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Preface

In the summer of 2009 | had the unique opportutotyarticipate in an applied research project
studying the population dynamics and behaviourhef $pruce web-spinning sawflC€phalsia
abietig in the Bavarian forest. During these observatibmsas amazed, but also puzzled by the
their fixed behaviour patterns, forcing these tivgsps to try the same strategies over and over. At
the same time | was introduced to a current deth@teng neurobiologists, psychologists as well as
philosophers : leading neuroscientists, questiangdfreedom of mind by proposing a biological
determination of human behaviour. Quickly | wasgialby the apparent parallels between my own
dilettante observations on insects and these fuadthphilosophical questions. Finally, the wish
to extend my knowledge on the biological baseseatfaviour combined with my love for insects
became a major driving force to start my masteWageningen University and for selecting a
master thesis topic. At this point a would alredilg to thank Hans Smid and Katja Hoedjes for
offering such an exciting thesis topic. For me peadly, this thesis, was a chance to discover the

biological realization of behaviour on the backsofme of the most fascinating creatures.



Abstract

To unravel the evolution of the brain, across-sggeccomparisons of neuronal tissues and
behavioural traits offer exciting opportunities.ths report it was aimed to acquire information on
the neurobiology of the parasitic wadfasonia vitripenniso provide a basis for further inter-
species comparisons. Within this wider topic, ac#mefocus was on the neuronal pathway of
ovipositing related, appetitive learning.

Through electrophysiological recordings on the peoe cells of the ovipositor one
sensillum was found which yielded, promising res@dir further studies on host discrimination at a
receptor cell level.

On the brain level, this study investigated theemmtions and projections of reward-
sensitive neurons as well as their interaction wghnishment- sensitive neurons. These
investigations were based on immuno-chemical ladgsland yielded interesting results for both
neuron types. Among the reward-sensitive neuromsprominent projection was found emerging
from the suboesophageal ganglion and reaching tisathe mushroom bodies in an 'umbrella-like'
pattern. The main innervations of the reward-sesmsiteurons were found in the Kenyon cells at
the ventral-medial side of the mushroom body cayé® contrast to this, the punishment-sensitive
neurons did not innervate the Kenyon cells or adydut the pedunculi of the mushroom bodies.
An overlap between punishment- sensitive neurods@ward- sensitive neurons was only found in
the central body complex and the lateral horn. Tavide a basis for further studies on these
neurons, an activity dependent labelling techniguas adapted, which yielded promising first
results.

Besides the direct investigation of the reward wais this study also aimed to create a
general overview over the brain morphologyNofvitripennisby creating virtual reconstructions of
five individual female brains. Within these recauostions, eight paired and six unpaired neuropils
were consistently labelled and their average vokiaral surface areas were measured. Additionally
one brain, which most closely resembled the avelaigm, was chosen as a preliminary standard
brain. These three-dimensional reconstructionshefNasoniabrain not only provided a starting
point for inter-species comparisons, but will alsiod understanding of neuron projections and

innervations.



Finally, the results acquired on neuron innervaiand on the brain morphology Masoniawere
compared with information on other insect brainghwa special focus on the honey bee. The
comparison, betweeNasoniaand the honey bee revealed interesting differeimcése innervation
and projection patterns of the reward-sensitiveroresl These neurons strongly innervate the
calyces in the honey bee, whereas only weak intiensawere found irNasonia In contrast no
major differences were found with regards to theighument-sensitive neurons.

A comparison of brain morphology with the brainstlofee other insect species revealed
relatively large antennal lobes and relatively $roptic lobes in théNasoniabrain, which appeared
to be correlated with the general behavioural epplof Nasonia.Additionally, a more detailed
comparison was made between the calyx shap¢asbniaand the shape of the honey bee calyx.
These revealed a considerably less elaborated calMasoniaalthough the for Euhymenopterans

typical double structure of the lobes was clearjble.

Combining the results outlined above, the followiogerall conclusions were derived in
comparison with the honeybee:

The less elaborated shape of the calyces irNt®oniabrain is positively correlated with
smaller optic lobes as well as less intensive waigyns of reward- sensitive neurons, but
negatively correlated with a relatively large vokiaf the antennal lobes.

On the basis of these correlations it is arguedt Hppetive, but not aversive, optical
learning has driven the evolution of more elatEtatalyces, whereas olfactory conditioning also
utilises the antennal lobes.

Furthermore, different neuronal mechanisms for afype and aversive learning are
proposed based on the different innervation angeption sides of these neurons in tiasonia

brain.
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1. General introduction

While searching for nectar and pollen, a bee facegher dynamic environment which changes not
only over the season, but also with daytime andthezaDespite this, the bee can not only find a
suitable flower in the first place but will alsmdi its way back to the same flower again, everr afte
several days and over many kilometres (Gould andld53d988). Some parasitic wasps, however
might even surpass the astonishing achievementiseobee. These wasps are capable of finding
their tiny hosts on the downside of a leaf or eweside of a bird nest, which might by itself alrgad
be hidden in a tree cavity. Furthermore, these wasp not only able to find their hosts, but some
of them are even capable of monitoring egg clutcladsch will only in future become suitable
hosts (van Nouhuys and Kaartine, 2008). To do sedtwasps do not only learn to associate the
presence of hosts with certain odours but als@mtm fspatial memory of the host position (\ét

al., 1995, van Nouhuys and Kaartine, 2008 ). Theseaements of bees and wasps, but also of
other insects, appear already quite impressiwgeifvould image them as a task for our own mind.
Hence, they become even more astonishing whendsmsy the minute brains of these insects.
The brain of the bee contains approximately 950,880rons; still it is able to remember at least
700 flower odours (Witthoft, 1967; Schoonhove,al. 2005), an achievement that might even

challenge the 100 billion neurons of a human b@irlson, 2010).

1.1 Two parasitoids and their behavioural ecology

Besides the well-known honeybee, parasitic wagpsh) sisNasonia
vitripennis (Fig. 1) and Cotesia glomeratgFig. 2), provide mayb
less known, but not less exciting examples of insearning in ¢
complex environment. Both wasp species are gregs
endoparasitoids, meaning that they place sevegd gtpide of thei §

hosts. In the case ™. vitripennis the wasp uses cocoons of ne:

all fly species of the familiealliphoridae and Muscidae that

regularly occur in bird nests (Peters and Abrah20d0).C. glomerata

parasitizes the larvae of the cabbage with buigsrPieris brassicae

and Pieris rapae(Feltwell, 1982). During their search for a suigabl
host, the females of both wasp species face tHeenga that the hosts,

both fly pupae as well as caterpillars, have ewblve be as

; undetectable as possible (Schoonhoe¢nal., 2005). To overcome
Fig. 2: Cotesia glomerata

these difficulties the wasps developed the abilityfearn to associate

certain odours with the presence of their hosts e Dicke, 1992).



1.2 Basis paradigms of learning.

Wasps can acquire associations between odour astl fmaling by classical or Pavlovian
conditioning (Hoedjesgt al, 2011). This learning paradigm basically predibt after combining a
neutral stimulus with a meaningful, unconditionéichalus (US), the neutral odour will be learned
and finally become a newly conditioned stimulus G&hich then gives rise to the behaviour that
was previously triggered by the US (Kupferman, )99& the case ofC. glomerataand N.
vitripennisthe neutral odour would be any odour present erptant or in the bird nest when the
wasp encounters its host. The US would then berexmed through the encountering of a host,
followed by an oviposition experience. Subsequettly previously neutral odour that was present
in the nest would be learned and become the no8elRemarkably: the wasps remember these

associations for several days and sometimes et@naasingle learning trial (Smet al. 2006).

1.3 Spatial learning and abstract thinking

Even though the high learning rates of wasps aed bppear impressive, they still represent rather
simple forms of memory, since they only requireoarection between one stimulus and an second
stimulus or between a stimulus and a certain belavGiurfa, 2003). However, if the general

foraging behaviour of a bee or a wasp is considergdickly becomes evident that such a straight

bt )

forward connection between two differe  1- G
stimuli will not always be sufficient t
solve complex searching tasks (v
Nouhuys and Kaartinen, 2008). Howev
for many hymenopterans abilities f
complex spatial learning and patte
recognition have been shown (Tinberg
1972; Menzelet al 2005, Fukushi an

Wehner, 2004). A classical example 1

these more sophisticated forms of learn
can be found in the elegant experiments 3

Tinbergen (1972). Digger wasps colle o
prey and store it in an underground nes @@ & A
which the wasp later on lays its eg & = & @ @Q

Tinbergen (1972) placed a ring of p % @@@ﬁ %No Nest g
A
cones around the nest of the wasp O

Fig. 3: Spatial learning and image abstractiomaming digger

observed that the wasp was alwe wasps, further explanation see text
) o ) ) (adapted from Campbell, 2000)
searching within this circle, even when



Tinbergen moved the pin cones away from the orlgomsition. However, when the pin cones
surrounding the nest were restructured into agteaand a ring of stones was placed next to it, the
wasp would search within the circle of stones (RY. By these simple experiments Tinbergen
(1972) not only demonstrated that digger wasps \able to learn spatial landmarks, but also that
they were able to abstract visual input into geoicegtfigures.

Summarizing, the finding on the host and food d@ags behaviour of wasps and bees, it
appears that both olfactory conditioning as waspasdial learning are utilized (Hoedjes et al 2011,
van Nouhuys and Kaartinen, 2008, Timbergen, 19M&yertheless, one might expect that different

species use these to forms of learning to vergwifft degrees.

calyces

/\s

pedunculi

a- lobes
_'/“‘““__
- € H‘““"— T

Fig. 4: Frontal view on a 3D reconstruction of t&@sonia vitripennisnushroom bodies. The outline of the entire brain
is shown in transparent

1.4 The neuronal substrates of learning

For mammals, it has been demonstrated, that spagiaiory is encoded in specific cells, so called
‘place’ cells within the hippocampus of the rairb(®'Keefe and Speakman, 1987). The Mushroom
bodies (MBs) are assumed to be the neural equivalethe hippocampus in the insect brain
(Hourcadeet al.,2010). The MB are formed by a group of extremedgskly packed neurons called
Kenyon cells, the neurits of the Kenyon cells faha different structures within the MB: the axons
build up the pedunculi, the- lobes and th¢- lobes, whereas the dendrites of the Kenyon cells
form the calyces (Mobbs, 1982) (Fig. 4). All neulof the MB receive input from the primary
neuropils as well as from the reward- sensitive pmdishment- sensitive neurons (Mobbs, 1982).
However, in contrast to the other three neuropiés ¢alyces show different sub-compartments for

olfactory input than for visual information (Farrd008). This characteristic property pinpoints the
3



calyx as an important brain part for the integmatd different stimuli and recent studies have also
argued that these neuropils may provide the neswbbktrate for spatial learning (Farris and
Schulmeister, 2011), assuming functional similesitbetween Kenyon cells and the ‘place’- cells
know from the rats. However, such a mechanismpgatial learning appears to be extremely costly
in terms of neuron investment and it can be expettat this mechanism would be under a high
evolutionary pressure (Chittka and Niven, 2009%er@stingly, olfactory conditioning appears to be
rather independent of the calyces and to rely maréhe antennal lobes (AL) (Malwet al 2002).
These apparent links between certain types of ilegqrrand certain neuropils offer wide
opportunities for studies comparing both brainsicgtires as well as the behavioural ecology of

different species.

1.5 Has spatial learning driven calyx evolution?

Social Hymenopterans such as the honeybee andpas$es relatively enlarged and elaborated
calyces, which had led to the conclusion that themg@opils must be related to social behaviour
(Durjardin, 1850; Gronenberg and Riveros, 2009).weNer, in a recent survey Farris and
Schulmeister (2011) analysed the calyces of 24 soaial and three social hymenopteran species,
but no differences related to social behaviour weusd. Besides social behaviour this study also
focused on the optic input to the calyces. Intanght, they found that the calyx shape and the
relative volume was strongly enlarged in those igsewhere optic input into the calyces was
found. From this it was concluded that optic inguit not social behaviour was important for the
evolution of elaborated calyces. Previous studespointed at the role of the calyces during more
complex learning tasks (Devaud, 2007; Strausétlcl, 2009). With reference to these studies
Farris and Schulmeister (2011) argued that not orgyt of optical information into the calyces,
but even more importantly, spatial learning havedrithe evolution of more elaborated calyces.
However, no study so far has investigated the tairom of learning related neuron innervations

and calyx shape and volume.

1.6 Dopamine and octopamine trigger memory fornmatio

Simple learning patterns are based on the conmecfithe US with a neutral stimulus, which will
then become the CS (Kupferman, 1991). At the ndaval the US is represented by the reward- or
punishment sensitive neurons whereas the neuinalilsts is delivered by neurons of the sensory
pathways (Kandel, 2006). In insects, reward-semsitheurons express the neuromodulator
octopamine, whereas punishment-sensitive neuronzregx the neuromodulator dopamine
(Schwaerzekt al. 2003). In a landmarking study Hammer (1993) rex@adne octopaminergic

neuron in the honeybee, termed ventral medial waeganaxillary neuron 1 (VUMmXx1), which,
4



when activated directly induced memory formationansimple conditioning trail. VUMmx1,
mainly innervates the antennal lobes (AL), therkdtdorn (LH) and especially the MB calyces.
Similar to VUMmx1, Asoet al. (2010) found one dopaminergic neuron, which wds &binduce
aversive memory in the fruit flDrosophila melanogasterwhen activated. Due to this close
connection between memory formation and octpamioeagpd dopaminergic neurons, strong
innervations of these neurons can be taken adharrsafe predictors for memory related processes
at the innervated brain parts. Similarly, it casoabe expected that the shape and the volume of a
certain brain region influences the learning pattdran insect (Reiet al 2002). Unfortunately, no
study so far has directly related the innervatiohseward- and punishment- sensitive neurons to
neuropil shape and volume as well as to the bebeali@cology of an insect. In the study presented
over the following chapters, it was aimed to pafitljthis gap, by using images of single neuross a

well as three-dimensional neuropil reconstructions.

