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Abstract. Two closely related parasitic wasp species, Cotesia glomerata and Cotesia rubecula, lay their
eggs in first-instar caterpillars of Pieris brassicae and/or Pieris rapae hosts. They find their hosts by
responding to secondary plant metabolites, induced by herbivory. Both wasp species have an innate
preference for the odours of infested cabbage, common host plants of these Pieris caterpillars, but they
can also learn to respond to the odours of other host plants, after they have found suitable host caterpillars
on that plant. This experience results in an association of the odours of that plant with the presence of
suitable hosts. The two wasp species differ profoundly in olfactory learning; C. glomerata instantly
changes its innate preference for cabbage odours towards the odours of another plant after a single
experience, whereas C. rubecula never changes its innate preference for cabbage odours. Both wasps
show an increase in flight response to a previously unattractive host plant after a single oviposition
experience on that plant, but this memory wanes in C. rubecula after a day, and remains unchanged for at
least 5 days in C. glomerata.

In this paper, ultimate factors are discussed that may have contributed to the evolution of the
observed differences in learning in these two wasp species. Furthermore, hypotheses on the possible
neural mechanisms and genes underlying these differences are given, based on current knowledge on the
cellular mechanisms of learning as determined for genetic and neurobiological model species like the fruit
fly Drosophila melanogaster and the honeybee Apis mellifera.
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INSECTS AND LEARNING

Many people have the idea that insects are little programmed machines, designed to
perform a set of simple behaviours in a fixed way, and that they are in no way
functionally comparable to higher animals. Current research has shown this idea to
be entirely wrong (Collett and Collett 2002; Giurfa 2003; Watanabe et al. 2003). It
may feel uncomfortable to man, but inside the head of, e.g., a tiny fruitfly exists a
brain of a mere halve millimetre, housing some 200,000 neurons that function in a
way that is not different from the 100 billion neurons in our human brains (Figure
1). The networks formed by the fly’s neurons result in a functional brain with
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remarkable capacities, including the ability to learn. It is obvious that the fly’s
cognitive possibilities are limited, but it is well equipped to respond in a flexible
way to its environment, and to gain from its previous experiences. Thus, an
experienced insect can display a dramatically different behaviour compared to a
naive insect through learning, and this learning effect can last for the rest of the
insect’s life.

Figure 1. Brain of a parasitic wasp, Cotesia glomerata. The size of this brain is
approximately 750 um width. AL, antennal lobe; OL, optic lobe; SOG, suboesophageal
ganglion; OC, ocellus; PC, protocerebrum

Insects are well equipped for associative learning. They can learn quickly to
search for items by responding to a cue that has previously been rewarded, or they
can avoid cues that were sensed within a negative experience. Within the context of
the theme of this volume, I will focus on olfactory learning in parasitic wasp species
attacking the larval stage of cabbage butterflies (Pieris spp.). Having said that,
insects are by no means limited to olfactory learning alone.



VARIATION IN LEARNING 91

PARASITIC WASPS AND ASSOCIATIVE LEARNING

Parasitic wasps lay their eggs in or on their insect hosts. There are wasps that
parasitize eggs, larvae, pupae or adults. One example is the species Cotesia
glomerata (Figure 2). This wasp species lays its eggs in young larvae of Pierid
butterflies, such as the large and small cabbage white, Pieris brassicae and P. rapae,
resp. The eggs of the wasp hatch inside the body of the caterpillar and both the
caterpillar and wasp larvae develop until they reach the final larval instar. At that
point, the wasp larvae eat their way out through the cuticle of the caterpillar, spin a

