralization in other modalities such as vision. Thus I investigate lateralization
of vision, using a modified version of a recently published visual PER
paradigm. The results show that the right eye is significantly dominant over the
left eye for learning the visual stimulus, a yellow rectangle presented on a
computer screen. Furthermore, the right eye alone is sufficient for learning the
visual stimulus.
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Chapter 1: General Introduction
1. Symmetry and Asymmetry

After researching the meaning of the word 'symmetry' in a range of
dictionaries, I found the following: the proper translation of the Old Greek term
symmetria - from the prefix syn [common] and the noun metros [measure] is 'common measure'.

In everyday use, the word 'symmetry' describes a pleasingly regular
way in which parts are arranged (Oxford Advanced Learner's Dictionary) and
means harmony, balance and regularity. Apart from those more abstract
meanings of 'symmetry' there is also a mathematical definition: 'symmetry' is
the exact reflection of form on opposite sides of a dividing line or plane
(http://en.wikipedia.org/wiki/Symmetry).

Interestingly, as human beings, we associate positive thoughts and
feelings with symmetric objects and structures. Thus, we seem to have the
Inherent wish for everything around us to be symmetric (McManus 2002).
Already Aristotle (384-322 BC), the well known Greek philosopher, stated that
'The essence of beauty is order and symmetry'. Similarly, Hermann Weyl,
being among the greatest mathematicians of the 20"" century, stated:
'Symmetry, as wide or narrow as you may define its meaning, is one idea by
which man through the ages has tried to comprehend and create order,
beauty, and perfection' (Weyl 1952).
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One simply needs to take a look at things we create, for example
houses, furniture, cars or artwork, to confirm the popularity of symmetry in the
human society. However, what humans create has often been copied from
nature, where symmetry is highly abundant in the physical, chemical and in the
biological world.
The main interest of this thesis is biological symmetry/ asymmetry. In
our everyday lives, we are literally surrounded by thousands of examples of
biological symmetry, starting with our very own body and face, proceeding with
butterflies and flowers and ending with shells and sea urchins.
Yet, although at first the biological world looks symmetric, it is
asymmetric on closer inspection. The two hemispheres of the human brain, for
example, were believed to have the same functions up to 1865, when Broca
showed that the left and right halves of the human brain had different functions
(Broca 1865; McManus 2002; Toga & Thompson 2003). This revolutionary
evidence came across massive resistance among scientists. In the beginning,
even Broca himself had doubts about the correctness of his findings (Broca
1863). He tried to stick to Bichat's 'symmetry law' from 1800: Two parts
essentially alike in their structure, cannot be different in their mode of acting'
(Bichat 1805; McManus 2002). Broca defined this theory as a 'physiological
law that holds everywhere else, without exception', and described his own
findings as a 'violent exception to this law' (Broca 1863; McManus 2002).

Chapterl

The most obvious - and difficult to ignore - of all asymmetries in our
everyday life is handedness: about 90% of the human population is righthanded, whereas 10% is left-handed (McManus 2002).
As early as 670 BC, the following Assyrian image was created (McManus
2002):

Obviously the sculptor was fully aware of most people being right-handed. The
image looks symmetric at first, but is in fact highly asymmetric on closer
inspection: both eagle-headed spirits are right-handed (McManus 2002).
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Thus, however much the human kind would prefer a world of symmetry,
the physical, biological and chemical world are full of asymmetries (McManus
2002; Toga & Thompson 2003).
Table 1 summarises some concepts associated with symmetry and
asymmetry (McManus 2002).
Table 1: Concepts associated with symmetry and asymmetry (McManus
2002).

SYMMETRY

ASYMMETRY

Rest

motion

Binding

loosening

Order

arbitrariness

Law

accident

formal rigidity

life, play

Constraint

freedom
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2. Lateralization of Function in Humans and Other Vertebrates
Lateralization per se means that the two brain hemispheres are
structurally different from each other and/ or perform a different set of functions
(Bisazza et al. 1998). As recent as the early 1970s, lateralization of function
was thought to be a unique human trait (Vallortigara & Rogers 2005). The two
hemispheres of the human brain are functionally specialized so that certain
cognitive skills, such as language or musical ability, conspecific recognition,
and even emotional responses are mediated by one hemisphere more than
the other (Bradshaw 1981; Corballis 1989). Studies over the past 30 years
suggest that lateralization occurs in other vertebrate species as well.
In general, lateralization is observed in different sensory modalities in
humans as well as other vertebrates, and there are interesting parallels (Ehret
1987; Fitch et al. 1993; Nottebohm 1971; Petersen et al. 1984; Rogers &
Andrew 2002; Walker 1980). For instance, mice (Ehret 1987), rats (Fitch et al.
1993), passerine birds (Nottebohm 1971), Japanese macaques (Petersen et
al. 1984) and humans (Bradshaw 1981; Corballis 1989) all show a dominance
of the left hemisphere (i.e. the right ear) in the production (speech, birdsong)
and perception of their species-specific vocalizations.
Furthermore, humans (Bradshaw et al. 1989), chimpanzees (Morris et
al. 1993) and chicks (Vallortigara 1992) preferentially use the right hemisphere
(i.e. the left eye) for individual recognition of conspecifics. The right
hemisphere is also dominant in driving negative emotional expressions in
humans (Bradshaw et al. 1989), rhesus monkeys (Ifune et al. 1984), rats
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(Denenberg et al. 1978) and chickens (Andrew & Brennan 1984). Table 2
summarises the different hemispheric functions for a variety of vertebrate
species (Vallortigara & Rogers 2005).
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Table 2: Different hemispheric functions for a variety of vertebrates
(Vallortigara & Rogers 2005).

Left Hemisphere
Prey catching
toads)
Behaviour

Foraging (birds)

Right Hemisphere
(fish, Predator
detection
(fish, chicks)

Predator escape (frog
tadpoles, fish, toads,
chicks)

rnipu"
monkeys, apes)
Contact/ monitoring of
Attention
to
large
conspecifics
(fish,
changes (birds, rats)
tadpoles)
Cognition
Recognition
of
species-typical
Recognition/ analysis
vocalizations
(birds, of
faces
(sheep,
mice,
monkeys, monkeys, humans)
humans)
Inhibition of Intense Aggression
(negative)
emotions lizards,
(humans)
monkeys)

Courtship
copulatory
(birds)

(toads,
chicks,

and
behaviour

Emotion
Inhibition
aggression
humans)

of
(chicks. Expression of intense
emotions
(monkeys,
apes, humans)

Fear (chicks, rats)
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3. Lateralization of Function in Invertebrates

In invertebrates, there are relatively few examples of behavioural
asymmetry. There is one report of individual lateralization in the visual system
of Octopus vulgaris where the visual laterality also influences its arm choice
(Byrne 2002; Byrne et al. 2006) and one of asymmetrical injuries in the legs of
fighting spiders (Ades & Ramires 2002). In insects, there is one study
describing preferred rotation behaviour in foraging bumblebees (Kells &
Goulson 2001). However, this could be repetitive rather than lateralized
behaviour, i.e. the bumblebees rotate to a certain direction based on habit
rather than a specific preference of one side.

Regarding structural brain/neural asymmetries, there is one study in
fiddler crabs which shows an enlarged first thoracic ganglion on the side of the
major cheliped

(Young & Govind

1983). Another

study in

Drosophila

demonstrates the need of an asymmetrical body (AB) in one side of the brain
for the formation of long term memory (Pascual 2004).

Thus, it is pertinent to explore In more detail whether and to what extent
lateralization exists in insects. In particular, do asymmetries extend to tasks
that involve learning and memory? If this is the case, we would have strong
evidence that brain lateralization is either highly conserved or has evolved
analogously in insects as well as vertebrates.

Therefore, this thesis investigates lateralization of function in an insect,
the honeybee Apis mellifera.

The honeybee displays an excellent model

organism for this investigation, due to its ability to accomplish a wide range of
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behavioural tasks (Frisch 1967). Not only do honeybees readily exhibit simple
forms of learning such as classical conditioning and habituation (Bitterman et
al. 1983; Kuwabara 1957), they can also be trained to perform much more
complex tasks, such as the navigation of a maze to reach a food reward
(Zhang et al. 1996), perform delayed match-to-sample (DMTS) tasks (Giurfa et
al. 2001), memorize and recall groups of visual stimuli to retrace old foraging
paths (Zhang et al. 1999), and to categorize groups of objects on the basis of
general features (Zhang et al. 2004). Here, I examine potential asymmetries in
olfactory and visual learning in the honeybee.

4. Lateralization of Olfaction

In vertebrates, lateralization of the olfactory system has only been
investigated over the past twenty years, mainly in humans (Brand & Jacquot
2001; Doty 1997; Herz et al. 1999; Zucco & Tressoldi 1989). One of the first
studies in humans shows that the right hemisphere is dominant in learning
odour stimuli combined with visual stimuli (Zucco & Tressoldi 1989). Another
study reports that odours are experienced as more pleasant when sniffed
through the right nostril (right hemisphere) and named more easily when
sniffed through the left nostril (left hemisphere) (Herz et al. 1999).
Furthermore,

a more recent fMRI study suggests that the left

hemisphere is mainly activated when presented with pleasant odours, while
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the right hemisphere responds more to unpleasant odours (Henkin & Levy
2001). On the other hand, the results of another study show a predominance
of the right hemisphere in the processing of olfactory information not
depending on the quality of odour (Brand & Jacquot 2001).
Thus, the findings in humans concerning the pleasant/ unpleasant and
the

irritant/

non-irritant

character of the test odour have often been

contradictory and it is not completely clear how exactly the nature of the
olfactory stimulus, is influencing the lateralization processes (reviewed in
Brand 2001).
A study in homing pigeons shows impairment in the initial orientation of
pigeons with their right nostril plugged (Gagliardo et al. 2007). Similarly,
studies in chickens suggest an asymmetry in favour of the right nostril for
learning odours (Burne & Rogers 2002; Burne & Rogers 1996; Vallortigara &
Andrew 1994). At present there are no additional studies on olfactory
lateralization in other vertebrates.
In invertebrates, there have been no investigations, so far, on
lateralization of olfaction. Thus, I took on the intriguing task of investigating
lateralization of olfaction in the honeybee.

5. Lateralization of Vision
As opposed to the olfactory system, there has been abundant research on
lateralization of the visual system in many vertebrates, including humans
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(Bradshaw 1981; Rogers & Andrew 2002; Walker 1980). For example, in
humans, the right visual field (left hemisphere) is quicker at recognizing alphanumeric stimuli, while the left visual field (right hemisphere) is better at
analysing more complex visual-spatial relationships (Hardyck et al. 1977).

Looking at other vertebrates, the right visual field of chicks, fish, toads,
monkeys and apes generally plays a role in feeding tasks: foraging, object
manipulation and prey catching. On the other hand, the same animals use the
left visual field for predator detection and avoidance behaviour (see Table 2,
Vallortigara & Rogers 2005).

However, there is only one investigation of visual lateralization at the
individual level in invertebrates, showing asymmetrical eye use during a food
approach task in Octopus vulgaris (Byrne 2002). On this account, it is crucial to
explore whether

other invertebrates such as the honeybee share the

asymmetrical behaviour while learning visual tasks. I therefore extended my
study on functional lateralization to the visual modality, investigating potential
asymmetries of visual learning in the honeybee.

6. Thesis Structure

The thesis starts off with investigating lateralization of olfaction in
honeybees. I first present a behavioural study in 'Chapter 2', in which I
compare olfactory learning capacity in bees that had only the right antenna or
only the left antenna exposed. This revealed a surprising asymmetry of
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olfactory learning in bees. In 'Chapter 3' and 'Chapter 4' I try to elucidate the
mechanisms

underlying

the

observed

asymmetry,

using

a

combined

anatomical, behavioural and electrophysiological approach. In 'Chapter 5', I
move to the visual modality, presenting a behavioural study on lateralization of
visual learning in honeybees.
In the final chapter of my thesis, I discuss the findings on olfactory and
visual lateralization in the honeybee, drawing parallels to existing literature on
lateralization in vertebrates. I will also make a first attempt to discuss the
olfactory and the visual results with respect to their evolution and significance.
Finally, I will present an outlook into future investigations to further elucidate
lateralization of olfaction and vision in the honeybee.