1.7 Standardising a brain

One particular reason why correlations betweenopmushape and innervation patterns of neurons
are still sparse could be due to difficulties imgping the general shape of a brain or a neuropil.
However over the last years, more sophisticatedpcdation tools as well as advancements in
immuno-labelling enabled the generation of standad] three-dimensional (3D) brain
reconstructions (Reiret al. 2002; Brandtet al. 2005). Such virtual reconstructions allow the
averaging of neuropil and brain shapes over seviadividual brains and thereby generate
standardized models, free of individual shape difiees (Reiret al. 2002). At the same time,
virtual, standard brains also allow the combinatdrstudies made on different individual brains
(Rybak et al. 2010). Especially the tracing of single neuronsfien performed by a different
technique than the labelling of neuropils (Kuryleis al. 2008), which further hampers studies
relating neuron innervations to neuropil shapethese cases, virtual brain reconstructions can
provide a general platform for combining information neuropils and on single neurons (Braetdt
al., 2005). Unfortunately, standardised brains areasoiily available for a few well-studied model
species, which belong to very distant insect gefardundiet al 2009). This limitation has so far
hampered the use of virtual reconstructions for ganmative studies and the availability of more
standardized brains of more closely related spe@esequired to overcome this struggle.
Nevertheless virtual brains enable the combinatairggudies on neuron innervations as well as the
shape and volume of neuropils. Through this virtnakect brains offer great potentials for new

insight into brain evolution and function, usingamparative approach (el Juredial 2009).



1.8 Aims and outline

One aim of this study was to provide a 3D virtustndardised brain of the wadyasonia
vitripennis. At the same time, it was also intended to desctitee pathways of the rewarding
stimulus from the receptor cells on the oviposdarto the higher-order neuropils in the brain. In
addition, it was also aimed to give an overviewpahishment-sensitive neurons in the brain of
Nasonia vitripennis.

This combination of a 3D virtual brain and detailetbrmation on neuronal innervations
enable a direct approach towards the question hiff@reht forms of learning might have
influenced the shape and volume of different neilsppuch as the antennal lobes and the
mushroom body calyces. Using additional informaticom Brandtet al (2005) on the honeybee
brain, a comparison betwedtasoniaand the bee will be performed to further invegggthe
factors, that may have driven the evolution of dnéennal lobes and the calyces. This analysis not
only takes the relative volumes of the primary ciéey and optical neuropils into account, but will
also consider the innervation patterns of rewamtd aunishment- sensitive neurons and will
thereby allow a first conclusion on how differentriis of learning have influenced the shape of a

brain.

Chapter 2:

Determining the input:
Electrophysiological
recordings on the wasps
ovipositor

Chapter 3:
Standardising the
Nasonia brain

Chapter 4:

Tracing dopaminergic
and octopaminergic
neurons in the brain of
Nasonia

Chapter 5:

| Towards a functional analyses
of neuronal activity in the
Cotesia brain

Fig. 5: Schematic outline



2. Determining the input: Electrophysiological recdings on the wasp's ovipositor
Abstract

Perception of the environment provides the inputalb higher cognitive processes. In this chapter
an attempt was made to investigate the host-peocely the taste cells on the ovipositor of
parasitoids and thereby to provide a basis foh&rrstudies on memory formation in these wasps.
Problems in handling the host haemolymph as wetliffisulties in localising the ovipositor taste
sensilla (OTS) are addressed. A practical method feand to stimulate these OTS by using
capillaries filled with the host haemolymph andtedawith phenylthiourea. This coating prevented
haemolymph oxidation and considerably improved mdiogs of electrophyisiological signals
produced by the OTS. Furthermore, even though typ faliable method for locating the single
OTS was developed, the assumed position of a sivageconic sensillum was shown to yield a
reasonable quality of recordings. Finally, theselifigs are supported by preliminary results for the

OTS ofCotesia glomerata.

2.1 Introduction
Learning rate in parasitic wasps has recently lbeend to be strongly dependent on the quality of
the reward (Collatzt al. 2006; Kruidhofin preparatior). In addition to this, several species of
parasitoids have demonstrated the ability to agbesgquality of a host even on the basis of single
molecules in the host haemolymph (Gautlgeral, 2004). However, the mechanism by which a
host and therefore a reward is perceived .
subsequently stored into memory remains still ligr¢
unknown (van Lentereet al, 2007; Giurfa, 2007).
Perception of the environment always st¢
by the transformation of chemical or physical c
into a series of electrical impulses by a recej |
neuron in the peripheral nervous syste §
Subsequently, this information is transmitted te

central nervous system where it will finally | §

processed and stored (Davis, 2005). For t

receptor cells, environmental cues mainly consﬁs,:ig_ 6: Scanning electron microscope picture ofhe

glomerataovipositor. Two main types of sensilla were
recognized at the tip: campaniform sensilla (CS),
proteins in the membrane of the receptor cell. - which are most likely mechanosenoric and basiconic
sensilla (BS), which contain most likely
specificity of a taste neuron is determined by chemoreceptors and mechanoreceptors (adapted from
Smid, unpublished)

dissolved chemicals, which are detected by spe

number of protein types expressed in this membi



and taste neurons can vary from very broad to highkcific (Montell, 2009). The receptor cells
themselves are hosted as groups in taste haicslled sensilla on the surface of the insect caiticl
Such sensilla have also been shown on the oviposftseveral parasitic wasps includiri)
glomerata(Fig. 6) (Smid, unpublished). F&. glomeratatwo main types of these sensilla can be
recognised in the more frontal part of the ovipmsicampaiform sensilla and basiconic sensilla.
The first group most likely contains mechanorecepterhereas the basiconic sensilla might house
mechanoreceptors as well as taste receptors (Dweek. 2008). The main functions of these
basiconic ovipositor taste sensilla (OTS) is assuinebe the perception of molecules in the host
haemolymph, which might give some information alibet host quality to the wasp (Laroceal.
2007). However, hardly anything is known about phaperties of the OTS and their receptor cells
(Laroccaet al. 2007; van Lentereet al. 2007). Still, it might be assumed that the speityfiof
these cells corresponds with the foraging behavafuthe wasps, with specialist cells for the
perception of the optimal host (Gauthatral, 2004).

However, proof for such a hypothesis will requirersndetailed research on the OTS and
their response towards certain host cues (van temiet al. 2007). A first step might be the
identification of genes coding for the gustatorgding protein, which determine the specificity of
an OTS. The recent identification of these geneth@iNasonia vitripenniggenome may provide
valuable insight into the specificity of the OTSeptor cells and their importance to the foraging
behaviour and reward learning of parasitic waspbérson et al. 2010). However,
electrophysiological studies, will then be required validate these genetic findings and to
investigate their consequences for the specifioityOTS on a cellular level (Montell, 2009).

Despite their importance for studies on host peargepn parasitoids, only a single study on
electrophysiological recordings from OTS has beehliphed so far, which is mainly due to the
technical difficulties of such studies (van Lenteet al, 2007). It is, therefore, the aim of this report
to outline potential solutions for the technicaffidulties associated with recording OTS activity
and to provide a basis for further studies on thi&Qwhich might in turn lead to new insights about

the host acceptance and host discrimination ingttaravasps.



2.2 Material and Methods

2.2.1 Insects

In this study the response @. glomeratawasps toward<Pieris rapae and Pieris brassicae
caterpillars was investigated. The next paragrapéscribe the rearing of both wasps and

caterpillars.

2.2.1.1 Wasps

C. glomeratamatedfemales, between two to four days old were usel ithe experiments outlined

in this chapter. The wasps originate from wild pagans in The Netherlands and have been reared
at the Laboratory of Entomology, Wageningen, ThéhBdands, for several generations. The wasp
population was maintained &h brassicaaunder standardised conditions of 20-22°C, with780%
relative humidity and a photoperiod of L16:D8. Afamergence, wasps of both sexes are housed
together in cages of 40 x 40 x 30 cm to ensurengaiVater and honey was supplied at regular
intervals. For all experiments, wasps were colkctsd sexed according to morphological
characteristics.

2.2.1.2 Caterpillars

Fourth instar larvae ofP. brassicaeand P. rapaewere used in the experiments described in the
following section. These caterpillars were alsoetakfrom the rearing of the Laboratory of
Entomology, Wageningen, The Netherlands. These lptpns are maintained on Brussel sprouts
gemmifera Brassica oleraceatemperature regulated between 20 and 22°C, avelaumidity of
50-70% and a photoperiod of L16:D8.

2.2.2 Electrophysiology

Single sensillum recordings on the wasp ovipositere performed according to a protocol adapted
from van Lentereret al. (2007). To asses the sensitivity of the experimesggup the following
four stimulants were used to excite the oviposgensilla: 1) haemolymph d?. brassicage 2)
haemolymph of. rapae 3) 1 molar KCI- solution and 4) distilled wat&he general functionality
of the system was tested by recording from thedateensilla styloconia, located on the mouth

parts ofP. brassicaecaterpillars. These sensilla were stimulated Byle6 sucrose solution.

2.2.2.1 Preparation of the ovipositand caterpillar heads

In order to find the most ideal way of recordingnfr the wasp’s ovipositor, two approaches were
performed. The first method involved the removath@ unpaired valve from the wasp’s abdomen.
The valve was then placed to one third into a gtassllary filled with an Ringer solution (9 g*|

NaCl, 2 g* ' KCL, 1.34 g* I' CaCl, 5 g* I* Polyvinylpyrrolidone) specifically adapted to
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electrophysiological recordings (EAG- Ringer). Thiglution was to keep the tissue in proper
condition and allow a high conductivity. The altatime method involved making an incision across
the middle of wasp’s abdomen and to mount the ikt the ovipositor on a capillary filled with

EAG- Ringer solution. The mounting of the ovipositeas performed in such a way that the tip of
the capillary prevented any further movement of @wgpositor. Subsequently, the two cuticle
pockets of the ovipositor were removed to alloweascto the three main valves. The caterpillar
heads used as the control samples, where cut dfframediately placed on a bended silver wire

attached to the indifferent electrode.

2.2.2.2 Collection of caterpillar haemolymph

To collect a sufficient amount of haemolymph, treecpillar was carefully punctured with a
tungsten needle. The resulting bleeding of haemplymas collected with a phenylthiourea (PTU)
coated capillary (@ 1.5 mm, with filament). The ilapes were prepared 24h before the
experiment. In order to achieve a homogeneous ngpdlie capillaries were filled with 98.6 %
ethanol saturated with PTU. Subsequently, ethana$ wvaporated by storing the capillaries
overnight in a desiccator. The volume of the hdgmph used for stimulating the OTS was
determined by transferring 2 ul of the haemolympthv& Hamilton syringe to a second coated

capillary, which was then instantly placed oveies wire connected to the recording electrode.

2.2.2.3 Electrophysiological recordings

The basic recording set-up consisted of a DTP42liaerpin combination with an IDAC-4
interface (both Syntech, Hilversum, The Netherlaratsl an inverted Olympus IX51 microscope
(Fig. 7). Within this set-up the ovipositor was mted on the indifferent electrode. Contact was
made with the ovipositor by moving the recordingcélode with the stimulants towards the
expected position of the sensilla, using an eleatro micromanipulator (Eppendorf
Micromanipulator 5170, Eppendorf-Netheler-Hinz, Hamg, Germany). Various locations around
the tip of the ovipositor, where the basiconic gneere suspected were tested until a clear signa
was obtained. All further recordings were takennfrdhis location on the ovipositor. The
haemolymph of. brassicaeP. rapae,1 M KCI solution or distilled water were used asnstlants

for the sensilla of the wasp’s ovipositor. To tibe& caterpillar sensilla, a 0.1 % sucrose solutias
applied. For each of the four stimulants, which evapplied to the OTS as well as for the
recordings from the caterpillar sensillum, a senédl0 repetitions with a recording time of 10
seconds each was made. After each treatment tisédlaemere cleaned by carefully moving them
against a piece of filter paper. Electrophysiolagisignals picked up by the recording electrode

were subsequently transmitted to a personal com@mita sampling rate of 12,000 bits per sec.
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During sampling recordings were filtered betweef 28d 3000 Hz. and after sampling a second
filtering above 2000 Hz. was applied. AutoSpiketwafe version 3.9 (Syntech, Hilversum, The

Netherlands) was used both for recording and auioraetion potential detection.

Indifferent electrode  Recording electrode IDAC-4 interface
with ovipositor with haemolyph L J)

DTP-42 amplifier

Micromanipulator

Faraday cage

Grounding

Fig. 7: Basic experimental set-up for electrophiggjal recordings (adapted from Syntech 2002)
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2.3 Results

2.3.1 Recordings from caterpillar taste sensilla

First, the experimental set-up was validated byomdiag from taste sensilla oP. brassicae
caterpillars. An example recording of this is givarFig. 8, showing a clear train of spikes with a
slight decrease in frequency over time. These ddgs mainly resemble a typical spike pattern,
that would be expected from measurements on tlasse $ensilla and thereby validate the principal

functionality of the experimental set-up.
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Fig. 8: Electrophysiological recording from thediatl sensilla styloconia on the mouth parts of lar&ssicae
caterpillar after stimulation with a 0.1 % sucrgséution

B0 i

2.3.2 Handling of the host haemolymph

Subsequently, it was aimed to optimise the qualityecordings from the OTS. It was found, that
coating the capillaries with PTU strongly decreatiesl oxidation of the caterpillar haemolymph,
which was used to stimulate the sensilla. This oalogical adaptation improved both the

handling of the haemolymph as well as the qualithe recordings.