Figure 2. Cotesia glomerata ovipositing in a Pieris brassicae caterpillar

cocoon and moult to the pupal stage, leaving the dying caterpillar behind. The adult
wasps that emerge from the cocoons have three different foraging tasks: (1) to find a
mate, (2) to find food (nectar or honeydew) and (3) to find host larvae to lay their
eggs. The latter foraging task, which is obviously only relevant for females, will be
the focus of this paper. The tiny young host caterpillars take care not to spread
attractants, they are well camouflaged and do not emit odorants themselves that can
be perceived by the wasps from a distance. However, feeding by the caterpillars on
their host plants induces the emission of volatiles from their food plant, and these
are highly attractive to the wasp. In the case of Cotesia glomerata, the odour of
cabbage damaged by feeding P. brassicae larvae is highly attractive (Geervliet et al.
1994). The response to the odour of damaged cabbage plants is high in naive wasps,
and it is not necessary for the wasp to learn to recognize this odour (Geervliet et al.
1996). However, wasps can learn to associate odours from another plant species to
the presence of suitable hosts, if they have an oviposition experience on that plant.
In this way they can learn to change their foraging behaviour; after the experience
on a different plant species, they will specifically search for that plant species
(Geervliet et al. 1998). They have learned to associate the odours of that plant with
the presence of suitable host caterpillars.
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DIFFERENT FORMS OF LEARNING

To understand learning behaviour it is essential to discriminate between the different
forms of learning (Rescorla 1988; Krasne and Glanzman 1995). Most important,
there is associative learning but there are also simpler, non-associative forms.
Sensitization and habituation are examples of non-associative learning. During
habituation, an animal is repeatedly stimulated by a stimulus which results in a
gradually lower response to that stimulus. Habituation can last minutes to hours, and
if many repetitions of the stimulus are given, even much longer. This form of non-
associative learning is very important for an animal, because it enables the animal to
learn to ignore unimportant stimuli. Habituation is the result of active suppression of
the response. It is a process that is different (though often difficult to separate) from
sensory adaptation or muscle fatigue. This can be demonstrated when the habituated
stimulus is given after a noxious stimulus (e.g. a shock). The response to the
habituated stimulus is then completely recovered; this process is called
dishabituation (Corfas and Dudai 1989). This phenomenon ensures that an animal
can adequately respond to a previously habituated stimulus after an important
change in the situation, as perceived by, e.g., a noxious stimulus.

Sensitization occurs when an animal is stimulated by a significant stimulus, such
as a shock, a reward, a loud noise or strong odour. This form of non-associative
learning is non-specific, and it is characterized by a general increase in response to
other stimuli. This effect can, like habituation, last from minutes to hours or even
weeks. Sensitization enables an animal to respond better to stimuli when confronted
with a significant change in the situation, as signalled by the stimulus that induces
sensitization.

Associative learning is different from habituation and sensitization in that it can
only occur if two stimuli are presented to the animal; a neutral stimulus,
immediately followed by a meaningful, reinforcing stimulus, which can be a reward
or a punishment. The animal learns to associate the neutral stimulus with the
reinforcing stimulus. This form of learning is called classical conditioning or
Pavlovian conditioning, after the famous researcher Pavlov (1927). He trained his
dog to respond to a sound, by giving it food as a reward each time it heard the
sound. After several pairings of the sound and the reward, the dog started salivating
when it heard the sound only. The neutral stimulus that becomes associated with the
reward is called the conditioned stimulus (CS), the reinforcer (the reward or
punishment) is called the unconditioned stimulus (US). The dog shows the
unconditioned response (UR, salivation) to the US. Only after conditioning, it shows
the conditioned response (CR, also salivation) to the CS. Only if the CS is directly
followed by the US, which is called forward pairing, associative learning will occur.
Backward pairing (US followed by CS) does not result in associative learning, but
sensitization can occur, resulting in a temporary increase of the response to the CS.

Another form of associative learning is operant conditioning (Thorndike 1901;
Skinner 1938). Here, a CS triggers a specific behavioural response, which is
followed by the reinforcer only when this appropriate behavioural response is
performed. Thus, it is the behavioural response to the CS which is reinforced by the
US; an association is formed between the response to the CS and the reinforcer,
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rather than between the CS and the US as in classical conditioning. However,
elements of classical conditioning are present in operant conditioning as well, and it
is sometimes difficult to determine whether a form of learning is purely classical
conditioning or operant conditioning (see for a comprehensive overview of both
forms of conditioning: Lutz (1994)).