Chapter 2

Chapter 2: Behaviour: Lateralization of Olfaction

1. Abstract
In insects, the olfactory and gustatory senses play a crucial role in
survival and reproductive success, mediating responses to food, mates and
oviposition sites (Schneider 1969). Since the 1920s it has been known that
foraging bees are guided not only by visual cues, but also by olfactory cues.
Moreover, olfaction plays an important role for honeybees with respect to
foraging, recognition of hive mates and enemies (Frisch 1967).
In humans and other vertebrates, studies of lateralization have
focussed primarily on senses other than olfaction, such as vision, hearing
and motor capabilities (handedness) (Bradshaw 1981; Christman 1989;
Corballis 1980; Corballis 1989; Corballis & Beale 1970; Walker 1980).
Lateralization of olfaction has only been investigated over the past ten
years, mainly in humans (Brand 1999; Doty 1997; Herz et al. 1999).
In invertebrates, as opposed to vertebrates, there are relatively few
published studies on lateralization of function. Furthermore, lateralization of
olfaction has not been investigated at all for any invertebrate. Here I explore
lateralization of olfaction in the honeybee Apis mellifera. Two different
versions of the well known Proboscis Extension Reflex (PER) paradigm are
used to demonstrate that honeybees learn odours better when trained
through their right antenna. This is the first demonstration of asymmetrical
learning in an insect.
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Chapter 2

2. Introduction
For most animal species, the ability to detect and respond in an
adaptive manner to chemical signals serves as a primary window to the
sensory world. Furthermore, many animals share common principles of
olfactory system organization (Ache & Young 2005). The sense of smell
provides a fundamentally different kind of information about the environment
than does the phylogenetically younger sense of vision. Whereas vision
allows us to perceive spatial structure, direction and movements of objects,
olfactory sense is concerned primarily with the identity and quality of
objects. The olfactory system is crucial for evaluation of the flavour of foods
and other materials and serves as a warning system to alert the organism of
potentially harmful substances (Koester 2002).
In vertebrates, despite being an important sensory modality, the
study of olfaction has received relatively little attention for a long time.
However, the past 15 years have seen significant advances in the study of
vertebrate olfaction, mainly in relation to the underlying molecular processes
(Buck & Axel 1991; Koester 2002; Zelano & Sobel 2005).
Invertebrate olfaction, on the other hand, has been investigated over
a longer period of time and its ecological, chemical, physiological and
behavioural aspects have been well elucidated (Bitterman et al. 1983;
Frisch 1967; Kuwabara 1957; Laska et al. 1999; Schneider 1957; Schneider
1969; Schneider 1970; Wright & Smith 2004).
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In vertebrates, lateralization of the olfactory system has only been
investigated over the past ten years, mainly in humans (Brand & Jacquot 2001;
Doty 1997; Henkin & Levy 2001; Herz et al. 1999). For example, it has been
shown that, in humans, basic olfactory perception, particularly with regard to
emotion-arousing odours (such as pleasant and unpleasant odours) is
lateralized to the right hemisphere (Herz et al. 1999). Furthermore, a more
recent fMRI study suggests that the left hemisphere is mainly activated when
presented with pleasant odours, while the right hemisphere responds more to
unpleasant odours (Henkin & Levy 2001).
On the other hand, the results of another study show a predominance of
the right hemisphere in the processing of olfactory information not depending
on the quality of odour (Brand & Jacquot 2001). The above examples indicate
well enough that the findings in humans have often been contradictory and it is
not completely clear how the nature of the olfactory stimulus, i.e. the pleasant/
unpleasant and the irritant/ non-Irritant character of the test odour, is
influencing the lateralization processes (reviewed in Brand 2001).
Studies in chickens and pigeons suggest an asymmetry in favour of the
right nostril for learning odours (Burne & Rogers 2002; Burne & Rogers 1996;
Gagliardo et al. 2007). At present there are no additional studies on olfactory
lateralization in other vertebrates.
In invertebrates, there have been no studies so far on lateralization of
olfaction.
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This chapter describes a study of lateralization of olfaction in the
honeybee Apis mellifera. The olfactory system of the bee - alongside the
visual system - is a very important and refined sensory modality. It is used for
foraging tasks, recognition of hive mates and enemies (Frisch 1967; Hallem
2004; Schneider 1969). The honeybee antenna carries over 3000 olfactory
receptors, each of which codes for multiple odorants (Esslen & Kaissling 1976;
Goodman 2003; Kuwabara & Takeda 1956).
This study seeks answers to the following questions:
Is there a difference in learning performance between the two antennae,
the two main olfactory organs of the honeybee? If so, how big is the difference
and does it exhibit a consistent bias across individuals and colonies?
The method used to investigate laterality with respect to olfactory
behaviour uses the well known Proboscis Extension Reflex (PER) paradigm
(Bitterman et al. 1983; Kuwabara 1957), a classical conditioning paradigm for
the honeybee. It is a very stable and convenient method to measure the
olfactory learning ability of the honeybee. In the PER paradigm, restrained
bees are trained to extend their proboscis to an odour stimulus in anticipation
of a food reward.
Two different versions of the PER paradigm were used. In Version 1,
bees were conditioned to extend their proboscis to a scented drop of sugar
solution but not to an unscented drop of salt water. In Version 2, bees were
conditioned to extend their proboscis to one scent but not to another. In this
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version, which is i<nown as differential conditioning (Si et al. 2004), the positive
scent was associated with sugar water and the negative scent with salt water.
Each version of the PER paradigm was carried out on three groups of
bees. One group had their right antenna exposed (RAE), those in the second
group had their left antenna exposed (LAE) (Figure 1a) and the third group
constituted a control in which both antennae were left uncovered (Figure lb).
Each group comprised at least 70 two week old bees.
Before starting the actual experiments a control experiment (Version 1
of PER) was run in which both antennae were covered with silicone. These
control bees (n = 40) showed 0% learning performance, i.e. no proboscis
extension, indicating that the silicone sleeve was effective in preventing the
scents from stimulating the antennae.

3. Results

The results of tests following training on Version 1 of the paradigm are
shown in Figure 2. Here the bees had to extend their proboscis only when they
experienced a scent. Figure 2a compares the learning performance of the 3
groups of bees when the training scent was lemon. Logistic regression analysis
showed no significant difference in performance between the right antenna
exposed bees and the untreated control group (p > 0.36). On the other hand,
the left antenna exposed bees performed significantly worse than the right
antenna exposed bees (p < 0.0006) and also significantly worse than the
control bees (p < 0.0057) (Letzkus et al. 2006).
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Very similar results were obtained when Version 1 of the paradigm was
repeated with a fresh set of bees and a new scent, vanilla, as the positive
stimulus (Fig. 2b). Here again, there was no significant difference in learning
performance between the right antenna exposed bees and the controls (p >
0.96), while the left antenna exposed bees again performed significantly worse
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Figure 1

Figure 1. Experimental Setup for comparing olfactory learning via the two
antennae, a Left antenna exposed (LAE) bee. A s there are no olfactory
receptor cells at the base of the antennae, only the respective flagellum (upper
part of the antenna) was covered with a silicone compound, b Tethered bee
(untreated control) used for the P E R paradigm.

20
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Figure 2
P < 0.01

Figure 2. Version 1 of PER. Performance of two week old honeybees in tests
after training on Version 1 of the PER paradigm. Bees were trained to learn one
scent and to extend their proboscis to the scented stimulus only. RAE bees =
right antenna exposed bees, LAB bees = left antenna exposed bees. Black bars
show probability of correct response, discounting the D responses (no
proboscis extension to either the positive or the negative stimulus). Grey bars
show probability of correct response, taking the D responses into account, a
Performance during test after training with lemon scent. There was no
significant difference between the RAE bees and the untreated control group.
However, LAE bees performed significantly worse than the RAE bees and
significantly worse than the untreated controls, b Performance in tests after
training with vanilla scent. Again, there was no significant difference between
the RAE bees and the controls, whereas the LAE bees performed significantly
poorer than the RAE bees and the controls. Significance levels shown in each
case pertain to comparisons between black bars as well as grey bars.
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Figure 3
P<0,01

P < 0.001

n=78

p1=103
.

RAE

Control

Figure 3. Version 2 of PER. Performance of two week old honeybees in tests
after training on Version 2 of the PER paradigm. Bees were trained to learn two
scents, lemon and vanilla, and to extend their proboscis only to the rewarded
scent, lemon. There was no significant difference in performance between RAE
bees and the untreated control group. However, LAE bees performed
significantly worse than RAE bees, and significantly worse than the controls.
Notations as in Fig.2.
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than the left antenna covered bees (p < 0.0024) and the controls (p < 0.00013)
(Letzkus et al. 2006).
The present findings reveal that, in olfactory tasks, bees perform much
better when trained with their right antenna than with their left antenna.
Furthermore, the performance of bees trained through the right antenna alone
is just as good as that of bees trained with both antennae exposed. Since
similar results were obtained with two different scents, these results are
unlikely to be scent-specific.
The above findings were extended by investigating the discrimination of
two scents, using Version 2 of the PER paradigm. Here, the bees were trained
to extend their proboscis only to lemon, the rewarded scent, but not to vanilla,
the punished scent. The results are shown in Fig. 3. Logistic regression
analysis showed no significant difference in performance between the right
antenna exposed bees and the untreated controls (p = 0.73). On the other
hand, the left antenna exposed bees performed significantly worse than the
right antenna exposed bees (p < 0.0014) and the control bees (p < 0.0038)
(Letzkus et al. 2006).
These

results

reveal, for the first time, that olfactory

learning

performance in honeybees is lateralized: Bees are significantly better at
responding to odours when they are trained with their right antenna. In the
majority of the test trials, left antenna exposed bees performed significantly
worse than those with the left antenna covered, and significantly worse than
the control bees. Furthermore, honeybees trained with only the right antenna
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exposed performed just as well as the untreated controls. This implies that the
right antenna! pathway is necessary and sufficient for learning odours.
An interesting incidental observation was that, of the three groups used,
the left antenna exposed bees showed the highest probability of producing
response D, i.e. no response either to the rewarded stimulus or the punished
stimulus (details in 'Material and Methods'). In order to examine whether the
type D response affected above conclusions, we conducted an additional
analysis of the data including the D responses (light grey bars in Figs. 2 and 3,
details in 'Material and Methods'). Logistic regression analysis gave very
similar results to those obtained previously. Thus, the higher D response rate
of the right antenna covered bees does not affect above conclusions in any
way.
The overall learning performance in Version 2 of the PER paradigm was
on average about 20 % higher than that in Version 1. One reason for this could
be that it is easier to learn to discriminate one scent from another, than to
distinguish between the presence and the absence of a scent. The differential
olfactory conditioning paradigm is also more likely to teach the bees that the
visual stimuli (such as the approach of the syringe) accompanying the scents
are irrelevant to the discrimination task.
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4. Discussion

The

above findings

show

clearly

that

honeybees

learn

odours

significantly better in two different versions of a "mono-antennal" PER task
when trained through their right antenna.

An intriguing question arising from the above findings is: at what level of
the olfactory pathway is the observed olfactory asymmetry manifested? Is it at
the periphery, i.e. at the level of the antennae, or are central structures like the
antennal lobes and the mushroom bodies involved, or both?

A first step towards elucidating this question is to investigate the very
periphery of the olfactory pathway and compare the two antennae anatomically
and physiologically. For example, an anatomical approach could compare the
number of olfactory receptors on each antenna. Earlier studies have counted
these so called sensilla placodea, but have not looked for differences between
the two sides (Esslen & Kaissling 1976; Kuwabara & Takeda 1956). As to a
physiological approach, one could compare the electrophysiological properties
of

the

left

and

right

antenna

by

recording

olfactory

evoked

electroantennograms (EAGs) {Schneider 1957), - extracellularly measured
mass responses of the antennal olfactory receptors - and investigate whether
one antenna is more sensitive to odours than the other.

Regarding the central structures of the olfactory pathway, it is important to
examine the responses of the antennal lobes (Hansson & Anton 2000) in
greater detail, although earlier work in the honeybee has suggested that
odours are coded symmetrically in the primary olfactory neuropil (Galizia et al.
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1998). Equally, it would be Important to examine higher brain centres, such as
the mushroom bodies (Mobbs 1982), for anatomical and physiological
asymmetries. These ideas will be discussed in greater detail and put into
context with existing literature in 'Chapter 6' of this thesis.
The present results also raise the intriguing possibility of lateralization in
other sensory modalities of the honeybee, such as vision.

5. Material and Methods

Bees
Freshly emerged bees were marked individually with enamel paint and
returned to the beehive. After two weeks they were collected from the hive for
experimentation.

Antenna Cover
For each experiment individually marked two week old honeybees were
collected from bee hives (all in all three different colonies) and briefly
immobilized on ice. Each animal was secured in a metal tube, using thin strips
of GAFFA tape so that the legs were immobilised but the head was free. This
ensured that the silicone sleeve that was used to cover the antennae (see
below) was not removed. Each restrained bee was then placed under a
binocular microscope and one of the two antennae was coated with a two
component silicone compound (Exaflex, GC America Inc.). The animals were
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fed with two to three drops of 1M sugar solution and then allowed to recover
overnight in an incubator at a constant temperature of 26 deg C.