2.3.3 Localization of the ovipositor taste sensilla

In addition to the difficulties with the host haelymaph, the limiting factor for recording from the
OTS-recordings is localisation. In the experimegntssented here a spot on the tip of the ovipositor
was identified, which yielded adequate and readgnapeatable results of a satisfactory quality
(Fig. 9) From comparisons with scanning electrorroscope pictures, it was concluded that a

single basiconic sensillum is positioned at thistsm the ovipositor surface (Fig. 6).

2.3.4 Recordings from the ovipositor taste sensilla

In spite of the findings outlined above only a $engair of recordings from the tip sensillum o€a
glomerataovipositor showed a sufficient quality (Fig. 9)n®of these two recordings was taken
after stimulating the sensillum with haemolymph Rfbrassicag leading to 2198 spikes * 10
seconds, whereas the second recording was made by stimgltite sensillum with haemolymph
of P. rapae causing 1936 spikes * 10 seconhdStimulation with 1 molar KCL or distilled wateidd
not lead to any clear recording. A closer examamatf the recordings done with the two caterpillar
haemolymphs revealed that the stimulation with fagmph of P. brassicaedid not only cause

more spikes to occur within 10 seconds, it alsosedua different recording pattern than the
12



stimulation with haemolymph of. rapae In both cases action potentials occurred in seoie
distinct clusters (Fig. 9 c,d). However the pattefrthese spike clusters differs slightly between
both treatments. When stimulated with haemolympR. difrassicaghe clusters most often consists
of a small spike of about 100 uV, followed by agkar spike of 200 to 250 puV. However, in those
clusters, which were recorded after stimulatiohidemolymph oP. rapae the smaller spike was
missing and only a larger second spike occurredduhtion to these differences in the pattern of
these spike clusters, the cluster also appearddandifferent frequency. The clusters found after
stimulating with haemolymph oP. brassicaeshowed a frequency of 6 clusters per 0.1 second,
whereas for the cluster occurring after stimulativith haemolymph of. rapaea frequency of 10
clusters per 0.1 sec was found. However, sinceuditon with P. brassicaeshowed more action
potentials within a cluster, this still led to thegher overall action potential frequency mentioned
above. These variations in pattern and frequengpiife clusters, may also give indications for a

difference in the number of activated neurons, dde discussed in the next section.
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2.4 Discussion

Recordings from the OTS suffer from two major ddiities: the oxidation of the host haemolymph
and the small size of the OTS. Oxidation mightrsgig alter the chemical composition of the host
haemolymph and might therefore also change theonsepof the receptor cells. Furthermore,
oxidation leads to an aggregation of proteins, Whaften cause a blockage of the capillary
containing the recording electrode. To overcomsdh@oblems a coating of PTU was tested here.
This coating prevented the aggregation of protams$ considerably improved the handling of the
haemolymph as well as the overall quality of theordings. PTU is commonly used in
physiological studies and is therefore thought toointerfere with the recordings (Cheragti al.
1996). In contrast to this, it was only partly pbksto overcome the limitations due to the small
size of the OTS with the current experimental getAs a first step, a higher maginfication in the
microscope might help to improve the handling ad gireparation. However, even with a higher
magnification the exact positioning of the OTS ntigtill cause some difficulties due to the curved
shape of the ovipositor. Additionally the high ¢ density and the dark colour of the ovipositor
surface hamper the visualization of the OTS evetién and it can be assumed that the localization
of the OTS will remain a major constraint for thesadies. Nevertheless, a rather reliable recording
position was found at the assumed location of Hsdonic sensilla at the tip of the ovipositor (Fig
6). This finding is largely in line with resultsrfa other parasitoids, which indicates that these
sensilla might play a role in the perception of tlest haemolymph (van Lenterenal. 2007).

At the receptor level, a reward can principallyrbeeived by two different mechanisms: a)
different receptor cells are activated by differenes at the same time or b) the same receptor
neurons are activated at a different frequency ¢8chovenet al. 2005). The preliminary findings
presented in this report, would indicate that ithis first mode of action, which plays a role irsho
discrimination and reward perception for glomerataThis assumption is based on the differences
in spike patterns found in the electrophysiologicadordings, which indicate the activation of
different receptor cells bly. brassicaeandP. rapae Under this assumption, the observed difference
in spike numbers would then not be due to the sameons firing at a different rate, but rather due
to different neurons with a different firing raténfortunately, nothing is known about the receptor
cell within the OTS ofC. glomerataand results from other parasitic wasp species lea/éo very
different conclusions with regards to the abilitefsthe OTS to discriminate hosts with different
reward qualities (Rajendram and Hagen, 1976; Gaughial, 2004)

In some cases, such as the generalist egg padakitchogrammait has been reported that
the wasps discriminated only between distilled watel a saline solution, (Rajendram and Hagen,
1976) whereas in other cases very specific resgaseards single molecules have been reported
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for specialist parasitoids (Gauthietr al, 2004). Due to this it seems reasonable to expaahilar
role of the receptor cells in the OTS for host sesation in parasitoids, as was found for taste
receptor cells in herbivorous insects (Schoonhatesl 2005). For these insects it has been shown
that specialist feeders normally also possess yigpécialist taste cells, which respond towards
compounds characteristic for their host plants ¢®ahoven and Dethier, 1966). Such a theory
would also support the hypothesis of specialisepéar cells inC. glomerata Even thoughC.
glomeratais not a true specialist oA brassicaeit still displays a high preference for this host
under natural conditions (Geervliet, 1997). Howeesen if host- specific receptors are assumed in
C. glomeratait would still remain to be investigated by whichechanism these cells would
influence the formation of LTM. A particular set méurons in the suboesophageal ganglion (SOG)
was shown in multiple insect species to transnfidrmation about sucrose perception directly on to
the mushroom bodies and other brain parts involwedemory formation (Schréteat al 2007). It
has been assumed that these specific inter-nearensnly activated by a sub-set of receptor cells,
whereas the larger part of taste information isally processed in the SOG (Mosshall and Stocker,
2007). However, further investigation will be neéde test this hypothesis and to show which taste
information are indeed transmitted on to higheirbparts.

As an overall conclusion, it can be stated, thanethough electrophysiological studies on
OTS will face certain technical constraints, sushtlee difficult localization of the sensilla, they
might still reveal fruitful results concerning tleeolution of host specialization in parasitoids as

well as on the importance of reward perceptionrdumemory formation.
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3. Creating a Nasonia standard brain

Abstract

The shape and volume of a certain brain area cem dfe directly related to its functions and
properties. In this chapter, three-dimensional (3Byonstructions of five individual female
Nasonia vitripennidrains were created in order to provide a firstwon the brain morphology of
this wasp. Eight paired and six unpaired neurop#se consistently labelled and their average
surface area and volume was measured. Additionatlg, brain was selected as a template brain
representing the average neuropil shape. A congraos the relative neuropil volumes with three
other virtual insect brain reconstructions revealelhtively large antennal lobes and relatively
small optic lobes iMNasonia Moreover, a comparison of neuropil shapes betWsoniaand the
honeybee, showed considerably less elaboratedesaiypdNasonia Finally a correlation between
olfactory and optic neuropil volume and calyx shapas argued in relation to current findings

concurring calyx evolution.

3.1 Introduction

The idea, to relate cognitive processes to biokdg&tructures in the brain is at the core of
physiological psychology (Carlson, 2010). The fistudies on invertebrate neuroscience were
already driven by this assumption and when FelixaRlin discovered the honeybee mushroom
bodies (MB) in 1850. He soon hypothesised that thisst be the 'organ of intelligence’. At the
present stage Dujardin's hypothesis still holds &md research has gone even further in pinpointing

cognitive functions on to morphological structumreshe insect brain (Menzel, 2001).

3.1.1 'The organ of intelligence’

Since the first description by Dujardin the mushnobodies are among the best studied neuropil
clusters in the insect brain. They are commonlydeid@ into three main compartments, the calyces,
pedunculi and lobes (Strausfeld, 2002) (Fig. 4)wkleer a further division in to sub-compartments
reveals major difference between insect ordersthin fruit fly for example no further sub-
compartments of the calyces are found (Ann-Séyml 2011) whereas the lobes can be further
divided into five distinct structures: the anda’- lobes, thes- andf'-lobes and the-lobes. In
contrast to this, the calyces of the honeybae bedivided into six different sub-compartments,
three in the lateral calyx (basal ring, collar &ipdl and three in the medial calyx (basal ring,|&ol
and lip) (Mobbs, 1982). The lobes of the bee, h@uewan only be divided into two to three sub-
compartments, the medial lobe (®rlobe), the ventral lobe (at- lobe) and a-lobe, which is so
strongly fused to the ventral lobe, that it is ofteot considered independently (Strausfeld, 2002;

Brandtet al. 2005).
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3.1.2 Division of labour within the mushroom bodaesl the antennal lobes

Interestingly, different forms of memory formati@amd cognition were shown to occupy different
compartments within the MB (Giurfa, 2003). The Isbsere found to receive input from all
sensory systems and show a strong learning repdésticity (Griinewald, 1999) and Drosophila

it has even become possible to assign differentongstages to the different sub-compartments of
the lobes (Krastet al. 2007). In contrast to the lobes, the different-sampartments of the
honeybee calyx receive sensory system-specifidiitipe lip and the basal ring for example receive
mainly olfactory information whereas the collar epps to be specific to visual input (Mobbs,
1982). These properties make the calyces a likehdiclate for providing the neural substrate of
sensory integration and more sophisticated fornmiearhing (Giurfa, 2003).

The MB are not the only brain structure involved nremory formation. For olfactory
conditioning the antennal lobes (AL) were shown play a major role and studies using
pharmacological manipulation of the MB even suggfest the AL alone might be sufficient for this
form of learning (Maluret al. 2002). From these studies a spatial separatiohtrbg suggested, in
which the AL would be responsible for olfactory neag and the calyces would provide more
complex forms of cognition whereas the lobes magijliit play a role in both processes (Devaatd
al. 2007). Although this hypothesis may be appeakxgperimental prove is currently still lacking
behind. Inter- species comparisons, may bring nesights into these questions, by allowing
broader correlations between brain structures atd\oural patterns of different insect species
(Chittka and Niven, 2009).

3.1.3 Virtual insect brains
To conduct profound inter- and intra-species comspas standardized reconstructions, which
average the volumes and shapes of brain neuropileequired (Reiet al. 2002). In the last decade
several virtual standard brains have been develégeohsects from different genera (Resh al
2002; Brandet al 2005; Kurylaset al. 2008, el Jundet al. 2009 and Ann-Shyet al. 2011). These
brains provide a common framework to compare nelsrap brains of different species and it
might be expected that these brain models will pi®even more detailed insights into the role of
the MB and AL in different forms of learning. Howazy species for which virtual brain models are
available all belong to different insect genera eochparative studies have often been hampered by
morphological differences unrelated to cognitivediions (el Jundet al, 2009)

In this study the basis for creating Bn vitripennisstandard brain will be provided. This
will not only allow a comparison of insect specedédifferent orders, but will also allow a detailed

comparison of brain structures between two hymemappecied\. vitripenns andApis mellifera.
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3.2 Material and Methods

3.2.1 Rearing of N. vitripennis wasps

Nasonia wasps of the strain AsymC used in the @xeets described below originated from two
different populations, kindly provided by the Unisiy of Amsterdam and the University of
Groningen and were subsequently reared at the hsdygrof Entomology, Wageningen (all three in
The Netherlands). Wasps were maintained on callighity pupae obtained from a commercial
rearing. For ovipositing two day old female (20panale (4) wasps were put together with 10 fly
cocoons for three days. After this period the ada$sps were removed and the parasitized cocoons
were kept in an incubator for 14 days at 25°C vaithelative humidity of 50-70% and a photo-
period of L16:D8. After hatching, wasps were transéd to a new vial with a thin layer of agar to

provide sufficient liquid. Honey was provided t@ tivaspsad libitum

3.2.2 Neuropil labelling
To visualize neuropils in in the brain Nf vitripennisa labelling protocol adapted from Bramdtal

(2005) was applied. The individual steps are oetlibelow.

3.2.2.1 Fixation and dissection of wasp brains

Females were individually caught in glass vials aaedated on ice for 2 minutes. Subsequently, the
wasps were decapitated and heads were immersetifodmaldehyde diluted in 50 % methanol in
order to fixate the brain tissue. The mouthpartduising mandibles were removed for better
penetration of the formaldehyde into the brain. ikads were pre-fixated in this way for about 20
minutes, transferred into PBS and the head capsate completely removed. The brains were
again transferred into formaldehyde for 4 hoursoam temperature and then stored overnight in

PBS at 4°C. All pre-fixation and dissection stepgevperformed on a cold plate at 3°C.