PARASITIC-WASP LEARNING AS CLASSICAL CONDITIONING

How does the theory of associative learning translate into the example of parasitic-
wasp olfactory learning? The wasp first smells the odour of a plant on which host
caterpillars are feeding, and responds to it by landing on a leaf, where it is rewarded
with the presence of suitable host caterpillars. Thus, this is a clear form of operant
conditioning. However, in the laboratory set-up, the flight response is usually not
incorporated in the learning trial, for reasons of standardization and convenience.
The wasp is placed directly on the leaf with caterpillars and stimulated by the taste
of host-derived substances such as faeces (frass). The mere perception of host traces
on the leaf without any behavioural response is sufficient to learn to recognize the
odours of the leaf (Geervliet et al. 1998), which is in line with the CS-US
contingency of classical conditioning. The odour of the leaf is the CS and the taste
of host-derived substances is the US in this case. Thus, an association between the
plant odours and the presence of suitable host caterpillars is already made before
oviposition has taken place. However, the increased response to the plant odours
lasts longer when the perception of host traces is followed by oviposition (Takasu
and Lewis 2003). The test for memory formation is done in a wind tunnel set-up,
where it is given a choice to fly towards the naively preferred plant or to the
experienced plant. This is actually an operant context; the wasp has learned to adapt
its flight response in a classical conditioning learning paradigm. Such a transfer of
information has been demonstrated also in another learning paradigm, the proboscis
extension reflex of the honeybee (Bitterman et al. 1983). Here, a harnessed
honeybee learns to associate an odour with the reward, an application of a droplet of
sugar water on its antennae in a purely classical conditioning set-up. Before the
learning trial, the bee responds to the US (sugar water) by extension of its proboscis
(UR), and after the learning trial, the bee responds to the odour (CS) by extension of
the proboscis (CR). Also in this case, the trained bee shows that this experience
changes searching behaviour under free flight conditions (Sandoz et al. 2000), thus
in a operant context.

DURATION OF MEMORY

Learning results in the formation of memory. Like in higher animals, insects have
different forms of memory, ranging from short-term to long-term memories. A
number of factors influence what kind of memory is formed; the strengths of both
US and CS, the number of repetitions of US-CS pairings, the time interval between
the repetitions (the inter-trial interval) and the time interval between the US and CS
(the inter-stimulus interval) (Menzel 1999; Menzel et al. 2001). In general, the
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longer the inter-stimulus interval, the weaker the association between the stimuli. A
single US-CS pairing usually results in memory that lasts no more than hours or one
day. If repeated US-CS pairings occur, long-term memory can be formed, but only if
there is some time in between each learning trial. This is called spaced learning
trials, in contrast to massed learning, which means that the learning trials are in rapid
succession following each other. Massed learning is not effective to induce the
formation of long-term memory, whereas an identical number of spaced learning
trials is (Menzel et al. 2001).

In the case of a parasitic wasp that encounters a gregarious host (e.g. several
caterpillars feeding together on a single leaf), the rapid sequence of ovipositions
should probably be considered a mass learning experience, although the breaks that
wasps often take after several ovipositions before they resume their attacks may
interfere with this conclusion. Only after the wasp leaves the plant and lands on
another plant of the same species and encounters host frass, an additional
conditioning trial occurs that matches the criteria for spaced learning trials.

The mechanism that a long-term, stable memory is only formed after several
experiences makes sense. This way, only relevant, reliable information is stored. A
single experience results in a less stable memory form that wanes if it is not
reinforced by additional experiences. This mechanism of memory formation serves
as a filter that ensures that only important and reliable information is stored in long-
term memory. It is not efficient to learn too fast, because this way an animal will
easily store the wrong information.

DIFFERENCES IN LEARNING BETWEEN CLOSELY RELATED SPECIES.

Closely related species, for example of parasitic wasps, may display large
differences in learning (Poolman-Simons et al. 1992; Potting et al. 1997; Geervliet et
al. 1998). Such closely related species are ideal subjects for a comparative approach.