PER
The next morning, the bees were trained using two different versions of
the PER paradigm. Animals that had managed to remove their cover, or
appeared sluggish before the training, were excluded from the experiment (<
5%).

a) Paradigm Version 1
Two different stimuli were used in this version. One stimulus was a
scent dissolved in 1M sugar solution (reward). The other stimulus was
unscented

saturated

salt

solution,

which

tastes

unpleasant

to

bees

(punishment) (Frisch 1934). The scents were in the form of commercially
available flavouring agents for food (Queens essence). 10 |LII of the essence
was dissolved in 3 ml of the sugar solution. The stimuli were presented as a
drop emerging from a size 23 syringe needle. A suction fan behind the bees
ensured a constant flow of odour during stimulus presentation and quick
removal of any lingering odour traces before the next bee was trained.
During each of the 3 learning trials, we first presented the positive
stimulus for 5 seconds by holding the scented drop 1-2 cm in front of the bee.
The antennae were then briefly touched with the stimulus drop, thus
associating the scent with the sugar reward. If the bee extended her proboscis
she received a food reward in form of the sugar solution. Next, the same
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procedure was performed with the negative stimulus which was an unscented
drop of salt water. Touching the antennae at the end of this 5-second period
was intended to cause the unscented drop to be associated with the
unpleasant-tasting salt solution. Bees extending their proboscis after touching
the antennae received a punishment in the form of the salt solution. The 3
successive training trials were separated by 6 minutes.

b) Paradigm Version 2
Here, the bees were trained to discriminate between two different
scents, lemon and vanilla. Lemon was combined with the positive reward
(sugar solution) and vanilla was combined with the punishment (salt solution).
The training procedure was identical to that described for Version 1. In each
version, after training, the honeybees were fed 2 - 3 drops of sugar solution
and returned to the incubator for overnight storage.

Testing
Tests were carried out on the morning after the training was performed.
In each paradigm, the order in which the stimuli were presented during the test
was reversed with respect to that used in the training. That is, during the tests,
the negative stimulus was offered first. In all other respects, the tests for the
two paradigms were performed in the same way. Each stimulus was presented
for 5 seconds by holding the drop at a distance of 1 - 2 cm in front of the bee,
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without touching the antennae at the end of the trial. Each bee was tested only
once.
Scoring of Responses
Performance was measured as the probability of a correct response (i.e.
as the percentage of bees that produced a correct response).
There were four possible categories of response. Response A:
extension of proboscis to the rewarded stimulus only. Response B: extension
of proboscis to both stimuli. Response C: extension of proboscis to the
punished stimulus only. Response D: no extension of proboscis to either
stimulus. Response A was regarded as being fully correct, and response C as
being fully wrong (and occurred very rarely). Responses B and D were each
regarded as being partially correct.
The probability of a correct response was calculated as the ratio of the
number of fully correct responses to the sum of all responses. In one analysis,
bees that gave response D were not included in the sum, because we could
not be sure whether such bees were able to extend their proboscis at all. Here,
the probability of a correct response was calculated as nA/(nA+nB+nC), where
n refers to the number of responses in the respective categories. A second
analysis took the D responses into account, in order to examine whether their
inclusion affected the results of the first analysis in any way. In this case, the
probability of a correct response was calculated as nA/(nA+nB+nC+nD).
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Chapter 3: Peripheral Versus Central Contributions: Anatomical
Investigation

1. Abstract

In 'Chapter 2' lateralization of olfaction in the honeybee was investigated.
The results showed clear asymmetry of antennal use in favour of the right
antenna. However, it is still unclear at which level of the olfactory pathway the
observed asymmetry is manifested. Here, this question is investigated by
comparing the number of sensilla placodea - the olfactory receptor cells - in the
left and right antennae. The results reveal that the right antenna carries
significantly more olfactory receptors than does the left antenna. After this, the
next question to explore was: is the number of olfactory receptors influencing
the olfactory learning behaviour of honeybees per se? Thus, as a first step, a
new differential PER experiment with half right antenna exposed bees was
conducted. The results show that increasing the number of exposed sensilla
placodea leads to enhanced learning performance. Hence, the number of
olfactory receptors has an influence on the olfactory learning behaviour.

The results also suggest that the lower half of the right antenna is more
important than the upper half, for olfactory learning. The second question was
whether the observed behavioural asymmetry is solely due to the difference in
the number of olfactory receptors between the left and the right antennae, or

whether there are additional functional asymmetries at higher levels of the
olfactory pathway. To address this question I have analysed the performance
of bees at the commencement of their training - that is, when they are still
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naive with respect to the training odours. This was done by evaluating
performance in the first training trials of the right antenna exposed (RAE) and
the left antenna exposed (LAE) bees from all three experiments in 'Chapter 2'.
The analysis suggests that the observed behavioural lateralization described in
'Chapter 2' may indeed arise partly from different olfactory sensitivities in the
periphery of the olfactory pathway , due to differences in the receptor numbers
in the left and right antennae. However, the results also suggest that additional
asymmetries at higher levels of the olfactory pathway are very likely to play a
role.

2. Introduction

The findings in 'Chapter 2' showed clearly that bees trained through
their right antenna perform significantly better during the olfactory induced
PER paradigm. However, it is still unclear at which level of the olfactory
pathway the observed asymmetry is manifested. The basis for the observed
phenomenon could either reside in peripheral differences between the left and
right antennae, differences between the left and right olfactory pathways, or
differences between the left and right halves of the central nervous system.
The present study explores this question by starting at the very periphery of
the olfactory pathway and comparing the number of the olfactory receptor
cells, sensilla placodea, in the two antennae.
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The honeybee antenna consists of three different "limbs": the scapus,
the pedunculus, and the flagellum which represents the sensory part of the
antenna (Esslen & Kaissling 1976; Goodman 2003). The antenna! flagellum of
the honeybee worker is divided into 10 segments with freely

movable

membranous joints between each segment (Goodman 2003; Richards 1952).
Furthermore,

the flagellum

carries

seven

types

of sensilla

which

are

distinguished according to their cuticular structure.

Here, I refer to the nomenclature used by Esslen & Kaissling in 1976.
The most abundant sensilla on the honeybee antenna are the

sensilla

placodea, also called pore plates, for which there is good electrophysiological
evidence to support their olfactory function (Lacher 1964). Other sensilla, for
example, the so called sensilla

ampullacea

and sensilla

coeloconica

are pit

organs which are sensitive to carbon dioxide, water and temperature (Boeckh
et al. 1965; Lacher 1964). On the other hand, the cupola shaped sensilla
campaniforma

and the thick walled hair receptors {sensilla trichodea B1 and

B2) are thought to have a mechanoreceptive function (Dietz & Humphrey.Wj
1971).

The last group of sensilla for which the sensory function is known are the
sensilla trichodea D. These are thick-walled pegs sensitive to gustatory and
mechanical stimuli (Martin 1966). Finally, there are two more types of sensilla
which have been described morphologically (Slifer & Sekhon 1961), namely
the sensilla

basiconica

and sensilla

trichodea

A (Esslen & Kaissling 1976).
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They form thin walled pegs and are believed to have an olfactory function, but
the electrophysiological evidence for this is yet to be obtained.
Last but not least, there are four types of non sensory, large and thickwalled hairs called Setae (Esslen & Kaissling 1976). In this study, I focus on
the sensilla placodea, also called pore plates, which constitute the most
abundant class of sensillae and whose olfactory sensitivity is well established.
The first two segments of the flagellum from the base up carry
comparatively fewer sensilla than the other eight segments, and completely
lack sensilla placodea (Esslen & Kaissling 1976; Lacher 1964; Richards 1952;
Steinbrecht 1997). However, segments 3 through 10 are densely covered with
pore plates. Furthermore, this coverage area extends from the basal rim to the
apical rim of each segment and takes up approximately two-thirds of the inner
part of each segment's circumference (Richards 1952).
Thus, in effect, the sensilla placodea are located in a band on the inner
and forward looking part of the flagellum (facing the other antenna and the
flight direction) that extends over the combined length of segments 3 through
10, except for interruptions at the intersegmental joints. On the other hand, in
each flagellum there is a corresponding region, facing outward and backward,
that lacks sensilla placodea (Richards 1952).
Earlier studies showed that the honeybee antenna carries up to 3000 or
more olfactory receptors, each of which codes for multiple odorants (Esslen &
Kaissling 1976; Goodman 2003; Kuwabara & Takeda 1956). Although these
studies have counted such cells, they have not looked for asymmetries
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between the left and right antennae. In the present study, the sensilla placodea
on the left and right antennae were counted and the numbers are compared.
The comparison reveals that the right antenna carries significantly more
sensilla placodea than does the left antenna. This finding gives rise to the
following questions: Is the observed behavioural lateralization influenced by
the olfactory receptor number per se? If so, is the behavioural lateralization
solely due to the differences at the sensory level? Or are there additional
asymmetries at higher levels of the olfactory pathway?
These questions were investigated in two ways. Firstly, a new
differential Proboscis Extension Reflex (PER) experiment was conducted (see
details in 'Chapter 2'), this time with bees in which only half the right antenna
was exposed. The aim of this experiment was to investigate whether the
learning performance of bees increases with the number of olfactory receptors
that are exposed (compared to LAE bees in 'Chapter 2').
Another approach was to analyse the initial training trials (when each
bee was still naive with respect to the training odours) of all of the three PER
experiments from 'Chapter 2'. The performance of left antenna exposed (LAE)
bees and right antenna exposed (RAE) bees during the first training trial was
compared to examine whether there was already a significant difference
between LAE and RAE bees when they were still naive with respect to the
training scents.
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3. Results

The numbers of olfactory receptors in 10 right antennae and 10 left
antennae were compared, from scanning electron micrographs (Table 1).
Seven of these left-right pairs originated from the same individuals. It is
important to mention that a paired analysis with these seven antenna pairs
was conducted, but the results showed no difference compared to the results
of the unpaired analysis presented here. Thus, all data were lumped together
and analysed using ANOVA. The mean number of sensilla placodea

per

flagellum on the two sides was compared. The data (Fig. 1) reveal that the
mean number of sensilla placodea is significantly higher in the right antenna
(ANOVA, p < 0.001). The mean number of olfactory receptors per segment
was 401 in the right antenna, as opposed to 365.5 in the left antenna. Hence,
on average, there were 35.5 more sensilla placodea per segment in the right
antenna than in the left antenna (Fig. 2), with a standard error of 4.26. There
was a significant interaction between side and segment: the difference in
receptor counts between the left and right antennae was greater than average
in segment 6, and lower than average in segment 9 (ANOVA, p < 0.04). There
was also a highly significant difference in sensilla counts between some of the
Individual segments within a given antenna: there were more cells than
average in segment 4 and fewer than average in segment 7 (ANOVA, p <
0.002). This was true for both antennae.

To ensure that there was no colony effect on the results, antenna pairs
of animals from 3 additional colonies were analysed. At least two antenna
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pairs from each new colony were analysed. Again, there was a highly
significant difference in receptor counts between left and right antennae in 7
new pairs that were examined (ANOVA, p < 0.001).

In order to examine whether the observed olfactory lateralization is
solely due to differences in sensitivity between the left and right antenna!
pathways (and not due to any differences between the learning efficacies of
these pathways), two different approaches were used.