3.2.2.2 Antibody labelling

The fixated brains were rinsed in PBS for 10 misu@® clear the brain tissue and to increase the
permeability for the following labelling proceduttee brains were dehydrated to 100% ethanol by
incubating the brains in 70%, 90%, 98% and 100%reshfor 10 minutes each. Thereafter the
brains were immersed in xylene for 2.5 minutes sutasequently rehydrated to PBS using the same
dilution steps in reversed order. To increase ladgespecificity and to reduce background staining,
the brains were washed for 10 minutes in PBS pl&s?® Triton X-100 (PBS-T) and transferred
into eppendorf-tubes. The brains were blocked i¥dl@ormal goat serum diluted in PBS-T (NGS-
PBS-T) for 1 hour to prevent false- positive birgliof the antibody. After this the primary
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monoclonal mouse anti- Bruchpilot antibody (hc82svapplied. The antibodies had been produced
at the Leiden University Medical centre and wasegeusly provided by Ms. Potikanond. The
antibody was used in a concentration of 1:500 elduh 10% NGS-PBS-T with an incubation time
of 24 hours at 4°C. Surplus antibodies were wagtida, rinsing the brains for 15, 30, 45 and 60
minutes in PBS-T. After this wash a secondary radhii- mouse antibody was applied in a dilution
of 1:200 in 10% NGS-PBS-T (DAKO # 097(102), Glogtribenmark). Brains were incubated for
20 hours at 4°C and subsequently again rinsed B-PBor 15, 30, 45 and 60 minutes followed by
the application of a third antibody. This final gati-rabbit antibody had been linked to Alexa
Fluor 488 (Invitrogen # 52959A, Eugene, USA) and waed in a concentration of 1:200 diluted in
10% NGS-PBS-T. In addition to this antibody propidiiodide was added in a concentration of 2%
to visualise cell nuclei. The incubation time fbetantibody and the propidium iodide was set to 4
hours at room temperature. Brains were then washedveral changes of PBS for 15, 30, 45 and
60 minutes. Thereafter the samples were storechigidrin PBS at 4°C. The brains were again
dehydrated to 100% ethanol (70%, 90%, 98% and l1l@@8anol for 10 minutes each) and
immersed in xylene for 2.5 minutes. Finally, theaibs were mounted in Depex (Fluka) on
microscope slides and analysed by using confosarlacanning microscopy as described in the

next section.

3.2.3 Confocal laser scanning microscopy

All pictures were taken using a Zeiss LSM 510 coafdaser scanning microscope equipped with
an argon laser (Wavelength: 458 nm, 488 nm andhfidand two helium- neon lasers (543 nm and
633nm). For the excitation of the Alexa Fluor 48l ahe propidium iodide the 488 nm line of the
argon laser was used in combination with a long mamission filter at 505 nm. All pictures were
taken using a 25 x oil- immersion objective (N.A8)0 The scanning resolution was set to eight bit
and 1024 x 1024 pixel, to increase the sharpnesegbictures every slide was scanned four times
and an average picture was taken. Most brains dmiktanned entirely with a voxel size of 0.45 x
0.45 x 1.01 um. However, some samples had to beiedain an anterior and posterior direction in
order to capture the brain depth more accuratdlgsé, stacks from these brains had subsequently
been combined using the "Merge" module in of thagmg software Amira 5.3.3 (Visage Imaging
GmbH Berlin, Germany). Thereafter all images were dowadto a voxel size of 1 x 1 x 1.01 ym
using the "Resample” module of Amira 5.3.3. Throtigk a total of 20 complete brain images of
female N. vitripenniswasps were obtained, providing solid bases forrberopil labelling and

reconstruction described in the next section.
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3.2.4 Image segmentation, reconstruction and stahdeain choice

At the current state, five female brains have biedlg labelled and analysed. One brain, however
was considered to be an outlier and was excludech fhe analyses, as its total volume was
substantially larger then the other brains analysaat of the four remaining brains, one brain

which showed the smallest differentials to the ager neuropil volumes and shapes was then
selected as a preliminary standard brain.

3.2.4.1 Labelling and segmentation

Since neuropils can not be identified by usingrtiggey values only, the labelling of these brain
regions has to be performed semi- automaticallygdsygning every voxel to a so called 'label field'
which represents a certain anatomical structur¢hilistudy the segmentation editor of the Amira
5.3.3 was used creating label fields for eightgemhi@nd six unpaired brain structures. Subsequently,
these label fields representing the different npilsowere used for the polygonal surface
reconstruction as well as for the morphologicallgsia. These neuropils were named according to
Reinet al (2002) and Ann-Shyet al (2011). Since no colour code currently exists, tieuropile

colours were chosen at random, but consistently aVeamples.

3.2.4.2 Standard brain selection.

Due to software problems no shape averaging algorivas applied on to the labelled brains.
However, one brain was selected as a representativelate by calculating the squared difference
between the absolute volume of certain neuropibme brain and the average volume of that
neuropil. Subsequently, the sum of the squareeéreéifices of all neuropils was formed. The brain

with the smallest squared sum of differences was thken as the preliminary standard brain.
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3.3 Results
In this study, most of the major neuropils werenittfeed and a first overview over their volume,
surface area and shape is given (Tab. 1). Addilinthe data generated were compared with

results obtained from other insect species in ainstudies.

3.3.1 Identification of neuropils and outer celyé&a

Over all five brains analysed, eight paired andwsipaired structures were consistently labelled:
The apprehensions for these neuropils were givearding to Ann-Shyn (2011) with capital letters
for the left side and small letters for the rigbBut of the optic lobes the medullae (MED and med)
and the lobulae (LOB and lob) (Tab. 1; Fig. 10;.Rig; Fig. 13; Fig. 17; Fig. 12) were selected. In
consistence with Brandit al. (2005) the laminae were left out since their ghajas often altered
by the dissection. For the antennal lobes (Al aihd the glomeruli as well as their inter-spaces
were selected (Tab. 1; Fig. 10; Fig. 17; Fig. 12the central brain the mushroom bodies were the
most prominent structures. In this study, the musihr bodies (MB) were sub- divided into three
compartments: 1. calyces (CAL and cal), 2. the pedliincludingf-lobes (PE and pe) and 3. the
a- lobes ¢- LOB anda- lob) (Tab. 1; Fig. 10; Fig. 14; Fig. 13; Fig. 1Zhe position of thes- lobes
are indicated in Fig. 10 and Fig. 13. However, tiveye not labelled separately from the pedunculi
to decrease complexity (el Junet al, 2009). Behind th¢s- lobes of the MB the central body
complex was found. Within this structure, the et body (EB) (Tab. 1; Fig. 14), the fan-shaped
body (FB) (Tab. 1; Fig. 10; Fig. 14; Fig. 13) ahe noduli (NOD and nod) (Tab. 1; Fig. 14) were
identified. Again, posterior to the central bodyrgaex the protocerebral bridge (PCB) (Tab. 1; Fig.
14; Fig. 13) was brightly visible in most prepaoas. The lateral horns (LH and Ih) (Tab. 1; Fig.
10; Fig. 13; Fig. 12) was found and labelled atl¢tteral side of the central brain. The identificat

of this neuropil was firstly based on the antibddpelling described in this chapter, but was
confirmed by the octopamine labelling describethm following chapter. These 14 neuropils make
about 55% of the total neuropil volume N vitripennisall other neuropils were assigned to two
structures: the protocerebrum (PC) (Tab. 1; Fig; E®. 14; Fig. 13; Fig. 12) and the
suboesophageal ganglion (SOG)(Tab. 1 Fig. 14; Bg.Fig. 17). A borderline between these two
structures is difficult to define, since the traiosi between these two major brain divisions ibeat
blurred. However, in this study a reliable board®ss was found by visual analysis to separate these
two areas. All together the neuropils, made up G#%he total brain volume. The other 38 %
consisted of the outer cell layer. This cell lagervered the brain almost entirely, leaving only a

small opening at the posterior side were the vengeve cord emerges from the posterior SOG.
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Tab. 1: Overview over all labelled neuropils, theprehensions, surface area

and volumes. Data represents means over four fashodtle brains.

Neuropils of the left brain hemisphere are hightighin grey.

23

s AR Mean surface area SD surface area Mean volome SDvolume Re SD Rel volome — Rel newropils  SD rel volume

(um?) (pm?) (um’) (pm*) (*a) (%0) (%a) (®o)
Aniennal lobe lefi AL 2. 19E+004 3.31E+003 271E+005 1.60E+004 5.89 3.78 6.12 0.39
Antennal lobe right al 2 91E+004 3.57E+003 2ITEA005 223E+H004 806 387 6.26 0.58
Calyx left CAL 2 18E+004 1.87E+H}3 148E+H}05  1.57E004 10.6 2.05 3.33 0.16
Calyx right cal 2 03E+004 1 A3E+003 145E+005  2.12E+004 14.62 20 327 0.3
Ellipsoid body EB 8.36E+003 1.32E+002 212E+004  3.05E+003 14.37 0.3 0.48 0.05
Fan-shaped body FB 9. 74E+003 5.98E+002 4 70E+004 2.50E+003 532 0.65 1.06 0.03
Lateral horn left s THEH03 8. 61E+H102 4 91E+004  §.06E+003 16.41 0.68 11 0.06
Lateral horn right h 7.55E+003 4 34E+002 S10EHI04  4.39E+003 9 59 0.71 1.15 0.09
Lobula left LOB 1 85E+H04 1 48E+003 1 91E+H  1.76E+004 919 2.64 43 0.07
Lobula right lob 1. 82E+004 1.20E+003 1.90E+005  1.09E+004 5.74 2.63 427 0.05
Medulla left MED 3 42E+H04 2 14E+003 4 M4E+005 2 43E+004 6.14 5.61 91 0.16
Medulla right med 3.36E-004 1.62E+003 3.89E005 3.70E-004 9.33 538 874 0.16
Nodulus left NOD 6 83E+002 2 03E+002 1 S1E+003  5.01E+002 3307 0.02 0.03 0.01
Nodulus right nod 1.39E-002 2.54E+002 1.68E+003  6.73E+002 40.08 0.02 0.04 0.01
Outer cell layer CL 6 43E+005 4 42E-+H104 2 78E+006 3. 75E+H105 135 38 35 25
Pedunculus and f-lobe left ?E 1. 57E-004 1.24E+003 8.23E-004  1.053E-004 1277 1.14 1.85 0.11
Pedunculus and fFlobe right e 1. 58E+104 3.58E+002 8 53E+004 5.19E+003 6.08 119 192 0.14
Protocerebral bridge PRB 2.89E+003 6.73E+002 3.84E+003  1.64E+003 28.03 0.08 0.13 0.03
Protocerebrum PC 1 32E+H305 9. 13E+003 1 2E+H6  1.29E+005 1057 169 274 15
Suboesophageal ganglion S0G 8 44E-004 3. 46E+003 T99E005  2.06E+004 257 11.11 13 0.74
a-lobe left a- LOB 6.78E+003 1 04E+003 3.14E+004 3.98E+003 12 .67 0.43 0.71 0.04
a-lobe right - lob 6.94E-003 3.94E-002 3.26E-004  1.38E+003 485 0.45 0.73 0.03

Total brain TB 6 43E+005 4 42E+004 T22E+H006 5.35E+H005 742 100 61.65 ]
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Fig. 10: Frontal view on the 3D reconstruction efiropils in the brain dN. vitripennis.
Full names for all neuropils can be found in Table

Fig. 11: Caudal view on the 3D reconstruction efiropils in the brain dN. vitripennis.
Full names for all neuropils can be found in Table




Fig. 12: Top view on the 3D reconstruction of nguiloin the brain oN. vitripennis.
Full names for all neuropils can be found in Table

Fig. 13: Bottom view on the 3D reconstruction ofirapils in the brain oN. vitripennis.
Full names for all neuropils can be found in Table




Fig. 14: Side view on the 3D reconstruction of g@ils in the brain of N. vitripennis.
Full names for all neuropils can be found in Table
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3.3.2 Relative neuropil volume and interspeciespammson
To evaluate the relative neuropil volumes\bivitripennisan inter-species comparison of relative
neuropil cluster volumes was conducted. This comapa included data from adult femalesAglis
mellifera (Brandtet al 2005),Drosophila melanogstefReinet al 2002),Manduca sextdel Jundi
et al 2009) and the data from this reportMnvitripennis(Fig. 15).
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Fig. 15: Comparison of neuropil cluster volume tigkato total neuropil volume over four insect sigsc Graph
includes only data from adult females. Error bard\. vitripennisindicate the standard deviation.
Drosophila melanogasteRein et al. (2002MManduca sextael Jundi et al. (2009Nasonia vitripennisthis report,
Apis mellifera:Brandt et al. (2005).

Comparing the relative neuropil volumes within thevitripennisbrain, the medullae were
found as the most prominent structures, taking ad8u% of the relative neuropil volume and
together with the lobulae the optic lobes form at61% of the relative neuropil volume the largest
neuropil cluster (Tab. 1). However, in the crossesps comparison the optic lobeshofvitripennis
were found to be rather small, being almost of h# size of those optic lobes found n
melanogaste(Fig. 15). In sharp contrast to these resultstierdptic brain areas the olfactory input
regions, namely the AL, were with 12% of the relatvolume found to be almost two times as
large as those of the other insect species (Fig. 15
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Even more pronounced than these results were ftiferesices between the two hymenoptera
species A. melliferaand N. vitripennig and the two other species in terms of MB sizeisTh
neuropil cluster consisting of peduncut, andg-lobes, accounts for about 16% of the relative
neuropil volume inN. vitripennisand for about 22% of the relative brain volumeha honeybee.
These values are about four and five as times bithga inD. melanogasteand almost five and
seven times bigger as M. sexta(Fig. 15). Interestingly, the differences obsenmween the
honeybee andll. vitripennisare mainly due to a much higher calyx volume mbkee (Fig. 16). The
relative volume of these MB compartments in thedytyee was found to be of about twice the size
than the calyces found iN. vitripennis,whereas the other compartments were only about 30%
smaller inNasoniathan in the bee (Fig. 16).
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Fig. 16: Comparison of relative volumes of differ&B- compartments betweeh vitripennisandA. mellifera.
Error bars foN. vitripennisindicate standard deviation
(A. melliferadata from Brandét al. 2005)

Consistent with these differences in volume, alslifferences in the general shape and the
elaboration of the calyces was observed (Fig. EXen though, invaginations and a double
structure of the lobes was clearly visibleNasonia no compartmentalisation in to lip, collar and
basal ring such as in the honeybee could be det¢€ig. 17).
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Dorsal rings

Fig. 17: Calyces of the honeybee (upper picturgyemthfrom Branckt al. 2005) and
N. vitripennis(lower picture). Even though, two lobes are redsmjnie in théNasoniacalyces no lip, collar or dorsal
ring can be distinguished.