The wasp, C. glomerata learns to change its innate preference for cabbage plant
odours towards the odours of another plant species, Nasturtium, which is an
alternative host plant of P. brassicae. One day after the learning trial (an oviposition
experience on a Nasturtium leaf) the wasps were released in a wind tunnel where
they could choose between a leaf from a cabbage plant and one from a Nasturtium
plant, both infested with the same number of host caterpillars. The wasps did no
longer prefer cabbage but landed on the Nasturtium leaves (Geervliet et al. 1998).
However, when this experiment was performed with C. rubecula, which is a closely
related species (Michel-Salzat and Whitfield 2004), the preference shift did not
occur. Even after several experiences, the wasps continued to choose the cabbage
odours for which they had an innate preference. In a subsequent study, Bleeker et al.
(in press-a) investigated this phenomenon in a different way. They did not measure a
change in preference using a wind-tunnel set-up with a choice situation (a dual-
choice set-up), but measured the flight response to the learned plant odour with a
single-choice set-up (also called a no-choice set-up), using controls that
distinguished sensitization from associative learning. This way, the increase in
response to the Nasturtium odours can be determined irrespective of the strength of
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the innate preference to cabbage odours. The wasps were released in the wind tunnel
and the number of wasps that landed on the Nasturtium leaves was determined
before and at different time intervals after the oviposition experience. Two
remarkable results were obtained in this study. First, C. glomerata formed a long-
lasting memory of at least 5 days after a single oviposition experience, which is in
contrast to the notion that several spaced learning trials are necessary for long
lasting memory. Second, it was shown that C. rubecula learned to respond to the
Nasturtium odours by associative learning, even though this memory waned
gradually after one day. Thus, C. rubecula does learn to associate the odours of
Nasturtium 1o the presence of hosts (albeit that this memory lasts much shorter than
in C. glomerata), but does not change its innate preference for cabbage odours.
These two wasp species are closely related, have very similar morphology, including
brain morphology (Smid et al. 2003), olfactory sensilla morphology (Bleeker et al.
2004) and olfactory receptive range (Smid et al. 2002). The difference in learning
may be an adaptation to the specific differences in host-finding behaviour between
the two wasp species.

ULTIMATE FACTORS THAT MAY BE CORRELATED TO VARIATION IN
LEARNING

There are a number of ultimate factors commonly associated with variation in
learning (see for reviews Shettleworth 1993; Turlings et al. 1993; Vet et al. 1995).
What factors drive the evolution of slow learners (i.e. species that need many repeats
of experiences to adapt their behaviour), and what factors drive towards fast learning
(i.e. species that adapt their behaviour upon a single experience)? What are the limits
to the amount of information that can be stored in the tiny brains of parasitic wasps?
It is important to realize that learning and memory are costly processes at different
levels. There is the energy cost of learning and of the formation and maintenance of
memory (Dukas 1999; Mery and Kawecki 2003; 2005). In addition to the energetic
costs of memory there is also the ecological cost. Learning trials take time and may
constitute a risk (e.g. predation) compared to innate behaviour (see below), and the
information that is learned may be wrong, leading to maladaptive behaviour with
strong fitness penalties. However, these ecological costs to learning can be different
between species (Dukas 1998b).

First, the life span of the animal is important. It is obviously not useful to spend
much time on learning for an insect that lives for only one day. Also the number of
foraging decisions that an insect makes, determines that a certain subset of these
decisions can be spent to learn to optimize the remaining part of the foraging
decisions (Roitberg et al. 1993; Dukas and Kamil 2001). Learning takes time, hence
there must be a certain optimum of learning trials to spend on learning, and if time is
relatively costly, like it is for a short-lived insect, this optimum will be driven
towards fewer learning trials.

Another important factor is the reliability of the association that is learned. If the
associations that are learned are very variable, more learning trials are necessary
before the animal should adapt its behaviour to a supposed relevant new situation.
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The strengths of fitness penalties that come with wrong associations are important
factors that drive evolution of slower learning. If the information is less variable,
fewer learning trials are needed to change behaviour. Thus, the variability of the
environment may influence the learning speed of the insect; an insect species living
in a less variable environment may evolve towards a fast-learning species, whereas
an insect living in a highly variable environment, where there is little predictive
value from a single experience, may evolve towards a slow-learning species.