The first method was to explore whether and how much the peripheral
difference in receptor numbers between the two antennae plays a role in the
observed behavioural lateralization, by conducting a new, modified set of
Version 2 PER experiments. As in 'Chapter 2', vanilla was the punished scent
and lemon the rewarded scent. But this time I compared the learning
performance of a group of bees with the left antenna and half the right antenna
exposed, with that of a control group with both antennae exposed. The reason
for this was to investigate whether increasing the number of exposed olfactory
receptors compared to the LAE bees (left antenna exposed) in 'Chapter 2' led
to a higher learning performance.
For this purpose, either the upper or the lower half of the right antenna
was covered with the same two-compound silicone material as before (see
Material and Methods in 'Chapter 2'). The left antenna of those bees was fully
exposed. Altogether, three different groups of bees were used for the
experiment: upper right antenna exposed (upper RAE) bees, lower right
antenna exposed (lower RAE) bees and a control group with both antennae
exposed. Effectively, the two treatment groups had their whole left antenna

Chapter 3

36

plus half of their right antenna exposed to the training odours. Figure 3 shows
the probabilities of correct response for the three different groups. The control
group performs better than both treatment groups. However, the control bees
only perform significantly better than the upper RAE bees (p < 0.03, logistic
regression). The lower RAE bees perform weaker than the control group, but
this difference is not significant (p = 0.216, logistic regression). Similarly, there
is no significant difference between the upper RAE bees and the lower RAE
bees (p = 0.245, logistic regression).
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Table 1

AntennaPair No.
and
Antenna
Origin

Bee Age

1 diff ind

Left
Antenna

Right
Antenna

No. of S.
placodea

No. of S.
placodea

Forager

3018

3212

2 diff ind

2 weeks

2765

3059

3 same ind

2 weeks

2943

3261

4 same ind

2 weeks

2779

3255

5 same ind

2 weeks

2763

3130

6 same ind

2 weeks

3116

3408

7 same ind

2 weeks

2971

3295

8 same ind

2 weeks

3037

3123

9 diff ind

2 weeks

2833

3123

same 2 weeks

3036

3224

10
ind

Table 1. Sensilla placodea counts.
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1 0 0 Mtn

—

t
t

'4 ; • '
I

Figure 1. Sensilla placodea. From above: Flagellum of the honeybee antenna,
as imaged by a scanning electron microscope. The second panel shows a
single segment. The third panel shows one olfactory sensillum in detail.
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Figure 2

Figure 2. SensiUa placodea counts. The bar plot compares the mean number
of sensilla placodea per segment in the left and right antennae. White bars
show right antennal counts and black bars show left antennal counts. In all
segments, the mean number of the olfactory cells is higher in the segments of
the right antenna. This asymmetry is highly significant for all segments, except
segment 9. Isd: least significant difference.
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Figure 3

n = «4

control

upperRAE

lower RAE

LAE

RAE

Group

Figure 3. Performance of half right antenna exposed (RAE) bees during
test after training on Version 2 of PER (lemon = rewarded odour, vanilla =
punished odour). The bars show the probability of a correct response during
the test. Black bars indicate results of half right antenna experiments with fresh
control bees in which both antennae are exposed. Grey bars show results from
'Chapter 2' for left antenna exposed bees (LAE) and right antenna exposed
(RAE) bees. There is no significant difference between the lower RAE bees and
the control group, although lower RAE bees show a weaker performance.
Similarly, lower RAE bees perform better than upper RAE bees, but the
difference is not significant. However, upper RAE bees perform significantly
worse than the control bees.
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Figure 4a

0.4
0.35
0.3

o
u
o

S

5
A

£

<0

o

0.25

0.2
0 .15
0.1
0.05 -

0
trial 1

trial 2

trial 3

Training trial

Figure 4a. Training curves for Version 1 of PER with lemon. Learning
curves of the three groups: right antenna exposed (RAE), left antenna exposed
(LAE) and the controls. Data from at least one hundred individuals were used.
The curves show probabilities of correct response during the three training
trials. There is no significant difference between RAE and LAE bees in the first
training trial, but after the last training trial there is a significant difference. This
suggests that the observed behavioural difference is not solely due to the
differences in receptor numbers in the two antennae, but is also a result of
functional asymmetries at higher levels of the olfactory pathway.
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Figure 4b
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Figure 4b. Training curves for Version 1 of PER with vanilla. Learning
curves of the three groups: right antenna exposed (RAE), left antenna exposed
(LAE) and the controls. The curves are showing probabilities of correct
response during the three training trials. Data from at least one hundred
individuals were used. RAE bees perform better than LAE bees in the first
training trial, but this difference is not statistically significant. However, after the
last training RAE bees perform significantly better. This suggests that the
observed behavioural difference is not solely due to the differences in receptor
numbers in the two antennae, but is also due to functional asymmetries at
higher levels of the olfactory pathway.
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Figure 4c
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Figure 4c. Training curves for Version 2 of PER with both odours. Learning
curves of the three groups: right antenna exposed (RAE), left antenna exposed
(LAE) and the controls. The curves show probabilities of correct response
during the three training trials. Data from at least one hundred individuals were
used. RAE bees perform better than LAE bees in the first training trial, but this
difference is not statistically significant. However, after the last training RAE
bees perform significantly better. This suggests that the observed behavioural
difference is not solely due to the differences in receptor numbers in the two
antennae, but is also due to functional asymmetries at higher levels of the
olfactory pathway.
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These results indicate that exposing more olfactory receptors to the
training odours (compared to the LAE bees in 'Chapter 2') enhances the
learning performance of at least the lower RAE bees significantly. These
results suggest that, indeed, the peripheral difference in the number of sensilla
placodea between the left and right antennae can play a role in the observed
behavioural lateralization.
The above data also show that bees learn odours just as well as the
untreated control group when trained through their whole left antenna and the
lower half of their right antenna. On the other hand, odour learning is
significantly worse than the control group when bees are trained through their
left antenna and the upper half of their right antenna. This suggests that the
lower half of the right antenna is more important than the upper half, for
learning odour discrimination.
As a second approach, data of RAE and LAE bees for the first training
trial of each of the two PER versions described in 'Chapter 2' were analysed
(the responses of at least 100 individuals were analysed in each case). At the
first training trial, all bees were "naive" with respect to the odour stimuli - no
learning could have taken place as yet, and so any lateralization of the
response at this stage could only be ascribed to differences in sensitivity.
Figures 4a, 4b and 4c show that for both PER versions, the probability of a
correct response was much lower than in the trained bees (on average only
0.11), and in each case performance on Trial 1 was slightly better when the
right antenna was stimulated. However, the left-right differences at the first
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training trial were not statistically significant (P > 2.3 in all cases; logistic
regression).

These

data

lend

support

to

the

possibility

that

the

observed

lateralization derives partly from differences at the sensory level. However,
while the observed lateralization is small and not statistically significant in the
naTve bees, it is strong and highly significant in the same bees after they have
been trained (Figures 4a, b, c here and Figures 2 + 3 in 'Chapter 2'). These
latter results indicate that it is very likely that there are additional, inherent
asymmetries in the learning processes per se at higher levels of the nervous
system.

4. Discussion

The main question of interest here is: Where, along the sensory
pathway, does the asymmetry in olfactory learning arise, and is there more
than one location? The olfactory pathway of honeybees commences at the
olfactory receptors in the antennae, continues through the antennal lobes
representing the primary olfactory neuropil, and then through the mushroom
bodies (Schneider 1970). The observed behavioural lateralization could be
manifested at each of these levels. The present chapter presents observations
that could shed light on these questions.

The first investigation starts at the very periphery of the olfactory
pathway, the antennae. Counting the sensilla placodea on both antennae and
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comparing the numbers between left and right antenna shows that the right
antenna carries significantly more olfactory receptors than the left antenna. On
average, there are 35.5 more sensilla placodea per segment in the right
antenna than in the left antenna (Fig. 2), with a standard error of 4.26. The
asymmetry is thus highly significant.
This finding leads to the next questions: Does the number of olfactory
receptors influence the olfactory learning behaviour perse? Is the difference in
the number of sensilla placodea causing the behavioural lateralization and if
so, is it the only reason for the behavioural asymmetry? Or can additional
asymmetries at higher levels of the olfactory pathway also play a role?
Two methods were used to give first answers to the above questions.
Firstly, a new differential PER experiment was conducted, but this time using
bees in which half the right antenna was exposed. In effect, these bees had
one whole left antenna plus one half (upper or lower) of the right antenna
exposed to the training odours. The performance of these bees was compared
to that of untreated control bees, in which both antennae were exposed. The
results showed that increasing the number of exposed sensilla placodea
indeed leads to an enhanced learning performance. This finding suggests that
the number of olfactory receptors could directly influence the olfactory learning
behaviour of bees. Furthermore, the lower part of the right antenna is more
important for learning to discriminate the two training odours, vanilla and
lemon. Why the lower half of the right antenna is more effective at this task
remains to be explored.
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The next question, as to whether the difference In the receptor counts is
the only cause of the behavioural asymmetry, was investigated by analysing
data from the first training trials in all three PER experiments of 'Chapter 2'.
They show for all three experiments that the RAE bees perform slightly better
during the first training trial, although this difference is not statistically
significant. However, the difference is larger and statistically significant by Trial
3. Thus, there must be additional asymmetries at higher levels of the olfactory
pathway, possibly related to differences In learning capacity, that contribute to
the increase in asymmetry as the training progresses.
Although the finding that the left-right differences are greater after
training supports the existence of better learning mechanisms along the neural
pathway that leads from the right antenna to the brain, there could be many
ways in which this asymmetry in learning could arise. One possibility is that the
right antennal pathway is subserved by learning mechanisms that are
intrinsically more effective. Another possibility is that the learning mechanisms
in the left and right antennal pathways are identical, but the right antennal
pathway exhibits better learning because of the increased sensitivity of the
right antenna, which provides a greater drive. One way to explore this latter
possibility would be to compare the olfactory sensitivities of the left and right
antennae, by measuring their electrophysiological responses to odours using
the electroantennogram (BAG).
Further work is required to disentangle the contributions of differential
sensitivity and differential learning to the strongly lateralized responses that
are finally exhibited by the trained bees (see 'Chapter 2').
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5. Material and Methods
1. Bees
Freshly emerged bees were marked Individually with enamel paint and
returned to the beehive. After two weeks they were collected from the hive for
experimentation.

2. Anatomy
Preparation of antenna samples for scanning electron microscopy
Two-week old bees were sacrificed by placing them in a freezer (- 18°C)
for at least 4 hours. After defrosting at room temperature for another 4 hours,
the left and right antennae of a given animal were cut at the very base with a
razor blade and the basal segment of the antennae was glued to a cardboard
platform (width ~2 mm, length ~5 mm). This way, the flagellum of the antenna
could be scanned and viewed from different directions by rotation in the sample
chamber of the scanning electron microscope (Cambridge 360). The platform
with the antenna on it was fixed on a needle and the latter was placed into a
sample box. The samples were air dried at room temperature for a week and
then coated with a thin layer of gold on all sides.

Scanning
The sample was fixed on a holder in the sample chamber which was
rotated from outside.
As there are no olfactory receptors on the first two segments of the
honeybee flagellum, only segments 3 to 10 were scanned. The segments were
scanned horizontally one at a time. Each segment was subjected to 3 horizontal
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scans which overlapped with each other to facilitate subsequent orientation,
which was achieved by matching landmarks in subsequent scans. This
procedure was used to scan each segment and count the receptors that it
carried.

Counting
The three scans that were obtained per segment were used in the order
in which they were scanned. The sensilla placodea in each of the 3 scans were
counted by using the lasso tool in Adobe Photoshop 5.5 to mark each
sensillum, and to prevent duplication of counts. The working path was saved
after counting every 20 olfactory sensilla. As the scans were overlapping, they
shared a few identifiable landmarks such as dust particles or conspicuous cells,
facilitating orientation in the subsequent scan.

3. Half Right Antenna Experiments
Here again, two week old bees were used as described above. Three
different groups were used: the lower half right antenna exposed (lower RAE)
bees, the upper half right antenna exposed (upper RAE) bees and the untreated
control group. The left antenna was fully exposed in all groups. We used the
same two compound silicone material for covering as in 'Chapter 2', but this
time only the upper four segments or the lower four segments of the right
antennal flagellum were covered.
The bees were trained on Version 2 (differential conditioning) of the PER
paradigm, see 'Chapter 2' for more details. The tests and the scoring of
responses were performed in the same way as in 'Chapter 2'.
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4:

Peripheral

Versus

Central

Contributions:

Electroantennogram (EAG)

1. Abstract
'Chapter 3' has revealed that there is no significant difference in
olfactory learning performance between the left and right antenna! pathways in
the first training trials, but a highly significant difference at the final training trial.
There are at least two explanations for this. One possibility is that the
underlying learning mechanisms are more effective along the right olfactory
pathway. Another possibility is that the learning mechanisms are identical in
the left and right antennal pathways, but increased sensitivity of the right
antenna provides a greater drive which leads to better learning.
Here, I attempt to tease apart these two possibilities by examining the
peripheral sensitivities of the two antennal pathways. I do this by recording the
electroantennograms (EAGs) of isolated left and right antennae, in response to
controlled olfactory stimuli. If the two antennae are equally sensitive, the
findings would tend to support the first possibility. On the other hand, if the
right antenna is more sensitive than the left, the results would support the
second possibility (although they would not exclude the presence of the first
possibility as well).
EAGs are extracellular recordings of mass responses of the olfactory
neurons in the whole antenna. They constitute a simple test of olfactory
function in insects (Schneider 1957; Schneider 1969). The EAG is composed
of the receptor potentials elicited simultaneously in many olfactory sense cells
(Schneider 1962; Schneider 1969; Schneider 1967). The dose response
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curves for the two odours vanilla and lemon at four different concentrations
show that the right antenna responds better than the left antenna in most
cases, even though only one of these differences is statistically significant.
This suggests that the right antenna is slightly more sensitive than the left
antenna, thus providing a greater drive which leads to better learning.
However, since the statistical significance of the sensitivity differences is
relatively weak I also suggest that the olfactory learning mechanisms may be
more effective in the right antenna! pathway.

2. Introduction
The oldest studies suggesting that the insect antenna has an olfactory
function originate from the 18*^ century. These studies based their views on
micro-anatomic and sometimes behavioural views (Lesser 1742; Reaumur
1734; Rosel 1746; reviewed in Schneider 1999). Later, the olfactory system of
insects - specifically that of the Lepidoptera - was analysed in greater detail
and pheromone research was started. Female moths found great interest
among biologists, because they seemed to lure their mates over many
kilometres with an odour signal (Fabre 1879; Forel 1910). However, these
pioneering behavioural and chemical studies were not done under sufficiently
controlled conditions, for two reasons. Firstly, it was difficult to observe and
record the moths' behaviour during the long distance flights. Secondly, the
chemical methods that were available at that time did not allow the
identification and quantification of the suspected female odorant. In brief, there
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was neither a proof for the sexual attractant being an odour, nor was there firm
evidence proving the olfactory function of the insect antenna.