The central body complex (CBC) is formed by thésbid body (EB), the fan-shaped body (FB)
and the noduli (NOD and nod) and although it tately a rather small proportion of the relative
brain volume inN. vitripennis (1.7%), the differences with other insects speegwese strongly

pronounced (Fig. 15). The volume of this clustesfand to be more than twice as big as inAhe
melliferaand almost four times as big asdvin sexta Only the volume of the fruit fly CBC was with
2.1% found to be even bigger than the one found\fasitripennis
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3.4 Discussion

Determining the neural substrates of perception eoghition has been a key task in insect
neurobiology, since the beginnings of this disapli(Dujardin, 1850). Over the last decade
computer based 3D reconstructions and standamiianf insect brains have brought a major
progress in undertaking this task (Reitnal 2002, Kurylaset al 2008). In this chapter, a template
brain of N. vitripenniswas developed, which will provide the basis fortHer standardisation of
this wasp brain. In this section, the methodoldgaggroach and its results will be discussed in

comparison to other virtual insect brains.

3.4.1 Brain segmentation

To ensure a high consistency in the definition etinopil labels and to minimise computational
constrains, the image segmentation required compeonbetween gained information and
increasing complexity (Brandit al. 2005). In this study the main interest focusedhmse regions
known to be involved in olfactory memory formatioramely the AL, the LH and the MB (Menzel
and Giurfa 2001). For this reason special attentias paid to the labelling of these structures.(Fig
10; Fig. 14; Fig. 13; Fig. 17; Fig. 12):

In the AL, only the glomeruli and their inter-spaceere labelled, whereas the antennal
mechano- sensory regions (AMSR) were assignedet&MG. This differs from the AL definition
used by Reiret al (2002), in which the AMSR were included in the AHowever, since the
glomeruli seem to be of far higher importance fa tormation of olfactory memory (Sandetzal
2003) and most other virtual insect brains didinolude the AMSR (Braneét al, 2005; el Jundet
al., 2009) the definition of the AL taken in this repeeems still valid. The quality of the images
obtained in this study might further allow a secataldy on the individual glomeruli, which will
provide even deeper insights into the role of Abbifactory learning (Smiét al 2003).

The LH is strongly fused with the other compartrsenitthe protocerebrum, which made it
rather difficult to label this neuropil reliablyoFthis reason Brandt al. (2005) and el Jundit al.
(2009) suggested to include the LH into a label masing the PC and the SOG. In contrast to this
Rein et al. (2002) and Kurylagt al (2008) did discriminate the LH from the PC. Ire thtudy
presented here, additional information on the shafpthe LH was gained from the labelling of
dopaminergic and octopaminergic neurons which lputlervate the LH (see chapter 4). With this
extra knowledge and because of the importanceeofbh for memory formation it was decided to
follow the approach of Reiet al. (2002) and Kurylagt al. (2008) and to discriminate the LH from
the PC (Fig. 10; Fig. 17; Fig. 12).
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For most of the more complex learning tasks suchass elementary learning or spatial learning
the MB have been found to play a key role (Devaudl. 2007, Farris and Schulmeister, 2011). The
MB consist out of three major compartments: the/aad, the pedunculi and the lobes (Mobbs,
1982). However, the further subdivision of thesenpartments varies largely between species. In
honeybees for example, the calyces can be dividéal $ix sub-compartments (Brarettal 2005),
whereas no subdivision was found for the calycd3rosophila(Ann-Shynet al. 2011). In contrast

to this, five different lobes have been shown ia fituit fly (Davis, 2005). However, so far most of
the available virtual insect brains did not subdivithe MBs or did only discriminate between
calyces and pedunculi plus lobes, only for the lgbee a finer sub- division of the calyces was
made (Brandet al. 2005). For the\. vitripennisbrain a subdivision into calyces, pedunculi gius
lobes andx- lobes was made (Fig. 10; Fig. 14; Fig. 13). Themmpartments were chosen because
of there distinct shape. However, it may still lsmsidered to further subdivide the calyces and the
pedunculi plug-lobes, depending on the final purpose of the stathtrain.

In order to simplify the segmentation process, l\@s#l defined neuropils are commonly
combined in larger subdivisions of the brain. Irstbtudy, these undefined neuropils were either
assigned to the PC or the SOG (Fig. 10; Fig. 14, EB; Fig. 17; Fig. 12). Other studies did not
make such a separation, but assigned all undefiratbpils to a larger PC-SOG complex (Brandt
et al. 2005; el Jundet al. 2009). However, for thal. vitripennisbrain a reliable boarder line was
found, which might not necessarily represent treceanatomical boundary between PC and SOG,
but represents a good compromise between anatomicetctness and sufficient detectability.
Furthermore, this subdivision of PC and SOG greattyeased the handling of the template brain
and provided meaningful information for the positigy of individual neurons (see chapter 4).

3.4.2 Across-species comparison of neuropil volumes

Specific differences in certain neuropils were nfteund to be related with specific differences in
the behaviour of an insect (Gronenberg and Holkelphl999, Snell- Roo@t al. 2009). In this
study, the template dfl. vitripenniswas compared to three other insect species, fachwhirtual
brains were created using a similar methodology.(Eb). Most striking in this comparison were
the large differences betweéh vitripennisand the other species in the optic and antenialslo
For these brain compartments it was found thatofttee lobes were almost half the size of those
found in other insects, whereas the AL were alntegte as big as in these species (Fig. 15). A
main reason for this might be the fact that thedhother insect species are mainly flying species,
whereas folN. vitripenniswalking also plays an important role (Peters, 2086guments for this
come from studies on different ant species, whesas found that the walking workers had always
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relatively smaller eyes and larger AL than therfyimales (Gronenberg and Hdlldobler, 1999).
FurthermoreN. vitripennishas been shown to commonly encounter its hostiseimests of cave
breeding birds (Peters, 2006) and it might be assuthat in such an environment olfactory
orientation might be more adaptive than visual imfation. In addition to thidN. vitripennisalso
shows a rather high nocturnal activity (Peters,62@thich might again favour olfactory over visual
perception, just as it was also found for moth batierflies (Rospars, 1983).

Another brain region which shows rather large dédfeces between the species was the
CBC, a neuropil cluster consisting of the FB, ti& &nd the noduli (Fig. 15). For this neuropil
complex the volumes found M. vitripennisandD. melanogastewere about three to four times as
large as those found iN. sextaand A. mellifera. Unfortunately the role of the central body
complex in the insect remains largely unknown (Hergb 2008). It has, however been suggested
that the CBC might play a role for the integratminsensory input and motor output as well as in
the object recognition and spatial orientation (Heng, 2008). Interspecies comparisons such as
these might give new insights into the functionthed CBC and might help to further unravel its role
in the insect brain (el Jundit al 2009).

Bees and parasitoids are both known for their tgbib perform complex learning tasks
(Giurfa, 2003; Hoedjest al 2011). Learning and other higher cognitive preesshave often been
shown to be correlated with large MB volumes (®&aitind Niven, 2009). It is therefore not
surprising that the comparison made here revealBdvdblumes inN. vitripennisandA. mellifera
which are four to seven times larger than in theeospecies (Fig. 15). In comparison to this, the
difference betweer\. melliferaand N. vitripenniswas rather small (with higher values for the
honeybee). It is noteworthy that these higher vasinm the bee are mainly due to higher relative
volumes of the MB- calycef-ig. 16). The calyces of social Hymenoptera standof all other
insect species especially by their elaborated shapegreatly increased relative volume (Magés
al. 2005) and it has often been assumed that thessases in elaboration and volume might be due
to social behaviour (Gronenberg and Riveros, 2Q0Blowever, a recent study also found that
within the Hymenoptera large and elaborated calyresnot restricted to the social families of
Formicidae and Apidae but occur in all familiestloé' non-plant’ feeding wasps (Euhymenoptera)
(Farris and Schulmeister, 2011). Neverthelessetadgferences can still be recognised even within
the Euhymenoptera. In this study the brairNoivitripennis,a wasp belonging the super-family of
the Chalcidoidae, in which the most simple calywese found was comparedAo melliferawhich

possesses one of the most sophisticated calycass(&ad Schulmeister, 2011).

32



As expectedNasoniawas found to possess a much less elaborated stalycture than the bee. Still

a doubling of the lobes and invaginations werebléswhich indicate a stronger elaboration of the
Nasoniacalyx than Farris and Schulmeister (2011) foundtirer Chalcidoidae. In contrast to this a
relatively smaller ratio between calyx volume aretignculi plus lobe volume was found in the
study presented here than in the study by Farmis Schulmeister (2011) indicating a relatively
higher calycs volume both iNasoniaand in bees. More importantly, the results presinn
chapter 3. also point at a relatively larger défere in calyx volume betwedtasoniaand the bee
than found by Farris and Schulmeister (2011). Tifferdnces between this study and the study of
Farris and Schulmeister (2011) are most likely thuéhe different Chalcidoidae species used and
due to more precise computer reconstructions umeithé results presented in this report.

In summary, it can be stated, that our results etgpe finding of Farris and Schulmeister
(2011) that elaborate calyces can also be foursldribf the social Hymenoptera families, but that
the analyses of Farris and Schulmeister (2011) niigte underestimated the differences in relative
volumes by not considering the there relative propo on the entire neuropil volume. These
results are particularly interesting since calyees lobes have been shown to exhibit different
functions during memory formation and other cogeitprocesses (Giurfa, 2003, Chittka and Niven
2009). Here it has been shown that the lobes shamihg related plasticity towards a broad range
of sensory stimuli whereas the different calyceseiree sensory system specific input allowing
them to integrate optical and olfactory input (@ir2003). Given the strong bias in tie
vitripennis brain towards olfactory input, it may assumed thé shift is also responsible for the
differences in relative calyx volume.

Through this chapter the basis for the developnoérat N. vitripennisstandard brain was
provided. The results, which were obtained by aergpecies comparison of relative neuropil
volumes point at the large potential of neuroptlamstructions for detecting the neural substrates o
different cognitive processes and different typesiemory formation. Additionally, the data shown
in this chapter might provide further insight iritee evolution of higher order brain structures such

as the mushroom body calyces.
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4. Tracing dopaminergic and octopaminergic neuroimsthe brain of Nasonia

Abstract

Reward-sensitive, octopaminergic, and punishmemsisee, dopaminergic, neuronal circuits play
crucial roles for the formation of memory in theseat brain. In insects, these circuits are often
represented by one or a few neurons, which offeteresting opportunities to study their basic
function as well as their influence on brain eviont Unfortunately, information on these two
neuron classes are currently limited to a few ihseadel species, which are only distantly related.
In this study it was aimed to visualise both octopeergic and dopaminergic neurons in the brain
of the parasitic wasNasonia vitripennisand to compare the results to information fromeoth
hymenopterans. Among the reward-sensitive neurnagpoominent projection was found emerging
from the suboesphagael ganglion and reaching t@wvtrd Kenyon cells in an ‘umbrella like'
pattern. For the punishment- sensitivity neurores rtfost pronounced innervations were found in
the pedunculi of the mushroom bodies. Both octopangic and dopaminergic neuron innervations
overlapped only in the lateral horn and in the @rdody complex. Especially the results found for
the reward-sensitive neurons differed strongly frirase found in the honeybee, whereas only
minor differences between the bee &taboniawere found with regards to the punishment- related
neurons. On the basis of these results, it was thgg®ed that, because octopaminergic and
dopaminergic neurons innervate different neurogi&y might also show different underlying
mechanisms. Additionally, it is proposed that treward-sensitive neurons iiNasonia are
functionally different from the once in the honeghand that these differences are reflected in the

learning patterns of both insects as well as irsttape and volume of the mushroom body calyces.

4.1 Introduction

Neuronal circuits in the mammalian brain often ¢singf several thousand neurons (Schultz, 1997).
In an insect brain the same cognitive process eaachieved by a single neuron (Hammer, 1993).
This feature of invertebrate brains provides uniguogportunities to study the mechanism and
evolution of neuronal pathways on a high resolutwhile still considering the entire brain
environment. (Chittka and Niven, 2009). A clear rapée for such a research was given by the
milestone study of Hammer (1993) showing a singleron in the bee brain re-sampling the entire

positive- reinforcement circuit of the mammaliaaibr(Chittka and Skorupski, 2011).