Stephens (1993) distinguished within-generation variability and between-
generation variability. In this model, learning is favoured when between-generation
predictability is low but within-generation predictability is high. If between-
generation predictability is high, innate behaviour is expected to be favoured over
learning. Parasitic wasps have a strong innate response to, e.g., the taste of sugars or
the taste of host-derived substances, as these substances are invariable between
generations. However, the response to plant odours on which the parasitoid’s host
may occur depends on the predictive value of that odour to the wasp. When the host
occurs only on that plant species, the predictive value is high and a strong innate
response is favourable (Vet et al. 1990; Vet and Dicke 1992). If the host occurs on
several plant species, the innate responses to those plant species are expected to be
intermediate, but become stronger after repeated experiences. If the host occurs on
several other plant species that are also available in the area, the predictive value is
low. The wasp needs to respond to all odours of potential host plants on which its
host may be present, and it has to divide its attention over a wide range of plant
species. This is disadvantageous for two reasons. First, because herbivory-induced
plant odour blends are difficult to detect against a background of non-relevant plant
odours, detection becomes less efficient when the wasp has to divide its attention to
several different potentially relevant stimuli (the problem of limited attention,
Bernays and Wecislo 1994; Bernays 1996; Dukas 1998a; 1998b; Dukas and Kamil
2001). Second, the wasp needs to spend time to visit several host plants that will not
be rewarding. Specialization is thought to be an adaptation to this problem.
Preference learning can be seen as a way to achieve temporal specialization (Dukas
1998b). Thus, learning is a trait that may be tightly linked to the level of
specialization of both the wasp and the host, and especially generalist wasps that
parasitize on generalist hosts may benefit from learning by gaining from the
advantages of specialization.

In conclusion, there are several factors that may influence learning of a parasitic
wasp. How can these ideas help us to understand the difference in learning between
C. glomerata and C. rubecula?

In the case of C. rubecula, the wasp remembers the odours of a plant after an
experience for a short term, but does not change its preference. Apparently, the
cabbage odours remain the most reliable indicators for the presence of hosts. This
may be an adaptation to the oviposition behaviour of its host, which is the small
cabbage white, Pieris rapae. This butterfly lays only a single egg on a plant and
does this in a rather unpredictable way (Root and Kareiva 1984; Davies and Gilbert
1985), possibly to avoid parasitization. Thus, the predictive value of a single
oviposition experience for C. rubecula is low. Apparently, the trait of learning in the
brain of this wasp species is adapted to the oviposition behaviour of its host species.
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Moreover, C. rubecula is a solitary species that lays only one egg into a host, and
has to find a large number of hosts on a large number of plants. Thus it makes a
large number of foraging decisions. This may also contribute to the slow learning
speed.

For C. glomerata, the situation is profoundly different. This species is more of a
generalist than C. rubecula, but our population, which was collected in The
Netherlands, strongly prefers the large cabbage white, Pieris brassicae. This
butterfly species lays clusters of eggs. The caterpillars, after hatching, completely
destroy the plant on which they are feeding and subsequently have to migrate to
neighbouring plants. Due to their induced dietary specialization, they need to
migrate to the same plant species as the one on which they initiated feeding, and
therefore the butterfly has to lay its eggs on dense stands of plants of the same
species (Le Masurier 1994). Such dense stands are likely to attract more ovipositing
butterflies than single plants, and that may be a reason that a single oviposition
experience of C. glomerata on P. brassicae is reliable enough to induce long-term
memory formation. Moreover, C. glomerata is a gregarious wasp that lays several
eggs into a single caterpillar. This means that it can oviposit half of its lifetime
fecundity into a single clutch of caterpillars. Thus it needs only a few foraging
decisions (see Roitberg et al. 1993), and it may well be the optimal strategy to learn
to keep searching on the dense stand of the same plant species because chances are
high to discover another rich source of oviposition opportunities.