A few decades later, in 1957, Dietrich Schneider recorded the first
electroantennograms (EAGs) in the silkmoth Bombyx mori L. His aim was to
establish an electrophysiological odour test to probe eluted fractions of the
female moth gland for their efficacy. Schneider recorded small voltage
fluctuations between the tip and the base of the isolated male moth antenna
during stimulation with female Bombyx gland extract (Schneider 1957). With
his work, Schneider physiologically proved that the antenna is in fact the
olfactory organ of moths (and other insects). Shortly after this, the first sexual
attractant of Bombyx named bombykol was isolated (Butenandt 1959) and
many other attractant isolations from other insect species followed (Karlson &
Luscher 1959). The attractants were called pheromones and with their
isolation the evidence for the olfactory nature of insect sexual attractants was
eventually firmly established.

Over the last 50 years, the EAG has mainly been used in pheromone
research (Miller et al. 1976; Roelofs & Comeau 1968; Roelofs & Comeau
1971; Schneider 1974; Schneider et al. 1998; Steinbrecht & Gnatzy 1984).
However, it can also be evoked by non- pheromone odours (reviewed in Field
et al. 2000), as I will present here. The precise nature of the physiological
mechanisms underlying the EAG signal is not known, but it is generally
assumed that the measured voltage fluctuation is caused by electrical
depolarizations of many olfactory neurons in the insect's antenna. The
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accompanying extracellular currents may also contribute to the EAG. Although
there is as yet no complete explanation for the EAG, it has considerable
practical value (SYNTEGH 2004). Thus, electroantennography is a widely used
bioassay in experimental entomology for investigating how well various
volatiles are sensed by the insect antenna. The method can be used for many
purposes, such as , screening biologically active compounds from an odour
mixture, purification of extracts, concentration measurement in the field and as
a detector in gas chromatography (Birkett et al. 2004; Le Metayer et al. 1997;
Park et al. 2002; Wright et al. 2005a; Wright et al. 2005b).
In 'Chapter 3' of this thesis I demonstrated that there is no significant
difference between the left and right antenna in the first training trials but a
highly significant difference at the final training trial. This indicates that the right
olfactory pathway has more efficient learning mechanisms than the left
olfactory pathway. Here, I explore two of the possible reasons why the learning
mechanisms in the right pathway might be stronger. One possibility is that the
learning mechanisms of the right pathway are intrinsically more effective than
those of the left pathway. The other option is that the two learning pathways
function in the same way, but greater sensitivity of the right antenna provides a
stronger drive which then leads to a higher learning efficacy of the right
olfactory pathway.
The aim of this study is to compare left-antennal with right-antennal
sensitivity by the means of EAG recordings and to elucidate the question of
whether the highly significant asymmetry at the final training trials is caused by
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sensitivity differences between the two antennae or by intrinsic differences of
the two olfactory pathways.

3. Results
For the EAG experiments, I used the same odours as I did for the
behavioural work in 'Chapter 2', namely vanilla and lemon. In order to draw
conclusions about the antennal sensitivities from the EAG recordings it was
necessary to test the odours at a range of different concentrations and to
obtain a dose-response curve. Four different concentrations of each odour
were used, here and below termed as 'Very low', 'Low', 'Medium' and 'Full'
(see 'Material and Methods' for dilution protocol). The recordings were done
from isolated left and right honeybee antennae, each antenna pair originating
from one individual bee. The stimulus was presented through a specially
designed and custom built olfactory stimulus controller (AND workshop) which
was connected to a compressed air cylinder (see 'Material and Methods' for
details).
Throughout the experiments, I continuously recorded the EAG base
line, i.e. the antennal response to clean unscented air that flowed over a piece
of filter paper soaked with 100ul water placed in the control syringe (Fig. 4C,
see Methods for details). The EAG base line was steady, showing an average
response of 0.5mV. It served as benchmark for antennal responses to scent
exposure.
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Figure 1 shows the median amplitudes for the EAG recordings with
vanilla scent at four different concentrations. I recorded from 7 left and 7 right
antennae. For each antenna I recorded at least 10 repeats of the same
concentration. The response amplitudes did not decline with the repeats, that
is, the antennae did not adapt to repeated stimulus presentation in this set-up.
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Figure 1. Vanilla: Concentration Versus Response. The maximum median
responses of 7 right and 7 left antenna were averaged (100 or more response
amplitudes were averaged at each concentration). The two antennae give
similar responses to the four different concentrations. At the 'Very Low' and
'Full' concentrations the left antenna responds slightly higher than the right
antenna, and at the 'Medium' and 'Low' concentrations the right antenna
responds more strongly than the left antenna. None of the differences is
statistically significant, only at the medium concentration this difference is on the
verge of statistical significance (Wald test, P=0.1, SED=1.1). Black bars indicate
right antennal responses, grey bars left antennal responses.
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Figure 2. Lemon: Concentration Versus Response. The maximum median
responses of 4 right and 4 left antenna were averaged (70 or more response
amplitudes were averaged at each concentration). At all four concentrations, the
right antenna responds more strongly to the odour stimulus than does the left
antenna. However, this difference is only statistically significant at the 'Full'
concentration as indicated by the star (Wald test, P<0.03, SED=1.5). Black bars
indicate right antennal responses, grey bars left antennal responses.
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Figure 3

Figure 3. Recording Setup. A An electrode consisted of a 1 ml syringe without
needle, filled with fresh saline mounted on micromanipulators. The tip of each
electrode consisted of a 10 |jl pipette tip which was connected to the syringe via
a yellow pipette tip. There was a hole at the centre of each syringe barrel
through which a silver wire, contacting the saline, conducted electrical signals to
a preamplifier (C). To prevent leakage, the hole was sealed with waterproof
tape (Nescofilm). B Recording setup: One end of the antenna, preferably the
apical, was first transferred into a small drop of electro conductive gel (red
arrow) in a small petrie dish. The saline filled tip of the reference electrode
(white arrow on the right) was in contact with the conductive gel. The other end
of the antenna was then carefully transferred into the saline filled tip of the
recording electrode (white arrow on the left) under a stereo microscope and with
the help of a micromanipulator. Black arrow indicates stimulus presenter. C Preamplifier, connected to both recording and reference electrode. D Main amplifier
and oscilloscope.
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Figure 4

Figure 4. Olfactory Stimulus Apparatus. A Olfactory Stimulus Controller,
white arrows pointing at the two used channels connected to a tube each. The
red arrow indicates the coarse air pressure control, whereas the black arrow
points at the fine air pressure control. The tubes end in a syringe system, the
actual stimulus presenter (designed by Dr. J. Reinhard, see C). B Remote
control for stimulus controller. 0 Stimulus presenter: each channel exit was
connected to a tube ending in a 1ml syringe which itself had a 1ml pipette tip
attached to its end. The two syringes with the respective 1 ml pipette tips
attached were taped together and fed into a third 1 ml pipette tip. The entire
syringe system was held by a clamp attached to a magnetic stand.
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Thus, I averaged the overall maximum median values of all left and of all
right antennae, respectively (100 response amplitudes or more were averaged
at each concentration). At the 'Very Low' concentration there is very little
difference in the responses between the left and right antenna. The average
median response of the right antenna is 1.1 mV and that of the left antenna is
1.2 mV, and the difference is not statistically significant (Wald Test, P=0.8,
SED=1.1). At the 'Low' concentration the right antenna! response of 2.6 mV is
higher than the left antennal response of 1.7 mV, but again the difference is not
statistically significant (Wald test, P=0.6, SED=1.1).
The largest difference between the responses of the left and right
antennae occurs at the 'Medium' concentration. Here, the right antenna
exhibits a median response of 3.8 mV, compared to 2 mV from the left
antenna. However, this difference is only on the verge of statistical significance
(Wald test, P=0.1, SED=1.1). The last dataset shows the median response at
the 'Full' concentration. Here, the left antenna shows a slightly higher response
(5.3 mV) than the right antenna (4.9 mV). Again, this difference is not
statistically significant (Wald test, P=0.7, SED=1.1).
Figure 2 shows the median values for the EAG recordings with lemon at
four different concentrations. Here, I recorded from four left and four right
antennae and again averaged the overall maximum median responses for
each side as the antennae showed no sign of adaptation to repeated stimulus
presentation. (70 or more response amplitudes were averaged per antenna).
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The results for the 'Very Low' concentration show a slightly higher right
antennal response of 2.8 mV versus a left antennal response of 2.2 mV, but
the difference is not statistically significant (Wald test, P=0.7, SED=1.5). At the
'Low' concentration the right antennal response is with 4.8 mV considerably
higher than that of the left antenna with 2.8 mV. However, this difference still
lacks statistical significance (Wald test, P=0.2, SED=1.5). The results for the
'Medium' concentration show a more or less equal response from both
antennae, the left antenna producing 4.2 mV and the right antenna 4.4 mV
(Wald test, P=0.9, SED=1.5). At the 'Full' concentration the right antenna
produces a response of 8.3 mV which is significantly higher than that of the left
antenna (5.3 mV) (Wald test, P<0.03, SED=1.5).
The above results show that the right antenna responds to the odour
stimuli with higher amplitudes than the left antenna in 6 out of 8 cases.
However,

this

difference

is

statistically

significant

only

at

the

'Full'

concentration of the lemon scent.
Interestingly, the response amplitudes for lemon are almost twice as
high as those for vanilla, at all four concentrations.

4. Discussion
The present results show that for both odours the right antenna
responds with higher amplitudes than the left antenna at most of the given
concentrations. However, only in one case this difference is statistically
significant.
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Despite the fact that the asymmetry between the responses of the right
and left antennae is not statistically robust, the median responses show a
distinct trend toward a higher sensitivity of the right antenna. Considering that
the right antenna contains -10% more sensilla placodea (sensory pore plates)
than the left antenna (see 'Chapter 3'), this seems a justified conclusion. It is
likely that the increased olfactory input through the right antenna causes a
stronger drive along the right olfactory pathway. However, given the lack of
statistical significance at many of the odour concentrations, the slightly higher
sensitivity of the right antenna alone can not explain the striking lateralization
in olfactory learning found in the behavioural experiments. Thus, it is likely that
there are additional intrinsic differences between the two olfactory pathways
which lead to more efficient learning along the right pathway.
Interestingly, the response amplitudes to lemon at each of the four
concentrations are generally higher than the ones to vanilla. The two odours
vanilla and lemon are both floral odours. The main ingredient of the vanilla
essence that was used is vanillin (4-hydroxy-3-methoxy-benzaldehyde), first
isolated from vanilla by Gobley in 1858. While very important, vanillin alone
does not account for the flavour strength and extremely complex nature of the
vanilla flavour (Galetto & Hoffman 1978). Other highly abundant constituents of
vanilla

extracts

are

p-hydroxybenzaldehyde,

vanillic

acid,

p-

methoxybenzaldehyde and piperonal (Sostaric et al. 2000). Over 170 volatile
components that contribute to the vanilla flavour have been identified, some
being present in minute amounts (Klimes & Lamparsky 1977).
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The main constituent of the lemon essence that was used is lemon oil
which mainly comprises limonene and the main aldehydes are geranial and
neral (Ojeda-de-Rodriguez 1998). For simplicity, I will concentrate on the main
ingredients of both, vanillin and limonene essences. The present results,
namely the responses to lemon being higher than the responses to vanilla,
parallel the findings of a study in bumblebees {Bombus terrestris), where the
overall EAG responses to limonene are higher than the overall EAG responses
to vanillin (Fonta & Masson 1984). This phenomenon could be explained
through the fact that limonene has a vapour pressure value of 1.55 mmHg at
room

temperature

(http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen7HSDB),

whereas vanillin has a vapour pressure of 0.0012 mmHg which is substantially
smaller than that of limonene. Thus, at any given concentration, more
limonene molecules than vanillin molecules would reach the antennal odour
receptors.
The low vapour pressure for components in vanilla essence could also
contribute to the lack of difference between left and right antennae at the 'Very
Low' concentration of vanilla. The EAG response at this concentration is rather
weak (1.1 mV for the right antenna and 1.2 mV for the left antenna), only
slightly above the control base line (0.5 mV), indicating that the response
threshold for vanilla may not have been reached or only just.
One might argue that the 'Very Low' concentration worked perfectly well
when used during the behavioural experiments for the stimulation of the PER.
However, it has to be taken into account that isolating an antenna from the
whole organism as done during the EAG experiments and consequently
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damaging it may impair tlie antenna's overall olfactory sensitivity (Schneider
1999) and increase its response threshold.
The 'Low' and 'Medium' concentration of vanilla evoke the highest
difference between left and right antennae, with the right antenna exhibiting
the stronger response in both cases. Surprisingly, at the 'Full' concentration of
vanilla there is again very little difference between the two antennae, with the
left antenna even responding slightly better than the right one. It is possible
that at the 'Full' concentration the saturation plateau for vanilla is reached.
Investigations into binding specificities of honeybee olfactory receptors have
only just begun (Robertson & Wanner 2006; Weinstock 2006). However, with
vanilla components being uncommon among floral scents (Knudsen 2006) it is
conceivable that the honey bee has relatively few olfactory receptors for vanilla
and saturation levels are quickly reached.
When tested with lemon scent, the right antenna always responds more
strongly than the left antenna across all concentrations. The effect is less
evident with 'Very Low' and 'Medium', but is obvious at the 'Low' and 'Full'
concentration.
Unlike vanilla, the antennae do not saturate at 'Full' concentration of
lemon scent. It is likely that the honeybee has abundant olfactory receptors for
limonene, which is not only the main component of lemon essence, but also
the most common compound in floral scents (Knudsen 2006).
Furthermore, the bee might also have numerous receptors responding
to neral, another main component of lemon essence, which happens to also be
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a main compound of the honey bee Nasonov pheromone (Free 1987). When
presenting the antennae with lemon at the 'Very Low' concentration, the EAG
responses are strong (2.8 mV and 2.2 mV) and show a difference between left
and right. Reaching an EAG response threshold at 'Very Low' does not seem
to be an issue with lemon scent. The relevant compounds have a high vapour
pressure (see above) and presumably sufficient molecules come into contact
with the antennae even at the 'Very Low' concentration.
Overall,

my

EAG

investigation

supports

the

anatomical

study

demonstrating a slightly higher olfactory sensitivity of the right antenna.