4.1.1 The single cell reward system:VUMmx1
In 1993 Martin Hammer showed a single neuron (VUMjnx the honeybee brain innervating the
antennal lobes (AL) the lateral horns (LH) and esgly the mushroom body (MB) calyces. This
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neuron was shown to respond to sucrose feedingevert more importantly to directly induce

memory formation when stimulated (Hammer, 1993)isTireuron excretes the neuromodualtor
octopamine, which was also found to induce memorgn&tion when directly injected into the bee
calyces (Hammer and Menzel 1998). Schréteal. (2007) extended the work of Hammer (1993)
by testing not only stimulation via sucrose, busoalvia various other cues, such as light or
mechanical stimulation. Through these experiméets,additional VUM neurons in the honeybee
were described, innervating the antennal lobe (A8a-lobes of the mushroom bodies (MB) and
the SOG itself. However, only one of these neusiraved a similar extensive arborisation pattern
of VUMmx1 (Schroéteret al 2007).

4.1.2 Octopaminergic neurons and their role in mgniormation

Among insects, bees display rather outstandingitegrabilities (Giurfa, 2007). Studies searching
for the neuronal background of this "mental powe® usually drawn to the MB calyces, which
appear especially elaborated in the honeybee amhe@r osocial hymenoptera (Farris and
Schulmeister, 2011). However, bees do not onlylaysp highly elaborated calyx structure, with
many sub-compartments, but also sophisticated vatiens of OA- neurons with in this neuropil.
Although, the arborisation patterns of OA- neurbase only been studied in a few species so far, it
can be expected that more elaborated calyces mawpcbempanied by more sophisticated
innervation patterns of the OA- neurons in thisitbratructure (Braunig and Burrows, 2004;
Sinakevitchet al, 2005). Insects with less elaborated calyces s@aglD. melanogasterand
Manduca sextalo not only display a less intensive innervatiérihas neuropil, but do also show
stronger OA- labelling in the MB- lobes ( Bushal. 2009, Dackst al. 2005). Interestingly, MB-
lobes and calyces have been associated with difféoems of memory formation (Giurfa, 2003).
These patterns point at a possible role of rewarnsitive neurons during the evolution of more
sophisticated calyces and learning abilities irfed#nt insect species. However, experimental
evidence for this hypothesis is still rare and moe¢ailed studies in more closely related insect
species will be required to further investigate tbke of OA- neurons in the evolution of learning

and the brain structures related to this cogniprazess.

4.1.3 Dopamine: octopamine's aversive twin

Just as octopamine was shown to facilitate appetigarning, dopamine was found to induce the
formation of aversive memory (Mercer and Menzel32)9 Similar to the octopaminergic neuron
VUMmx1, also individual dopamine neurons have bsleown to induce memory formation when
activated artificially (Claridge-Changgt al., 2009). Moreover, forDrosophila even different
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individual neurons for different forms of memoryrwation have been shown (Ast al. 2010). In

this elegant study Aset al.(2010) found a pair of neurons in the PPA- clustkich induced short-
term memory whereas another pair of neurons inPe- cluster facilitated the formation of a
more long lasting memory. In contrast to the OAuno@s, however dopaminergic neurons are more
widely distributed over the brains of flies andjpat often only towards a single neuropil (Mao and
Davis, 2009). An additional difference towards @&- neurons can be found in the innervation of
the MB. Here, DA- neurons have been shown in sé@pecies, such as honey bees, ants but also
fruit flies, to rather innervate the pedunculi ahd lobes of the MB than the calyces (Blemaual.
1999; Hoyeret al. 2005; Claridge-Changgt al., 2009). However, both dopaminergic as well as
octopaminergic neurons were shown to innervate apglsr such as the lateral horn (LH) or the
central body complex $inakevitchet al, 2005;Mao and Davis, 2009). These differences as well as
similarities raise interesting questions about iherplay between these two neuromodulators
(Giurfa, 2007). Unfortunately, research in diffaremodel organisms has so far focused on either
dopamine or octopamine, causing major difficulfi@sstudies on the interplay between these two
neuron circuits.

In the study presented here, it was aimed to ifyest both octopaminergic and
dopaminergic neurons in the brainMfvitripennisand to compare this results to finding from other
insect species. Through this, it can be expectedbtain new information about the cross talk
between these two important neuromodulators. Aalatily, it was hoped to gain new insight into
the role these neuronal circuits might have plagredng the evolution of learning and learning-

related brain structures, using a comparative agbro

36



4.2 Material and methods
4.2.1 Rearing of N. vitripennis wasps
All wasps used for the experiments described betomiginated from the same populations as

described under 3.2.1 and were reared under icdéicbaditions.

4.2.2 Neuron labelling
To investigate dopaminergic and octopaminergic oresiin the brain oN. vitripennisboth neuron
classes were labelled independently. A first attetopabel both neuron classes in the same brains

by a double labelling procedure will be described.

4.2.2.1Neuronstimulation

In some cases an ovipositioning experience wangivéhe wasps to enhance the concentration of
neuron-modulators in axon fibres and axon termirfads octopamine labelling, wasps received an
ovipositing experience at specific time intervaitero minutes, 30 minutes, 2 hours or 24 hours
before sedation or not all. Wasps for the labelloigdopamine were tested with an experience
immediately or 30 minutes before sedation or witremy experience. Wasps that were used for the
double labelling always received an ovipositingengnce 30 minutes before sedation. In all cases
the oviposition experience was given by collectindividual female wasps in glass vials and
providing them with one fly cocoon each. Wasps wefiein the vials for the time periods indicated
above. Females, which showed no ovipositing beh@wiathin the given time, were excluded from
the experiment. After the oviposition time the waspere sedated by cooling with ice for two
minutes, to simplify the decapitation and to prewendisation of the neuromodulators.

4.2.2.2 Tissue fixation and dissection

Due to fast oxidation the fixation of brain tissisea critical step for the neuron labelling and
different fixation protocols were tested in thiady. Fixation consisted of a pre-fixation step loefo
dissection and a post-fixation after dissectiore-fation was always done using glutaraldehyde-
picric- acetic acid (GPA). However, duration wasied between 10 minutes, 20 minutes and 2
hours. To allow the GPA to penetrate the brairugsshe mouth parts of the wasps including their
mandibles were removed. During, the final dissectoains were carefully taken out of the head
capsule. This was performed on a cold plate (3%Mgueither phosphate buffer saline (PBS) or
GPA as a dissection medium. Subsequently, the oragre again fixed for 2 hours in GPA and

afterwards stored overnight at 4 °C in 70% ethanol.
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4.2.2.3 Antibody labelling
To increase tissue permeability all brains wereydedited to 95% ethanol and immersed in heptane
for 20 seconds. Afterwards brains were re-hydrabed washed in PBS for 2 hours. In order to
reduce potentially oxidized octopamine or dopamibgins were incubated in 0.5% sodium
borohydrate for 20 minutes at room temperatures hep was followed by several washes in PBS
and incubated in collagenase (0.5 mg*rfor 1 hour to degrade the neurilemma. After tthis
brains were rinsed in PBS plus 0.5% Triton (PBSdl blocked for 1 hour in 10% normal goat
serum diluted in PBS-T (NGS-PBS-T). Subsequentlg, irains of the octopamine treatment were
incubated in rabbit anti-octopamine antibodies (Neb# 1003, Gottingen, Germany) diluted 1:500
in NGS-PBS-T. Brains for the dopamine labelling evencubated in mouse anti-dopamine
antibodies (Millipore # NMM1701215, Temecula, Caapdlso diluted 1:500 in NGS-PBS-T. The
samples for the double labelling received bothlbalies in the same dilutions. All three treatments
were incubated overnight at room temperature. Tif®unded antibodies were washed away by
rinsing the brains in PBS-T for 3 hours with seV@tsanges. Afterwards the brains were treated
with a secondary antibody. In case of the octopani@atment brains were incubated in goat anti-
rabbit linked to Alexa Fluor 488 (Invitrogen # 5299 Eugene, USA) diluted 1:200 in NGS-PBS-
T. Brains receiving the dopamine treatments wembated in rabbit anti-mouse antibodies
(DAKO # 097(102),Glostrup, Denmark) diluted 1:2060NGS-PBS-T. and received a subsequent
third antibody: goat- anti rabbit. diluted 1:500NiGS-PBS-T. For the double labelling brains were
incubated in goat-anti rabbit linked to Alexa Flut88 and goat anti-mouse linked to Alexa Fluor
633 (Invitrogen # 799233, Paisley, UK) both dilutéd200 in NGS-PBS-T. Furthermore 1%
propidium iodide (Molecular Probes # 35824A, Eugah8A) was added to all samples. Incubation
time was set to 4 hours at room temperature fotr@dltments. Finally, the brains were rinsed in
PBS-T for 2 hours an stored overnight at 4 °C irsPB

Subsequently, the samples of the octopamine anbleldabeling treatment were prepared
for microscopy by dehydrating 100% ethanol, clegrim xylene and mounting the brains
individually in Depex (Fluka) on microscope slid&rains from the dopamine treatment were
washed incubated in goat-anti rabbit linked to Al&tuor 488 diluted 1:200 in NGS-PBS-T for 4
hours at room temperature. Afterwards these sanyses again washed in PBS-T for 2 hours and

stored in PBS overnight. Finally, the dopamine dasywere dehydrated, cleared and mounted.
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4.2.3 Confocal laser scanning microscopy
All pictures were taken using a Zeiss LSM 510 coafdaser scanning microscope equipped with
an argon laser (Wavelength: 458nm, 488nm and 514ma)two helium- neon lasers (543nm and
633nm). For the excitation of the Alexa Flour 48®ich was used in all treatments the 488nm line
of the argon laser was used with a band pass @miier at 505- 530 nm. To make the propidium
iodide visible, the same laser was applied witbregtpass emission filter at 585nm. For the double
labelling the 488 argon laser was used in comlonatiith the 633 nm helium- neon laser in order
to excite the Alexa Flour 633. Overview picturestbé brains were taken using a 25 x oil-
immersion objective (N.A. 0.8). For closer inveatigns of certain brain regions an 40 x oil-
immersion objective (N.A. 1.3)was used. Scanningpligion for both overview and close-up
pictures was set to eight bit and 1024 x 1024 pMexel size of the images ranged between 0.14 x
0.14 x 1.01 pm and 0.51 x 0.51 x 1.01 um. For &rrdmnalysis the 3D imaging software Amira 5.3
(Visage Imaging GmbHBerlin, Germany) was used. Through semi- autonsggmentation, those
voxel corresponding with the cell bodies of thefet#nt neurons were assigned to so call 'label
fields', which were then manually placed into th@ndard brain created in chapter 3 (for more
detail on the labelling see 3.2.3). Finally all gea were ranked by a visual analyses on an ordinal
scale from O (insufficient) to 3 (excellent). In gictures the quality of the outer cell layer, the
visibility of neuron somata, neuron fibres and akemminals was ranked.

In total 33 images of the octopamine labelling wialeen on seven different dates. For the
dopamine labelling 19 images were collected onetlt@tes and 18 brains of the double labelling

were acquired on four dates.

4.2.4 Data organization and statistical analyses
To determine the effect of an ovipositing expereeon the quality of images taken form brains
labelled with octopamine, wasps were given an aitpn an experiences at different intervals
before sedation. However, in order to acquire &cent number of repetitions, all different time
levels as well as different pre-fixation times wemmbined as one treatment group (n =9) were as
the wasps without ovipositing served as a controug (n = 5). All of these wasps were dissected
in PBS. To test the effect of different dissectioadia only wasps with an ovipositing experience
were used for the analyses, resulting in one treatmroup dissected in GPA (n = 11) and a control
group dissected in PBS (n = 9). All brains werefpted in GPA for 10 to 120 minutes.

The statistical programme SPSS 16.0 was used #orstétistical analyses of the ranges
assigned to the different images. Within this pangra one-way ANOVA was applied to test for
significant differences between the rankes. Sigaifce levels were set as following:< 0.0001

extremely significant (***);P <0.01 highly significant (**);P < 0.05 significant (*).
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4.3 Results

Results were obtained for the optimization of tletopamine and dopamine labelling procedure.
Several clusters of octopamine and dopamine neunaociading their main projections were
identified. The double labelling method did notlgi@ny visualization of dopamine neurons and

although some octopamine neurons labelled these magrincluded in the analyses.

4.3.1 Optimization of the labelling procedure

In order to increase the quality of the images thedpracticality of the labelling protocol, differe
adjustments were tested both for the labellingadbpamine and dopamine neurons. Unfortunately,
an insufficient number of repetitions was obtairfed the dopamine labelling. Due to this no
analyses was performed for the dopamine protocolcdntrast to this, the analyses of the
octopamine treatments yielded several significéfgrénces

4.3.1.1 Effect of an ovipositing experience on paioine labelling
Providing an ovipositing experience to the waspgnificantly (P = 0.049) increases the
visualization of axon terminals. Slightly positieéfects of the ovipositing were also seen for the

labelling of somata and neuron fibres, althougls¢heffects were not significant (Fig. 18).

25

B without ovipositing
B with ovipositing

Ranks

Somae Fibres

Neuron sections

Fig. 18: Effect of an ovipositing experience on tlitopamine labelling. Error bars represent thedsed
error for every group. Asterisk indicates< 0.05.
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4.3.1.2 Effect of the dissection media on octopariahelling

Performing the dissections in GPA led to an extilgragnificant improvement in the visualization
of axon terminals R < 0.001) when compared with PBS. Images taken f@RA brains also
showed a significantly higher amount of visibleréib € = 0.001). The labelling of the somata was
also higher when the brains which were dissecteddRA, however not on a significant levél €
0.087). In contrast to the other categories thdityuaf the outer cell layer was lower for those
brains dissected in GPA. This effect was howev&s abt significant® = 0.754).