NEURAL BACKGROUNDS: WHAT HAPPENS IN THE BRAIN DURING
LEARNING AND MEMORY FORMATION?

In order to understand how evolution shapes learning, it is crucial to identify the
neural mechanisms that are underlying these differences in learning. Which genes
and which neurons are involved, and how do they encode for the differences in
learning? Only if this information becomes available, will it be feasible to study
variations in those genes and neurons in a large number of different species and
predict variation in learning ability and correlations with ultimate factors. I will first
focus on the level of small neural networks to explain what happens during classical
conditioning in the brain of an insect, and then descend to the molecular level to
focus on some genes that play a key role in learning.

When an association is made between a CS and a US, it is obviously necessary
that the neural responses to these two stimuli are somehow brought together in the
brain. Either a reward or a punishment can serve as reinforcement in olfactory
conditioning that stimulates formation of odour memory, so that an association is
made between the odour and the reward or punishment. How this mechanism works
in the case of reward learning was described for the honeybee (Hammer 1993;
1997). The honeybee is a well-known model animal for neurobiological research on
classical conditioning. Much research is done using proboscis extension reflex
(PER) conditioning. Honeybees extend their mouthparts (proboscis) when
stimulated by sugar solution on the taste sensilla on the antenna and mouthparts.
This reflex can be conditioned when the sugar stimulus is preceded by an odour
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stimulus. The bee learns that the odour predicts the sugar reward, and subsequently
extends its proboscis when the odour stimulus is presented alone. Hammer studied
the electrical properties of an intriguing neuron that innervates the entire olfactory
pathway in the honeybee and releases the neuromodulator octopamine, a substance
known to mediate the reward in classical conditioning in insects (Hammer and
Menzel 1998; Schwaerzel et al. 2003). This neuron was among a group of neurons
lying ventrally along the mid axis of the brain called ventral unpaired median
neurons or VUM neurons. The VUM neuron studied by Hammer sends its
arborizations bilaterally into the entire olfactory pathway. Hammer succeeded in
making electrical recordings of this VUM neuron in the honeybee’s brain while
performing PER conditioning, and found that this neuron responded strongly when
the honeybee was stimulated with the sugar reward. When he applied the odour to
the antenna, and subsequently stimulated the VUM neuron artificially (without sugar
application but by electrical stimulation of the cell body), he could achieve PER
conditioning to the same extent as with a sugar reward. Thus, the sugar reward could
be entirely substituted by stimulation of a single neuron. This very simple network
gives us a clear idea how learning acts at the neural level and how a reward-sensitive
neuron plays a key role in this process. This VUM neuron belongs to a group of
other VUM neurons that also express the neuromodulator octopamine (Kreissl et al.
1994), but with different arborization pathways, projecting, e.g., towards the optic
lobes or into the antenna (Schréter 2002). Thus, there are most likely more reward-
sensitive VUM neurons involved.

Octopaminergic VUM neurons are present in parasitic wasps as well (Smid et al.
2003; Bleeker et al. in press-b, Figure 3), and are candidate neurons that may encode
for differences in learning observed in species like C. glomerata and C. rubecula.
For instance, the strength of the response to a reward may be different, or the density
of their arborizations into the olfactory pathway, leading to differences in the
amount of octopamine released in the olfactory pathway upon a reward stimulus.
Another explanation for the observed difference in learning may lie in the sensitivity
to the octopamine signal in the olfactory pathway. To understand this, it is necessary
to focus on the molecular level of learning.