5. Material and Methods
1. Preparation of antennae
Isolated antennae were used for the EAG recordings. For each
experiment individually marked two week old honeybees were collected from
bee hives (two different colonies). One bee at a time was briefly immobilized
on ice and inserted head first into an Eppendorf cap. The bottom end of the
cap was cut off so that the bee's head fitted through the hole, but not the rest
of the body. The cap was filled with cotton wool up to the bee's abdomen so
that the animal could not escape. Using a microscope, one of the antennae
was cut off at the base with a fresh razorblade (Wilkinson). Then, the tip of the
excised antenna (1 segment) and the scapulus were cut off with the same
razorblade. Care was taken not to squeeze the antenna with the forceps as
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this could potentially interfere with the antenna's electrical responsiveness.
The antenna was now ready for being connected with the electrodes. One
antenna at a time was used for recording.

2. Experimental Setup

Two 1 ml syringes without needles, each filled with fresh saline (NaCI
6.5g/l, KCI 0.25g/l, Ca CI2 0.3g/l, NaaCOa 0.2g/l in millipore water), served as
electrode holders. They were carried by micromanipulators (Figure 3). The tip
of each electrode consisted of a 10 |JI pipette tip which was connected to the
syringe via a yellow pipette tip. There was a hole at the centre of each syringe
barrel through which a silver wire, contacting the saline, conducted electrical
signals to a preamplifier. To prevent leakage, the hole was sealed with
waterproof tape (Nescofilm). The syringe electrodes were very handy, because
through slightly pushing the plunger, one could easily make sure that there
was always enough saline at the electrode tip. This was important to ensure a
constant electrical current.
Both the recording electrode and the reference electrode were
electrically connected to a pre-amplifier (built by the ANU workshop) which was
connected to a main amplifier (Model 5A, Getting Instruments Inc., Iowa City,
Iowa, USA) (Figure 3). One end of the antenna, preferably the apical end, was
first transferred into a small drop of electro conductive gel (Spectra 360
Electrode Gel, Parker Laboratories Inc., USA) in a small petri dish. The saline
filled tip of the reference electrode was in contact with the conductive gel
(Figure 3). The other end of the antenna was then carefully transferred into the
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saline filled tip of the recording electrode under a stereo microscope and with
the help of a micromanipulator.

A suction fan was placed behind the setup at the s a m e height as the
mounted

antenna

to ensure

a constant flow of odour

during

stimulus

presentation and quick removal of any lingering odour traces before the next
stimulus was presented. The stimulus was presented through a specially
designed

olfactory

stimulus

controller

(ANU

workshop)

connected

to

a

c o m p r e s s e d air cylinder (Figure 4). Two channels of the olfactory stimulus
controller were used to deliver airflow and control the odour stimulus. E a c h
channel exit was connected to a tube ending in a 1 ml syringe which itself had
a 1ml pipette tip attached to its end (designed by Dr. J. Reinhard). The two
syringes with the respective 1 ml pipette tips attached were taped together and
fed into a third 1 ml pipette tip (Figure 4). The entire syringe system was held
by a clamp attached to a magnetic stand. The third pipette tip was ca. 1cm
distant from the mounted antenna pointing at its centre, thus ensuring a well
aimed stimulus presentation.

A continuous flow of pure (unscented) air (600ml/min) was delivered
through channel 1 which was the control channel, whereas the valve of
channel 2 was only opened for the duration of the stimulus presentation. The
syringe connected to channel 1 contained a scentless filter paper (1cm^)
s o a k e d with 100 |JI of distilled water and served as the control syringe to
record the E A G base line. Channel 2 was used to deliver the odour stimulus.
The syringe connected to channel 2 carried the stimulus in form of a Icm^ filter
paper soaked with 100 m' of stimulus solution (see below). The olfactory
stimulus controller was programmed to present the odour stimulus by briefly
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opening the valve to channel 2 thus adding a puff of scented air to the
continuous airflow.
For each stimulus concentration from each scent, a separate syringe
pair consisting of the control syringe and the respective stimulus syringe was
used.
3. Olfactory Stimuli
Two odours were used: vanilla and lemon in the form of essence used
for baking purposes (Queens Essence). In all of the behavioural experiments,
the essences were diluted in distilled water. To be able to compare the EAG
results with the behavioural work, the essences were diluted in distilled water
and not in ethanol, as a few previous EAG studies suggest. In order to produce
a concentration vs. response plot, each of the odours was used in four
different concentrations. The concentrations used were as follows:
1) High concentration: undiluted essence
2) Medium concentration: 40 |jl essence in 3 ml of water
3) Low concentration: 20 |jl essence in 3 ml of water
4) Very low concentration: 10 jjl essence in 3 ml water (this dilution ratio
was used for the behavioural experiments).
100 |jl of each dilution was pipetted onto a Icm^ piece of filter paper, which was
then transferred into the stimulus syringe.
4. Recording
The main amplifier was connected to a laboratory computer through an
A/D converter and recordings were captured by a Matlab program designed by
Dr. J. van Kleef (RSBS, AND). The time interval for the stimulus presentation
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was 2 s, programmed via the olfactory stimulus controller (Figure 4B). Every
time the start button on the olfactory stimulus controller was triggered, channel
2 opened for 2 s, delivering the scented air stimulus. The starting point of the
stimulus presentation was documented through the Matlab program at all
times.
The left and right antennae of one bee were used one after the other.
During a trial, each antenna was presented with all four concentrations in a
row, from very low to high. Each stimulus concentration was presented at least
10 times to an antenna with 5 s intervals of clean air between scent puffs. After
at least 10 puffs of one concentration a new syringe pair with the next odour
concentration was mounted. For every new concentration and for every new
antenna, the stimulus syringes were exchanged with new ones (containing a
new scent stimulus) to ensure that the odour concentrations were presented
with the same intensity. The EAG responses were recorded and documented
at the same time. Data analysis was performed using the above mentioned
Matlab

program. The peak

EAG response

amplitudes for any given

concentration were averaged for all left and all right antennae, and standard
deviations were calculated.
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Chapters: Behaviour: Lateralization of Vision

1. Abstract
In vertebrates, especially in humans, lateralization of the visual system as opposed to the olfactory system - has been studied extensively (Bradshaw
1981; Christman 1989; Corballis 1989; Corballis & Corballis 2001; Hardyck et
al.

1977; Walker

1980). However, for invertebrates there is only one

investigation of visual laterality at the individual level in the common octopus
(Byrne 2004). Thus, there is an urgent need to elucidate lateralization of vision
in invertebrates in general and in honeybees in particular.
After having found and discussed lateralization of olfactory learning in
'Chapter 2', the intriguing question arises as to whether the visual system of
the honeybee is also lateralized.
Here, using a modified version of a visual Proboscis Extension Reflex
paradigm (Hori et al. 2006), lateralization of the honeybee's visual system is
investigated. The results show that honeybees use mainly their right eye to
learn a colour stimulus.

2. Introduction
There has been a lot of research on lateralization of the visual system in
many vertebrates, including humans (Bradshaw 1981; Rogers & Andrew 2002;
Walker 1980). For example, in humans, the right visual field (left hemisphere)
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is quicker at recognizing alpha-numeric stimuli, while the left visual field (right
hemisphere) is better at analysing more complex visual-spatial relationships
(Hardyck et al. 1977). Looking at other vertebrates, the right visual field of
chicks, fish, toads, monkeys and apes generally plays a role in feeding tasks:
foraging, object manipulation and prey catching. On the other hand, the same
animals use the left visual field for predator detection and avoidance behaviour
(Vallortigara & Rogers 2005).
However, there is only one study in invertebrates, showing
asymmetrical eye use during a food approach task in Octopus vulgaris (Byrne
2002). Thus it is crucial to explore if other invertebrates such as the honeybee
share the asymmetrical behaviour while learning visual tasks. Furthermore, the
demonstration of lateralization of olfactory learning in 'Chapter 2' is another
reason why it is of high interest to also investigate the honeybee's visual
system with respect to lateralization.
Honeybees need to be very efficient while foraging. Thus, they need to
remember the specific location of a flower, its colour, shape and smell, to find
back to the food source and to recruit hive mates (Frisch 1967; Lehrer 1994).
This requires a highly developed and sensitive visual and olfactory system.
Indeed, honeybees have a highly sophisticated visual system.
Extensive studies in the last 80 years showed that honeybees can accomplish
a vast array of visual tasks involving colour discrimination, pattern recognition,
landmark orientation, motion cues and navigation by celestial cues (Frisch
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1967; Labhart & Meyer 2002; Lehrer 1994; SeidI 1981; Srinivasan et al. 1987;
Srinivasan et al. 2000; Srinivasan & Zhang 1997; Zhang et al. 1996).
Here, lateralization of visual learning in the honeybee was investigated.
Is there a difference in learning between the left and right eye? For this
purpose a visual PER paradigm was established, mainly following the protocol
of a recently published study (Hori et al. 2006), but with a few changes. As in
that study, bees deprived of their antennae were used, because the visual
learning performance of such bees is significantly better than that of bees with
intact antennae (Hori et al. 2006).
However, in the present study, the left and right eyes were compared
with respect to the animals' ability to learn to respond to a visual stimulus. Four
different groups of bees were used: bees with both eyes covered (BEC), bees
with both eyes exposed (BEE), bees with their right eye exposed (REE) and
bees with their left eye exposed (LEE) (details in Material and Methods). The
visual stimulus was a yellow coloured rectangle presented on a computercontrolled display. Bees were conditioned to extend their proboscis in
anticipation of a food reward (Unconditioned Stimulus = US) when they
received the colour stimulus (Conditioned Stimulus = CS) (details in Material
and Methods).
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3. Results

The results of the 20-trial-training are shown in figure 1. The figure
shows mean learning performance values for four five-trial blocks. Bees with
both eyes covered (BEC) show 0% learning performance throughout the entire
training.

Bees with both eyes exposed (BEE) show a steady improvement in
learning performance with a mean response rate of 39 % in the last 5 training
trials.

Right eye exposed (REE) bees also show an increase in learning
performance, but the response rate is slightly, but not significantly, lower than
that of the controls with both eyes exposed (BEE) throughout the training. The
performance of REE-bees in the later trials increases steadily and in the last
five trials it is not significantly different from BEE-bees {^^=0.60, P=0.44),
attaining a mean response rate of 33%.

The LEE-bees' response rate in the last five trials is 0.13, which is
significantly

different

from

both

REE-bees

and

BEE-bees

(j'=17.63,

P<0.001). LEE-bees perform worse than REE-bees and BEE-bees throughout
the training and the difference from both REE-bees and BEE-bees was also
significant in trials six to ten ( j ^ =14.87, P<0.001).