25

B GPA
B pBs

*dkk

1.5

Ranks

0.5

OuterCell Somae Fibres

Neuron sections

Fig. 19:Effect of the dissection medium on the dualf octopamine labelling. Error bars represéw standard error
for every group. Triple asterisks indicates sigrafit differences between treatment 0.001
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4.3.2 Visualization of octopaminergic and dopamgneneurons

A summary of all neurons detected in this study banfound in Table 2. The position of these

neurons within théNasoniastandard brain, which was described in chaptea,be seen in Fig.

20-24. Images of the individual innervations andjgations of the different neuron clusters will

then be shown in the subsequent paragraphs.

Tab. 2: Overview over octopaminergic and dopamiisargurons in found in this study

Neuro- counted . Axonal projection and
Name Position of the cluster ) . :
modulator somata side of innervation
Octopamine | OA-MMA 2 anterior-medial to protocerebrum kiown
Octopamine | OA-MMM 7 to 10 posterior to antennal lobes uskiroom bodies
Octopamine | OA-VPLa 2 ventral- lateral to SOG (right) known
Octopamine | OA-VPLB 2 ventral- lateral to SOG (left aokvn
Octopamine | OA-VMM 7 ventral to SOG oesophageal tract
. . . Mushroom bodies,
Dopamine DA-DLMa 7 ventral-medial to calyx (right Lateral horn
. . Mushroom bodies,
Dopamine DA-DLMb 5 ventral-medial to calyx (left) Lateral horn
. j , , ushroom bodies,
Dopamine DA-DMPa 2 posterior fan-shaped body (right Fanshaped body
Dopamine DA-DMPH 2 posterior fan-shaped body (Ieft)Mushroom bodies,
Fanshaped body
Dopamine DA-VLMa 2 ventral- medial to SOG (right Suboesophageal
ganglion
Dopamine | DA-VLMb 2 ventral- medial to SOG (left) Suboesophageal
ganglion
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Mushroom b Od‘ Fanshaped body

Mushroom body

Lateral horn - - = - Lateral horn

- Suh'uesaphae_gal ganglion

Fig. 20:Frontal view on the detected octopaminergic ancadupergic neuron clusters incorporated intd.a
vitripennistemplate brain showing those neuropils innervatethe neurons. Names of the neurons are givelagkp
names of neuropils are given in white.

Mushroom body Fanshaped body Mush e body

Lateral horn - Lateral horn

Fig. 21: Caudal view on the detected octopamineagit dopaminergic neuron clusters incorporatedamMo
vitripennistemplate brain showing those neuropils innervatethe neurons. Names of the neurons are givelagkp
names of neuropils are given in white.
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Mushroom body Mushroom body

L ateral horn . i Lateral horn
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e
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e
-
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Suboesophaegal ganglion

Fig. 22: Top view on the detected octopaminergid d@opaminergic neuron clusters incorporated iftb @tripennis
template brain showing those neuropils innervatethb neurons. Names of the neurons are giveraickbgtters,

names of neuropils are given in white letters.

Mushroom body Mushroom body
L ateral horn 7 Lateral horn

-~
o . e

Fig. 23: Ventral view on the detected octopamireegid dopaminergic neuron clusters incorporatedain.
vitripennistemplate brain showing those neuropils innervatethe neurons. Names of the neurons are givelagkp

names of neuropils are given in white.
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Fig. 24: Lateral views on the detected octopamineagd dopaminergic neuron clusters incorporatéa am.
vitripennistemplate brain showing those neuropils innervatethe neurons. Names of the neurons are givefagkb
names of neuropils are given in white.
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4.3.3 Projections and innervations of octopaminergeurons
4.3.3.1 Position and Innervations of OA-MMM
The OA-MMM cluster was one of the most prominendugy of octopaminergic neurons found in
the brain ofN. vitripennis.It is positioned close to the centre of the brditha beginning of the
oesophageal tract, on the ventral side of the pesgbrum (Fig. 23, Fig. 21, Fig. 22).

Axon fibres leading from the OA-MMM cluster on teet mushroom bodies (MBs) and the
calyces were the most pronounced axon fibres faonithis study. These fibres were visible in

almost all brains labelled for octopamine formingharacteristic umbrella like pattern (Fig. 25).

Fig. 25: Octopémi’ne labelling, showing somata aetites of
OA-MMM neurons. Fibres leading from the somatahte MBs
and calyces in an umbrella like pattern

Some neurons of the OA-MMM cluster also appearedetod axon fibres in the direction of the
lateral horn (LH). The LH was found to be strongigervated by octopaminergic neurons and the

OA-MMM cluster seemed to widely contribute to timservation.

WO e . : Sl
Fig. 26: Octopamine- like immunoreactivity in thel L
and OA-MMM neurons. Arrows pointing on axons
leading towards the LH and the MB
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4.3.3.2 Position and Innervations of OA-VMM

The OA-VMM cluster was the second group of octopaergic neuron which was reliably labelled
in this study. These neurons are a lined alongctimeplete middle line on the ventral side of the
suboesophageal ganglion (SOG) (Fig. 23, Fig. 24, H, Fig. 22).

The axons of the OA-VMM, were found to mainly prjeéowards the oesophageal tract

where they bypass the neurons of the OA-MMM cluster

10pm -‘q—..Soma _I
Fig. 27: OA-VMM neuron

visualized by octopamine- like

immunoreactivty showing the
neuron soma and neurites

In combination with the OA-MMM cluster the neuroakthe OA-VMM group formed a direct

connection between the ventral SOG, the LHs and/Bs.

¢ W Y Somatd of OA-MMM
: Lot sl penrons

‘Axonst uw:'!'r_d- s OA-MMM—> |

100um i < "‘—”—Som ata ﬁfOA—W:E\I nearons

Fig. 28: Overview of 'octopamine labelling iMNa vitripennisbrain.
Neurons of the OA-VMM cluster as well as from thA-®IMA cluster
are shown. forming a bipartite line from the SOGh® MBs and the
LHs.
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The innervations of the OA-MMM neurons and the OMM neurons were not always visible in
the same preparation as the axonal projections.ederyin those preparations where innervations
were clearly visible, the labelling was mainly centrated in the central body complex, the LH and
especially on the ventral-medial sides of the aady(Fig. 29). Even though, no direct connection
between these innervations and the OA-MMM and OANMas observed, it seems likely that

these innervations are connected to these neunstecs.

/ »

Central body

complex pedunculus

pedunculus

f- lobe B- lobe

Fig. 29: Octopaminergic innervations in the brafifNovitripennis.Octopamine is labelled in green, Nuclei in red.

Arrows point at strong octopaminergic innervatianshe ventral-medial site of the calyces.
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4.3.3.3 Octopaminergic neurons projecting opticdsb
In several brains fibres exhibiting a strong octapee like immuno reactivity were found leading
from the oesophageal tract towards the optic lobsvever no cell bodies could be explicitly

assigned to those fibres (Fig. 30).

Octop aminergic neurits

- Somata of OA-MMM neu
}-‘?jﬂmata of OA

‘Somata of OA_VMNM neurons

Fig. 30: Octopamine- like immuno reactivity showimgurits extending from
the oesophageal tract towards optic lobes. Furtbesrell bodies of OA-
MMM, OA-VLP and OA-MMM neuron are visible.
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4.3.4 Position and innervations of dopaminergicroes

4.3.4.1 Position and innervations of DA- DLMa,b

The DA-DLMa and the DA-DLMb cluster are found inethright and left brain hemisphere,

respectively. Their somata form characteristicdimdong the upper parts of the MBlobes, just

dorsal to the calyces (Fig. 23; Fig. 20; Fig. 22;d definition of MBa- andf- lobes see chapter 3).
Unfortunately, no axon fibres could be shown farsth neurons. However, strong labelling

of dopaminergic terminals was found in the closg@unding of the two clusters suggesting that

these neuron do project to those areas. Namely_.Hse the MB and the fan-shaped body (FB)

(Fig. 31; Fig. 32).

e e : N T S G e -
Fig. 31: Dopamine- like immunoreactivity in
the LH and the somata of neurons from the DA-
DLMb cluster.

4.3.2.3 Position and innervations of DA-DMPa,b

The neurons of the DA-DMP clusters form two groopshe right (DA-DMPa) and on the left side

(DA-DMPD) of the neuraxis, just caudal to the FRIaorsal to the SOG (Fig. 24; Fig. 20). As for
the DA-DLM clusters no axon fibres were found carted to these neurons. However, strong
dopamine innervations were shown in the FB andtiposof the DA-DMP clusters make them the

most likely origin of these innervations (Fig. 32).
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Fig. 32 Dopamlne Iabelllng of the DA DLMa and ﬂDA-

DMPa cluster showing the somata of these neuronsehsas
strong dopaminergic innervations of the MB andRBe

1".

4.3.2.4 Position and innervations of DA-VLMa,b

The somata of the neurons in the DA-VLMa clusteremegularly found at the lateral SOG in the
right brain hemisphere. The DA-VLMb cluster mirrdafge position of DA-VLMa neurons in the

left hemisphere and was also consistently labelliglal anti-dopamine anti-bodies (Fig. 23; Fig. 24;
Fig. 21; Fig. 22). Axon fibres of these neurons avetearly visible in most of the dopamine
preparations and projected towards the central §&gs 33).

Fig. 33: Dopamine-like imnoreacfivty in the médi@G sﬁowing the
neurons of the DA-VLMa and DA-VLMb cluster.
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4.4 Discussion

In small brains single neurons often resemble dmetfons, which entire neuronal circuits fulfil in
larger brains (Chittka and Niven, 2009). This prtypeffers great opportunities to study the cross-
talk between brain areas and for the investigabbmeuronal pathways underlining cognitive
process (Menzel and Giurfa, 2001). In this sectianlabelling methods for distinct neuron groups
will be discussed and the innervation patterns dourthis study will be compared to those of other

insect species.

4.4.1 Optimising the octopamine labelling
One aim of this study was the improvement of thenunochemical labellings for octopaminergic
neurons, since previous studies on these neuronsatiasitoids were often hampered by an
insufficient staining of axonal fibres (Bleeket al. 2006). This improvement was achieved by
providing an ovipositing experience to the waspd by dissecting the head capsule directly in
GPA. Especially, labelling of the axon terminalsagreatly improved by providing an oviposition
experience to the wasps before dissection. Seveadons might be assumed for this: One
possibility, would be that ovipositing leads tetaong excretion of octopamine which might then
lead to a high concentration of octopamine arourel terminal buttons before the octopamine
diffuses to other brain regions (Carlson 2010). Adaditional explanation for the increased
visualisation might be a temporal activity indueegression of octopamine in the neurons, which
might in turn be reflected in an increased labgllaf the terminal buttons. Independent, from the
mode of action however, these results further conthe findings of Spivalet al. (2003), which
show that the excretion and therefore also thelllageof octopamine is highly dependent on the
behavioural state of the insect.

Since octopamine is quickly oxidised by enzymatiivity in the brain (Bleekeet al2006),
a more rapid application of the fixation medium viasted in order to prevent the degradation of
octopamine. This trial led to a highly- and extrénsgnificant improvement in the visualisation of
neurites and terminal buttons, respectively (Fig). Interestingly, the dissection in the fixation
medium as used here yielded an even stronger rggathan the injection of GPA into the living
animal as used by Bleeket al. (2006) onCotesiawasps. However, GPA has been shown to cause
a reactive airways dysfunction syndrome when irthaehigh concentrations (Kern, 1991) and a
dissection of the head capsule in GPA would exghbseinvestigator for several minutes to the
chemical. Due to this, GPA should only be used wiifficient protection and ventilation. Another
disadvantage of dissecting directly in GPA is tleerdased flexibility of the brain tissue leading to
more damage in the preparations. Considering, #adth risks of dissecting in GPA it seems
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advisable to conduced further trials to determireelbwest concentration of GPA which still allows
high quality images of entire neurons. Additionaldy 'mini- fume hood', which was especially
adapted for use in combination with a microscopghthelp to further decrease possible health

risks (Smid, pers. communication).