MOLECULAR BIOLOGY: CANDIDATE GENES ENCODING LEARNING
DIFFERENCES

The location where memory is stored at the level of single neurons is the synapse.
The cellular equivalent of memory is called synaptic plasticity (Pittenger and Kandel
2003). The properties of a synapse can change after previous activity, and this is the
way how the neuron ‘remembers’ its previous activity. For instance, transmission of
a signal may be facilitated by increasing the amount of synaptic vesicles that are
released upon electric stimulation, and hence increasing the post-synaptic response
levels. The duration of these and other processes that underlie synaptic plasticity, is
corresponding with short- or medium-term memory. This is called long-term



VARIATION IN LEARNING 99

Figure 3. Confocal section of a brain of C. rubecula, showing cell bodies of a group of VUM
neurons (arrow). These neurons were visualized using a fluorescently labelled antibody
against octopamine. OL, optic lobe; SOG, suboesophagal ganglion

potentiation, and the opposite process, long-term depression, can also occur (Huber
et al. 2000). There is also an equivalent form of long-term memory, called late long-
term potentiation, when synaptic transmission becomes facilitated by the growth of
new synaptic contacts. This way, the number of synaptic connections between two
neurons is increased, and the increased synaptic strength that is formed by this
process results in a more stable form of synaptic potentiation. This mechanism
requires gene transcription and the production of new proteins (Nguyen et al. 1994).
The learning-induced changes in synapse properties, either long-term or short-term,
can occur throughout the brain in various neuropiles that are involved in, e.g., a
learned behaviour, rather than at a specific region in the brain dedicated to memory
storage. Hence the term ‘memory trace’ is used to refer to the changes in neural
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elements were memory is stored.

The cellular pathways involved in synaptic plasticity are remarkably conserved
within the animal kingdom, and it is now well-known that the cAMP — protein
kinase A (PKA) signalling pathway plays a central role in species varying from
nematodes, snails and insects to mammals (Silva et al. 1998; Eisenhardt in press).
Single learning experiences induce a limited elevation of cAMP levels, which
activates PKA, acting locally at the site of the synapse. Repeated learning
experiences result in the activation of larger amounts of activated PKA, which
translocates towards the nucleus where it activates a transcription factor. This
transcription factor, called cAMP-responsive element binding protein (CREB)
causes the expression of genes that are necessary to produce the proteins required for
the formation of stable, long-term memory. There are several different isoforms of
CREB resulting from alternative splicing that are different in the way they respond
to PKA. Some isoforms are lacking parts of the amino-acid sequences that allow
binding and activation by PKA, and therefore inhibit long-term memory formation.
The different CREB isoforms represent memory suppressor as well as memory
enhancer isoforms, and it is thought that the balance of tissue-specific expression of
these isoforms determines the sensitivity of a neuron for the cAMP signal, and thus
to the US (Yin et al. 1994; 1995a; Yin and Tully 1996; see however Perazzona et al.
2004; for general reviews on CREB and memory see Pittenger and Kandel 2003).

Memory suppressor or enhancer genes (Abel et al. 1998) like CREB isoforms
and others are relevant genes in the light of the evolutionary biology of learning.
Possibly, the differences in learning between parasitic wasps like C. glomerata and
C. rubecula are correlated with differences in expression levels of such genes, i.e., a
fast learner like C. glomerata could have a relatively low level of memory
suppressor-gene expression and a slow learner like C. rubecula could have relatively
high levels of memory suppressor-gene expression. Measuring of gene expression in
these non-model organisms, of which the genome is not sequenced, is time-
consuming, but feasible since the homologous sequences from a few insect species
are now available. Genes that have been linked to a certain phenotype in one
organism can be used as so-called candidate genes to investigate the mechanism and
evolution of similar phenotypes in another species (Fitzpatrick et al. 2005).

CONCLUSION

The CREB gene has now been sequenced in C. glomerata and C. rubecula (H.M.
Smid et al. unpublished data) and putative enhancer and suppressor isoforms have
been found analogous to the isoforms found in the fruit fly and the honeybee (Yin et
al. 1995b; Eisenhardt et al. 2003). Together with the characterization of the neuronal
networks involved in associative learning of parasitic wasps, such as the VUM
neurons and the olfactory pathways in Cotesia, this work may resolve mechanisms
and genes that are linked to natural differences in learning. This would allow us to
raise and test new hypotheses on the evolution of learning of a range of other wasp
species that occur in many different ecological contexts. Moreover, since the
mechanisms involved in learning are conserved, at least at the cellular level, these
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results will be relevant for the understanding of learning in higher animals and man.
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