Thus, in the last five trials of the training, REE-bees perform just as well
as the BEE-bees. On the other hand, LEE-bees perform significantly worse
than BEE-bees and REE-bees in the last five trials.
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These results suggest that honeybees learn to respond to the visual
stimulus significantly better with their right eye than with their left eye. Bees
with only their right eye exposed need a few more training trials than bees
using both eyes, but they eventually reach the same response rate as the
positive controls in the last five training trials. This means that the right eye is
not only necessary, but also sufficient to learn the colour stimulus.
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Figure 1. Mean Learning Performances for four five-trial blocks (the two
original ten-trial blocks were split in two each for a clearer presentation).
BEC-bees show 0% learning performance throughout the entire training. The
learning performance of BEE-bees rises steadily with a mean response rate of
39% in the last 5 trials. REE-bees also show an increase in learning
performance, but the response rate is slightly lower than that of BEE bees
throughout the training. However, this difference is never statistically significant
and in the last 5 trials REE-bees show a maximum performance value of 33 %.
LEE-bees only reach a mean learning performance of 13 %, which is
significantly lower than with the BEE and REE groups. LEE- bees perform
already significantly worse than BEE- and REE-bees in trials 6 to 10. Stars
indicate statistical difference (P<0.001). White stars indicate that BEE and REEbees are not statistically different from each other, black stars indicate that LEE
bees are statistically different from BEE- and REE-bees in trials 6 to 10 and
from BEE bees in trials 11 to 15. N = overall number of bees in the group, n =
average number of total responses during training.
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Figure 2

monitor
BEE

B

BEC

REE

LEE

Figure 2. Experimental Setup. Schematic illustration of the positions of the
four different groups of bees relative to the monitor. A, B BEE (both eyes
exposed) and BEC (both eyes covered) bees were placed frontally relative to
the monitor. C, D REE (right eye exposed) and LEE (left eye exposed) bees
were rotated by 60 ° to make the right or the left eye face the monitor. The red
colour indicates the covered eye(s). Details in Material and Methods.
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4. Discussion
The above results reveal that bees display a lateralization with respect
to learning to respond to a visual stimulus with an extension of the proboscis.
They use primarily the right eye for associating a visual stimulus with a food
reward. Thus, foraging bees may use predominantly their right eye for learning
and/or detecting objects.
While the present study shows that bees are better at learning to
respond to visual objects when using their right eye, it does not reveal what
attributes of the object are being learnt preferentially with this eye. Is it the
shape, the size (angular extent), the colour, or a combination of these
properties?
The findings also raise intriguing questions about the role of the left eye.
Is it possible that, as in chickens (Rogers et al. 2004; Vallortigara & Rogers
2005) the right eye is used preferentially for the detection of food (or visual
signals that lead to food), whereas the left eye functions primarily as a detector
of threat (such as a predatory bird)?
The observation of lateralization in the honeybee's visual system mirrors
the results of 'Chapter 2' where the learning of odours was mediated primarily
by the right antennal pathway. This lends support to the idea that the right
visual and olfactory input side of the honeybee is generally used for detecting
colours and odours whilst foraging or feeding.
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The present findings are discussed in more detail in 'Chapter 6'.

5. Material and Methods
1. Bees
For each experiment forager bees (as evidenced by pollen on their legs)
were collected from the hive entrance (two different colonies). They were kept in
the incubator for an hour at 26°C and fed with honey. The animals were then
briefly immobilized on ice and secured in metal tubes using thin strips of duct
tape. Following this, their antennae were cut under a microscope at the very
base with a fresh razorblade. This was done because a recent study reported
that learning performance during a visual PER training is significantly higher
when bees are deprived of their antennae (Hori et al. 2006).

2. Eye Covers
The next step was to place the bee under a microscope and to either
cover the left eye, the right eye or both eyes with a two compound silicone
material (Exaflex, G.C. America). Although the silicone compound on its own
was already quite effective in occluding vision (bees with both eyes covered
extended their proboscis to the conditioned stimulus in less than 1% of the trials
in all experiments), we added black paint in a 1 : 20 ratio to ensure that even
less light penetrated the silicone cover. On Its own the silicone was bright pink
in colour, but after adding the paint it was dark brown. When both eyes were
treated with the tinted silicone, they showed 0 % proboscis extension to the CS
alone (20 trials). All experiments in this study were conducted using the silicone
compound/ paint mixture as the eye cover. The tinted silicone could be applied
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as a thick layer on the eyes without excessive toxicity, and it dried quickly after
application. Thus, all ommatidia of the compound eye including the lateral ocelli
were completely covered. In all of the treatment groups the median ocellus was
always covered, too, because that way the silicone cover was attached more
firmly to the eye. There is evidence that the median ocelli are not Involved in
learning visual stimuli (Hori et al. 2006). The bees were allowed to recover
overnight in an incubator at a constant temperature of 26°C.

3. Experimental Setup
The experimental setup is shown in figure 2. The training was conducted
in a black box (40 cm x 40 cm x 40 cm) to give the animals as little visual input
as possible. One side of the box did not have a wall but was covered by a black
curtain. The experiments were conducted under weak ambient illumination to
facilitate obsen/ation of the bees' behavioural responses. The experimenter
observed and rewarded the bees through a 10 cm wide slot in the curtain. After
placing an animal in the holder it was observed for 5 seconds to ensure that it
did not extend the proboscis before the actual trial. This procedure, which was
performed before every trial, was called a placement trial. It ensured that the
bees were not responding specifically to the placement procedure.
Bees with both eyes exposed or covered were positioned frontally facing
a computer-controlled flat screen monitor (refresh rate of 100 Hz), 34.7 cm wide
and 24.3 cm tall (Fig. la, b). Bees with only one eye exposed (and the other
eye covered) were rotated by 60° so that the exposed eye faced the monitor
(Fig. 2 c, d).

Chapter 5

80

The animals of all treatment groups were fixed in a holder such that the
eyes were at the same height as the centre of the monitor. They were tilted
downwards by 45° (from the horizontal) to ensure that the compound eyes were
fully exposed to the stimulus. The distance between the bee and the monitor
was 15 cm. Before each experiment the monitor was placed alternately to the
left or the right of the experimenter to eliminate any possible biases from
external influences.

4. Training
Each experiment consisted of two training sessions. The first training
session comprising 10 training trials was commenced the next morning. The
conditioned stimulus (CS) was a yellow rectangle presented on the monitor.
One animal was trained at a time. The CS was presented for 15 seconds and
after 7 seconds of stimulus presentation the mouthparts of the bees were
touched to motivate them to extend their proboscis and get a taste (-0.5 - 1 |jl)
of 1 M sugar solution as a reward (unconditioned stimulus = US). The US was
presented as a drop at the end of a size 23 syringe.

5. Testing and Scoring of Responses
A correct response was scored when a bee extended her proboscis to
the CS alone in the first 7 seconds of a trial. After 7 seconds the mouthparts
were touched and a response/ no response to the US was scored. The
probability of correct response was calculated as the ratio of response to CS
alone/ total number of responses. The bees spent the night - without being fed
again - in the incubator. On the following day, the second training session was
conducted, consisting of 10 further trials using the same procedure as above.
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Bees that did not extend their proboscis at all in more than 60 % of the trials
(i.e. in 12 or more trials) were excluded from the analysis. Each animal was
used for one experiment only.
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Chapter 6: General Discussion
This thesis investigates lateralization of function in the honeybee Apis
mellifera. The investigation of laterality in an insect is of high interest, because
so far there is very little knowledge about this phenomenon in insects and other
invertebrates.

1. Lateralization of Olfaction

In vertebrates, lateralization of the olfactory system has received
relatively little attention in comparison with similar investigations of the visual
system. Furthermore, for invertebrates, including insects, there is nothing
known so far about lateralization of olfaction. Thus it is important to investigate
whether and to what extent there is lateralization of the olfactory system in the
honeybee.

In 'Chapter 2' I present, for the first time, a study of the lateralization of
learning behaviour in an insect using two versions of a 'mono-antennal' PER
task. The results show that honeybees learn odours significantly better when
trained with their right antenna. Furthermore, the right antenna alone is
sufficient for learning odours.

There are earlier studies in honeybees which demonstrate side specific
learning (Sandoz et al. 2002; Sandoz & Menzel 2001). They show, for
example, how honeybees can learn to extend their proboscis to one scent
when one antenna is stimulated, but not to extend their proboscis to the same
scent, when the opposite antenna is stimulated. These studies do not address
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lateralization processes per se. Rather, they investigate the possibility of
information exchange between the two antennae and the respective brain
sides during olfactory learning. The present thesis, however, investigates
lateralization of a learned behaviour.
Another recent study demonstrated structural asymmetry in Drosophila
melanogaster, where a structure on only one side of the brain, termed the
"asymmetrical body" (AB), is necessary for the formation of long term memory
(Pascual et al. 2004). This study investigated anatomical asymmetry, rather
than lateralized behaviour.
The results of 'Chapter 2' represent the foundation of the following
chapters' investigations. An intriguing question arising from the above findings
is: at what level of the olfactory pathway is the observed olfactory asymmetry
manifested? Is it at the periphery, i.e. at the level of the antennae, or are
central structures like the antennal lobes and the mushroom bodies involved,
or both?
'Chapter 3' starts investigating the above question by starting at the very
periphery of the olfactory system, namely the antennae. The Sensilla placodea
which are the olfactory plate organs of the honeybee, were counted on both
the left and right antenna and the numbers were compared. The comparison
reveals that the right antenna carries significantly more olfactory plate organs
than does the left antenna (10 % more).
This finding gave rise to the following questions which were also
investigated in 'Chapter 3': Is the observed behavioural lateralization
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influenced by the olfactory receptor number per se? If so, is the behavioural
lateralization solely due to the differences at the sensory level? Or are there
additional asymmetries at higher levels of the olfactory pathway? The olfactory
pathway of honeybees commences at the olfactory receptors in the antennae,
continues through the antennal lobes representing the primary olfactory
neuropil, and then through the mushroom bodies (Schneider 1970). The
observed behavioural lateralization could be manifested at each of these levels
and 'Chapter 3' presents observations that shed light on these questions.
To investigate whether the number of Sensilla placodea influences the
observed behavioural lateralization per se, two different approaches were
used. Firstly, new PER experiments with bees in which only half the right
antenna was exposed were conducted. The objective was to determine
whether the olfactory learning performance of bees is enhanced when an
increased number of olfactory receptors participate in the task. The results
show that the number of Sensilla placodea does indeed influence the bees'
learning behaviour -- exposure of the training odour(s) to a larger number of
receptor cells leads to improved learning performance.
In a second approach I analysed data from the first training trials in
'Chapter 2', when the bees had not yet been exposed to the training odours,
i.e. were still naive with respect to the training odours. The analysis shows that
in each case performance on Trial 1 is slightly better when the right antenna is
stimulated. This indicates that the observed behavioural asymmetry derives
partly from differences at the sensory level. However, the left-right differences

Chapter 6

85

at the first training trial are not statistically significant, in contrast to the
situation after the animals have been trained. This leads to the conclusion that
the right antennal pathway is equipped with "stronger" learning mechanisms.
Taken together, these results lend support to the idea that there are additional,
inherent asymmetries in the learning processes per se at higher levels of the
nervous system.
There are many ways in which the obsen/ed asymmetry in olfactory
learning could be manifested to make the right olfactory pathway more
efficient. For example, at the level of the antennal lobes, the primary olfactory
neuropil of the honeybee brain, the olfactory code (the representation of the
odour in terms of neural responses) could be confined primarily to one side.
Earlier work in the honeybee has suggested that odours are coded
symmetrically in the antennal lobes (Galizia et al. 1998).
On the other hand, it was recently reported that, in bees that were
conditioned using side-specific training paradigms, the patterns of
physiological response in the antennal lobes were symmetrical at a
macroscopic level, but showed local differences between the activations of
corresponding glomeruli on the two sides (Sandoz et al. 2003). Thus, it would
be informative to examine the responses of the antennal lobes (reviewed in
Hansson & Anton 2000) in greater detail and compare electrophysiological
responses, volume, cell numbers and neuronal architecture in corresponding
glomeruli on either side of the brain of naive bees, and bees that have
undergone training procedures as in this study.
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The antennal lobes are each composed of 160 glomeruli which are
individually characterized and mapped (Arnold 1985) and thus it would be
relatively easy to pick some of the more prominent glomeruli and conduct the
above suggested experiments.
Equally, asymmetries could also appear at higher brain centres, such as
the mushroom bodies (reviewed in Mobbs 1982), and it would be important to
examine them for anatomical and physiological asymmetries. The Mushroom
bodies are multi-sensory integration centres that play a dominant role in odour
learning (Davis 1993; Heisenberg 2003). They are densely packed with
170,000 Kenyon cells, which receive second-order sensory input in the MB
calyces with different modalities innervating spatially distinct areas (Mobbs
1982; Schroter & Menzel 2003).
At the level of the mushroom bodies this could be achieved even more
easily, because the coding of olfactory information is fundamentally different
from that of the antennal lobes (Szyszka et al. 2005). Using calcium imaging, a
recent study recorded activity in the dendrites of the projection neurons that
connect the antennal lobe with the mushroom body. The same study then
recorded the presynaptic terminals of these projection neurons and their
postsynaptic partners, the intrinsic neurons of the mushroom bodies, the socalled clawed Kenyon cells (Szyszka et al. 2005). The study showed that
odours evoked combinatorial activity patterns at all three processing stages,
but the spatial patterns became progressively sparser along this path such that
eventually, activated Kenyon cells were highly odour specific. This means that,
at the level of the mushroom bodies, olfactory information is not covering a
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wide range of neuropil, as it does in the antennal lobes, but activating specific
narrow areas, which could be described and analysed more easily.
In the present thesis, I focussed on two of the many possible options of
how the right olfactory pathway accomplishes the higher learning efficacy
compared to the left olfactory pathway. One option is that the higher number of
Sensilla placodea in the right antenna makes it more sensitive to odours and
leads to a stronger odour representation, which then produces a stronger drive
along the right antennal pathway and in the higher olfactory centres. The other
possibility is that the learning mechanisms along the right olfactory pathway
are intrinsically more effective than those on the left side. Of course, the two
possibilities are not mutually exclusive.
To investigate these two possibilities physiologically I recorded
electroantennograms (EAGs) of the left and right honeybee antenna at four
different odour concentrations ('Chapter 4'). The dose response curves for the
two scents, vanilla and lemon, show that the right antenna responds with
higher amplitudes than the left antenna at most of the concentrations tested.
However, only in one case this difference is statistically significant.
Despite the fact that the asymmetry betvi/een the responses of the right
and left antennae is not statistically robust, the median responses show a
distinct trend toward a higher sensitivity of the right antenna. Considering that
the right antenna contains -10% more Sensilla placodea (sensory pore plates)
than the left antenna (see 'Chapter 3'), this conclusion seems justifiable. It is
likely, then, that the increased olfactory input through the right antenna causes
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a stronger drive along the right olfactory pathway. However, given the lack of
statistically significant asymmetries in the EAG response at many of the odour
concentrations, the slightly higher sensitivity of the right antenna alone cannot
explain the striking lateralization in olfactory learning found in the behavioural
experiments ('Chapter 2'). Thus, it is likely that there are additional intrinsic
differences between the two olfactory pathways which contribute to the
enhanced learning performance of the right pathway.
Our findings in 'Chapter 2' parallel the observation in chicks which learn
odours better using their right nostril (and so with direct olfactory input to the
right

hemisphere)

(Vallortigara

& Andrew

1994). These chicks,

when

presented simultaneously with two objects identical in visual appearance and
differing only In odour, chose the object which smelt like the rearing object, but
only when their left nostril was plugged.
Another study reports that chicks which are presented with 100 %
eugenol demonstrate more head shaking when their right nostril is used, but
no such lateralization occurs when stimulated with iso-amyl acetate (Burne &
Rogers 2002).
Furthermore, a recent study in pigeons showed that pigeons mainly use
their right nostril while homing (Gagliardo 2007). Another recent report in
horses presented with an olfactory stimulus (stallion faeces) to score the
tendency to use one nostril rather than the other, showed that there is a
significant preference to use the right nostril In horses under 4 years of age but
not in older horses (McGreevy & Rogers 2005).
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Finally, even in humans, in an experimental setup where subjects first
smell an odour and are then presented with a visual stimulus (a picture or a
word related or unrelated to the odour), the majority of subjects show a faster
reaction time when the second stimulus (either picture or word) is presented to
the right hemisphere (Zucco & Tressoldi 1989).

Thus, the findings in the honeybee as a representative for invertebrates,
show interesting parallels with lateralization of olfaction in many vertebrates,
including humans.

2. Lateralization of Vision

Although there has been considerable research on lateralization of the
visual system in vertebrates, including humans (Bradshaw 1981; Rogers &
Andrew 2002; Walker 1980), corresponding information about invertebrates is
scant, as in the olfactory system. There is only one study in Octopus vulgaris
showing asymmetrical eye use during a food task (Byrne 2002). Thus, it is
important to explore lateralization in the honeybee's visual system as well.

In 'Chapter 5', using a modified version of a recently developed visual
PER task (Hori et al. 2006) I demonstrate that honeybees primarily use their
right eye while learning a visual stimulus and that the right eye alone is
sufficient for learning the visual task. Thus, bees use the right eye for
associating a visual stimulus with a food reward. This fascinating finding
indicates that foraging bees may use predominantly their right eye for learning
and/or detecting objects.
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Thus, the dominance of the right eye in tasks which involve finding,
approaching and manipulating food, seems not to be a unique attribute of
many vertebrates (Vallortigara & Rogers 2005), but extends to honeybees.
This striking similarity indicates that humans and insects are not so different
after all.
The next intriguing idea concerns the honeybee's left eye: what is the
function of it? Is it, in analogy with many vertebrates (Vallortigara & Rogers
2005), mainly involved in detecting predators and the behaviour evoked by
them?
The observed lateralization in the honeybee's visual system mirrors the
results of 'Chapter 2' and indicates that the right visual and olfactory input side
of the honeybee is generally used for detecting colours and odours whilst
foraging or feeding.
Similar to the findings in the olfactory system ('Chapter 2'), it is of high
interest at which level of the visual pathway the observed visual laterality is
manifested. Thus, it is Important to investigate whether the asymmetry is
influenced by differences in ommatidlum/ photoreceptor number and sensitivity
or whether it is centrally governed, at the level of the optic lobes or the
mushroom bodies. Or does the asymmetry occur at both levels?
Earlier studies have counted the ommatidia

of the

honeybee's

compound eyes and even observed differences in these counts between the
left and right eyes, but have not specified which eye carries more ommatidia
(SeidI 1981). Thus, as a first step, it would be of interest to make precise
comparisons of ommatidlum numbers in the two eyes, as well as comparisons
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of photoreceptor sensitivity in corresponding regions of the two eyes. With
respect to the central structures, volume comparisons, measurements of
neuron

density

and

dendritic

elaboration,

and

electrophysiological

investigations in the left and right optical lobes could provide hints as to
whether the central nervous system also contributes to the observed
lateralization.
The present findings parallel several observations in vertebrates where
the right visual field plays a predominant role in foraging, feeding and prey
catching behaviour (Rogers et al. 2004; Vallortigara & Rogers 2005). Thus, as
we have seen in the olfactory part of this thesis, honeybees not only share the
concept of lateralization with many vertebrates, but they even show similarities
in its application.

3. Evolution and Significance of Lateralization
The fact that honeybees share the concept of lateralization with
vertebrates is already striking enough, but what is just as fascinating is that
honeybees show similarities to vertebrates in the w/ay that they are lateralized.
The similarity of lateralized functions between honeybees and vertebrates
could merely be coincidence. On the other hand, further investigation in
invertebrates could provide important insights into whether lateralization is
conserved throughout different taxa. Thus, lateralization maybe determined by
homologous genes in invertebrates and vertebrates, two taxa which separated
early on during evolution. The other alternative would be an analogous
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evolutionary development of laterallzed functions in both taxa. Either way, the
findings in the honeybee's olfactory and visual system confirm the reality of
lateralization in invertebrates as well as vertebrates and underscore the
importance of this phenomenon.
As lateralization

has mainly

been found In vertebrates so far,

evolutionary data collection with regard to the origins of lateralization has been
restricted to the ancestors of modern vertebrates. Thus, fossils of the most
primitive chordates, the so-called calcichordates, show asymmetries in the
head region (Jefferies 1979). Similarly, chordate ancestors seem to have lain
on their right side which then lead to different sensory stimulation on the left
and right sides of the body (Jefferies & Lewis 1978). The existence of this
asymmetric vertebrate ancestor at least suggests that vertebrates developed
lateralization homologously. Whether lateralization originated from an even
older ancestor of both invertebrates and vertebrates remains to be explored.
As to the functional advantages of lateralization, there is a considerable
amount of data in vertebrates with regard to their vigilance and efficiency
(reviewed in Rogers & Andrew 2002). For example, cats with lateralization of
paw preference have a shorter reaction time to commence tracking a moving
spot of light than those without lateralization of paw preference (Fabre-Thorpe
et al. 1993). Similarly, wild chimpanzees with complete handedness can fish
more efficiently for termites than those with incomplete handedness (McGrew
et al. 1999). Furthermore, a study in the domestic chick showed that laterallzed
brain function enhances the ability to perform two tasks simultaneously,
namely, seeking food and being vigilant for predators (Rogers et al. 2004). And
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finally, a recent study has demonstrated that lateralized fish are better at using
featural cues to reorient themselves than non-lateralized fish, i.e. lateralization
confers advantages in spatial reorientation (Sovrano et al. 2005). Thus
lateralization seems to be beneficial at the individual level for a wide range of
vertebrates.
The next challenge will be to explore the advantage and evolutionary
significance of olfactory and visual lateralization in the honeybee. Maybe the
observed lateralization of olfaction and vision in bees leads to a more efficient
foraging behaviour. One could also speculate that lateralized olfaction and
vision could help bees to be more vigilant for predators/ intruders and
recognize them more quickly. These speculations are based on advantages at
the individual level where an individual bee benefits from the lateralized
behaviour.
The next speculation relies on the fact that I describe a so-called
population lateralization (Vallortlgara & Rogers 2005) in 'Chapter 2' and
'Chapter 5', meaning that most of the tested bees have the same bias, i.e.
mainly use their right antenna/ eye to perform the task. Thus, individual bees
maybe relying on the predictable lateralization of con-specifics and behave
accordingly such that the majority of bees in the hive reacts in the same way.
This would be of huge benefit for the whole bee colony. For example, there is
evidence that shoaling fish display a population bias to turn in one direction
when faced by a barrier (Bisazza et al. 2000). For honeybees, being social
insects, it is also crucial to stick together while swarming and/ or defending the
bee hive against enemies.
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This means that lateralized olfactory and visual function could help to
maintain the social structure and more so to ensure the survival of the bee
society. If these speculations are existent in reality needs to be proven yet.
4. Future Investigations
Lateralization of Olfaction
First of all it is crucial to perform PER experiments as done in 'Chapter
2' and test bees for all kinds of different odours and thus to check whether it is
only certain odours that bees are lateralized for or whether it concerns all
perceived odours. Secondly, it would be important to find out if lateralization for
learning odours switches to the left antenna for certain odours.
The present thesis covered some important investigations at the
periphery

of

the

olfactory

system,

but

specifically

concerning

the

electrophysiological part presented in 'Chapter 4', more EAG recordings on left
and right honeybee antennae are necessary to strengthen the already existing
data and to be able to make a clearer statement on the sensitivity of the two
antennae.
Apart from the electrophysiology on the antennae, future investigations
should concentrate on the higher levels of the olfactory pathway. The findings
of this thesis suggest that higher structures along the olfactory pathway are
involved in the lateralized olfactory behaviour of honeybees. Thus, neuronal
sensitivity differences, volume comparisons and determination of neuronal
density in corresponding glomeruli on either side of the antennal lobes are
necessary to elucidate the question of whether the asymmetry occurs at the
level of the primary olfactory neuropil. Furthermore, it is important to
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investigate the degree of participation in the lateralization process at the level
of the mushroom bodies which are believed to be the learning centres of the
honeybee brain. Here, one could again compare neuronal sensitivity, volumes
and neuronal density in left and right mushroom bodies.
Lateralization of Vision
With respect to the visual system, 'Chapter 5' represents the start of a
wide range of investigations. As it is not clear which attribute of the stimulus
the bees in 'Chapter 5' learned, one could conduct the same experiment, but
add features like shape to the stimulus. As to elucidating at which level the
asymmetry in the visual system occurs, one could, in analogy with 'Chapter 3',
compare ommatidium numbers in both eyes. Likewise, it would be important to
compare sensitivity of left and right eye by recording Electroretinograms (ERG
Yinon 1970). With respect to the more central structures of the visual pathway,
it would be of high interest if there is an asymmetry at the level of the optic
lobes, the primary optic neuropil in the honeybee brain. One could conduct
volume

comparisons,

measurements

of

neuron

density

and

dendritic

elaboration, and electrophysiological investigations in the left and right optical
lobes.
The role of the left eye is a further very interesting aspect of possible
future investigations. One could conduct the same experiment as in 'Chapter
5', but vary the stimulus by presenting a black object approaching the bee. The
fact that bees react aggressively to dark colours is commonly known and
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chances are that the bees respond to such an unpleasing stimulus with their
left eye rather than with their right eye.
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Epilogue

Leo N. Tolstoy (1828 - 1910), after his own lengthy study of bees, had this to
say: "The higher the human intellect rises in the discovery of the bees' aim, the
more obvious it becomes that the final aim is beyond its reach."

Figure 1: The Melittosphex burmensis bee fossil was found in an amber
specimen from northern Myanmar (Burma) and represents ancestors of today's
honeybees from over 100 Million years ago. They were only 2.95 mm long
(Poinar & Danforth 2006).

Indeed, the honeybee holds open - after hundreds of years of research -many
fascinating surprises for us scientists. For my part, I am very curious of what will
come next.
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