4.4.2. Octopaminergic neurons in the brain of Nagon
The neuro- modulator octopamine (OA) has often tsdenvn to play a crucial role in the formation
of appetitive memory (Schwaertzet al. 2003). Hence, knowledge on the position and irsiéera
of octopaminergic neurons might provide fruitfukights into the mechanisms and evolution of
learning (Menzel and Giurfa, 1998). In this studurfmain clusters of octopaminergic neurons and
there arborisations are shown. These results ettt be compared to other Hymenoptera species.
The findings in this report foN. vitripennis reveal striking parallels between the OA-
neurons ofNasoniaand those shown by Bleeket al (2006) for Cotesia glomerataand C.
rubecula.ln all three wasp species two dominant clustet®Af neurons were shown: one close to
the AL in a medial position (OA-MMM, Tab. 2; Fig32and Fig. 21-Fig. 30) and one at a ventral,
medial side of the SOG (OA-VMM, Fig. 24; Fig. 2ligF22; Fig. 27; Fig. 28; Tab. 2). Furthermore,
Bleeker et al (2006) showed several individual neurons in thes patercerebralis of the two
Cotesiawasps. Even though the study presented here,alidhow any neurons at the exact same
position, a similar cluster of neurons was foundhislightly more medial position of tiéasonia
brain (OA-MMA,Tab. 2; Fig. 23; Fig. 21). In additido Bleekeret al, (2006) the results found in
this chapter show one cluster of OA- neurons atatezal sides of the SOG (OA-VPL, Tab. 2; Fig.
24- Fig. 22). However, at the present stage itiffecdlt to conclude whether the absence of these
neurons inCotesiais due to variations in the labelling or to redlestences between the species.
When compared with the honeybee and other hymerampspecies, again some similarities
can be found in the general position of octopangiiceneuron clusters. Just asNasoniaand in
Cotesiathe honeybee also shows one dominate OA- clusteely posterior to the Aland one
major cluster cluster at the lateral side of the&sS@inakevitchet al 2005). Also the small group of
OA- neurons in the pars intercerebralis had beawshfor the honeybee by Sinakeviteh al
(2005). Besides this the study of Sinakevigtlal (2005) visualised many additional groups of OA-
neurons among which also one cluster similar to @&VPL form this study was shown
(Sinakevitchet al 2005). In summary of these results, it might tagesl that the overall pattern of
OA- somata appears to be rather conserved amosg fber hymenoptera species, whereas several

differences can be found in the distribution of sh@aller OA- clusters.
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However, more striking differences become appamdr@n the innervation pattern of these neurons
are compared betweew. vitripennisandA. mellifera. Even though both species show a strong
innervation of the LH (Hammer, 1998, Fig. 26) traifer considerably in the innervation of the
MB ( Sinakevitchet al 2005, Fig. 25;Fig. 28). In the honeybee octopangic fibres almost
exclusively innervate the calyces of the MB wherd@slobes and the pedunculi receive almost no
input (Sinakevitchet al 2005). In complete contrast to thikl. vitripennis showed strong
innervations close to the pedunculi and the MBekFig. 25;Fig. 28) but only a few innervations
in the calyces. Unfortunately, the study of Bleeéteal. (2006) did not show octopaminergic fibres,
which could directly be compared to the other tweces. However, the findings of Bleeledtral.
(2006) did show strong OA- immunoreactivty in cagc comparable to those shown for the
honeybee by Sinakevitait al. (2005). Interestingly, both the lobes and theyaed were shown to
play distinct roles during memory formation (Giyrf2003), suggesting slightly different
mechanisms of memory formationfNasoniathan in the other three species.

Due to these results it might be concluded, thanethough the distribution of the OA-
somata appears to be rather conserved betweewnuhegecies, the innervation patterns of these
neurons seem to differ at important sites in the. NIBnsidering the different functions of the
different neuropils in the MB, it seems likely tithese differences in innervations also facilitate
different forms of learning (Giurfa, 2003). Espdigidhe calyces were often shown to be important
sites for the integration of optical and olfactarformation and to strongly contribute to spatiatla
non- elementary learning (Farris and Schulmeis2041; Devaud.et al. 2007). However, the
calyces are not required for olfactory condition{iMalun et al. 2002).

Hence, it might be expected to find a less intensise spatial- and non- elementary learning
in Nasoniathan in the other species, whereas no differenoeldvbe expected with regards to

olfactory conditioning.

4.4.3Dopamine neurons in the Nasonia brain

Just as octopamine has been shown to be cruci#hdoiormation of appetive memory, dopamine
(DA) was found to play an important role for thenf@mtion of aversive memory (Schwaereelal.
2003) and just as for octopaminergic neurons it skasvn that information about the position and
innervation of these neurons largely contributesiriderstanding of memory formation (Claridge-
Chang, et al. 2009). Through the present study the position prmjections of three major
dopaminergic neuron clusters were revealed. In $btion, theses results will be discussed in

comparison to other species, such as the honegriiae fruit fly.
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DA- neurons have so far been best studied in thefhy and in the fruit flyD. melanogastef(Mao
and Davis, 2009), but were also described in bedsaats (Blenaet al, 1999; Hoyeeet al, 2005).
In the two Dipteran species over a hundred DA nesirbave been found, distributed over 13
distinct clusters. This is in contrast to the ressgshown in this study where only 20 neuron inghre
clusters (Tab. 2) were found. This discrepancy, tayue to the more advanced detection tools
available especially forDrosophila Immunochemical labellings as performed in thedgtu
presented here, strongly depend on the amounteottaiget amine in the brain at the time of
fixation. Due to this, rather large variations hetlabelling can occur (Bleekest al. 2006). It is
therefore hard to decide whether the differencaadan this study are merely due to differences in
labelling techniques or if they truly reflect difeaces between the two insect orders. However,
besides these differences in numbers, some ofdbens found in this study do show similarities
to those neurons commonly recognised in the fisspecially, the neurons of the DA- DLM cluster
do show a similar position and innervation as tAe-fheurons in brain of the fruit fly (Tab. 2; Fig.
23; Fig. 24; Fig. 22; Fig. 20; Fig. 31; Fig. 32, dand Davis, 2009). Both neuron clusters show to
be positioned below the calyces and to stronglenwate the MB pedunculi (Fig. 32), Claridge-
Chang, et al., 2009), making them important candidates for thoserons which deliver the
unconditioned stimulus during aversive learning itafias been shown for these neurons in
Drosophila(Asoet al.,2010)

Besides the MB pedunculi a strong DA labelling vaéso found in the LH and in the FB
(Fig. 31, Fig. 32). Interestingly, the LH was alseen shown to be strongly innervated by OA
neurons (Fig. 26) and to play a role during menforgnation (Hammer, 1993). Unfortunately, the
role of the LH during learning has not yet beercielated. However the fact that the LH is strongly
innervated by both octopaminergic and dopamineigres makes this neuropil an interesting site
to investigate the integration of both appetitinel aversive reinforcement. Another neuropil, which
was found to receive input from both DA- and OA-urans was the FB of the central body
complex (Fig. 25; Fig. 32). However, just as foe thH, the function of the FB is still largely
unknown, even though first evidence suggests a doigng motor control and orientation
(Homberg, 2008). Such functions of the FB wouldrb&ne with the innervation by both DA and
OA, since both neuromodulators have been showretanwolved in arousal and motor control
(Brembset al.2007, Mao and Davis, 2009).
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As an overall conclusion from the octopaminergid dopaminergic labelling iNasonia,it can be
stated that both labellings were dependent on #mawoural state of the wasps. Still, important
neuron clusters were found for both neuromodualtéss octopamine the number and position of
these neurons was similar to thoseCiotesiaand to a lower degree to the honeybee. However, the
sites of octopamine release differ between the ylmeee andCotesiaon the one hand ardasonia

on the other hand suggesting different sites ofeffype reinforcement during learning.
Additionally, also octopaminergic and dopaminergieurons differ in their innervations of the

NasoniaMB suggesting different mechanisms for appetitine aversive learning.
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5. Towards a functional analysis of neuronal actiyiin the Cotesia brain

Abstract

Currently only a few neurobiological methods araikable which provide information on neuronal
activity on a single cell level. This chapter oo#ls the first attempt to develop an activity
dependent labelling methddr insect brains. This technique is basediorivo agmatine uptake
and subsequent immunochemical detection. Agmatibelling was tested on femaleotesia
glomerataand C. rubeculawasps yielding a promising protocol on how to aphiig technique.
Furthermore some first results were obtained orram&l activity shortly after an ovipositing
experience. These results are discussed in coropaisstudies on fruit flies and honey bees and

further opportunities for studies on neuron acjivising agmatine labelling are pointed out.

5.1 Introduction

Within cognitive processes, single neurons oftey girucial roles (Chittka and Niven, 2009). This
feature creates the necessity to address questiotiee neuronal mechanisms of cognition on at a
single cell level (Menzel and Girufa, 2001). Howewrost neurobiological methods do not provide
any information on the activity of these neurond #mse which do, are to date limited to a very
small group of organisms such as the fruit Bypsophila melanogasteg(Girufa, 2007). However
even in these organisms questions on individualrarelwactivity can only be addressed by
identifying a neuron first and investigating it$eet thereafter. These approaches have proven to be
laborious, even in the small brain of the fruitWyth only 100,000 neurons (Ann-Shghal 2011).

5.1.1 Agmatine and its properties
In this study an alternative method was testediguain approach inverted to the one commonly
used forDrosophila This activity dependent labelling makes it posito visualize all neurons
involved in a certain behaviour, which allows diretsights into the function of a certain neuron.
The method is based on the resemblance ~*
sodium-ions by agmatine, a small organ ey
cation (Marc, 1999) (Fig. 1). In combinatiot tw pm

with immunochemical methods agmatin ' }/NN
i e jrl N

becomes a very suitable reporter of neur

S

Agmatine®
activity and offers interesting opportunitie

. L ) Fig. 34: Agmatine- ion (left) in comparison to Sahi-ions.
for the investigation of single neurons (Marthe graphic illustrates the similarities in sizevizen the
et al. 2005). two cations (Maret al. 2005)
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5.1.2 VUMmx1 and its network integration

The ventral unpaired medial maxillary neuron 1 (ViikLl) is one of the most frequently
mentioned individual neurons in insect neurobiolo@yiginally discovered by Hammer in 1993
this neuron was shown to substitute for the rewdwmling appetitive learning. Despite its
importance many questions about its mode of a@rmhits integration into the neuron network of
the brain remain unsolved (Girufa, 2007). The nesyavhich provide the input for the VUMmx1
are still largely unknown (Girufa, 2007) and théenaction of VUMmx1 with other neurons with
similar properties also remains unclear (Schréteal. 2007). The development of new labelling

methods as described here might offer new oppdiésriio study these questions in several species.

5.1.3 Exploring VUM neurons in Cotesia
C. glomerataandC. rubeculaare two parasitic wasps, which display, very irgéng differences in
host learning although closely related (Geendteal. 1997).C. glomeratahas demonstrated to be a
quick learner, forming memory already after a smgliposition experiencé&. rubeculain contrast
takes about three oviposition experiences, seghlate certain time interval before a long lasting
memory is formed (Smidt al. 2007). Moreover, irC. glomeratait was found that the strength of
the memory formation, is dependent on the rewalgevaf the host (Kruidhoét al.in preparation).
In the study of Kruidhotkt al. (in preparation)t was shown that the wasp only forms long-term
memory after ovipositing in its preferred host, wées ovipositing in a less optimal host induces
long-term memory only after several learning tridisvas often speculated, that the differences in
memory formation both betwedd. glomerataand C. rubeculaas well as between the different
rewards forC. glomerataare related to variations in VUM neuron activiBidekeret al. 2006).
The development of an activity-dependent labellngthod based on agmatine uptake might
provide a fruitful technique to investigate thesedences in VUM neuron activity. Through this
the agmatine labelling might offer new insightsointhe evolution of learning and into the
mechanisms controlling the formation of long terrmmory.

Despite this wide range of applications, no protasing agmatine as an activity reporter in
insect brains is available so far. In this chaptdirst attempt was made to develop such a protocol

and to explore the opportunities that such thegenigue might offer.
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5.2 Material and Methods

5.2.1 Insect rearing

C. glomerataand C. rubeculawasps were reared and maintained as describeectios 2.2.1.1
with the exception thaC. rubeculawasps were raised oR. rapae caterpillars instead oP.

brassicae. Both caterpillar speci€slfrassicaeandP. rapag were treated as outlined in 2.2.1.2.

5.2.2 Agmatine insertion
To bring the agmatine clode the brain,Cotesiawasps were first sedated by cooling on ice for
about two minutes. The wasps were then carefullyntexd in a specially modified pipette tip, in

which the thinner opening of the pipette tip wastowallow only the head of the wasp to fit through
(Fig. 1).

Fig. 35: Schematic drawing of a mounted wasp ie pigrspective (left side) and microscope
picture in top view (right side). Red arrows inde&#he point of agmatine insertion. The wasp
was trapped in a pipette tip (blue trapezoid indreewning) and fixed with cotton wool.

Subsequently, the labrum was dissected from theé bapsule to gain access to the suboesophageal
ganglion (SOG). A crystal of agmatine was then @tamto this opening using an ultra thin glass
capillary. As timing and not concentration seemedbé more important for the quality of the
results, the method above was chosen for its fastasy handling. However, one disadvantage of

this method was the reduced control of the agmatimeentration (see 5.3).

5.2.3 Providing oviposition experience

After inserting the agmatine into the head capsuésps were grouped in pairs, one wasp receiving
an oviposition experience and the other wasp sgrei® a control. The wasp assigned to the
ovipositing experience was placed in a petri d&hrim x 10 mm) together with five first instar

brassicaecaterpillars on a piece of leaB.(oleraceal cm x 1 cm). Wasps of the control group in
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contrast were placed in an empty petri dish. Incakes control wasps were prepared first and
ovipositing treatment wasps second. It was asstiraidthe time gap between the wasps was not
more than 30s. Both wasps remained in the petni il the first ovipositing of the wasp with the
caterpillars was observed and both wasps were inatedyl sedated on ice thereafter. In cases
where wasps showed abnormal behaviour (i.e. noositipg observed after five minutes), wasps
were discarded. These experiments were repeated times, each time with slight changes in the
protocol. In the first trialC. rubeculainstead ofC. glomerataand no control group were used. For
the second trial the protocol mentioned above vgasl uwith the exception that wasps were kept for
an additional five minutes in an empty glass Viah. the third attempt the protocol was successfully
implemented. Based on the results shown in the seotion, this should be regard as the standard
protocol for further investigations.

A total of 21 brains were collected over threedfi#nt dates. 13 of these brains were taken

from wasps with an ovipositing experience and tineoeight were taken from the control group.

5.2.4 Dissection and immunochemistry

In order to prepare the wasp brains for the labglprocedure, the brains were first dissected from
the head capsule. This dissection was performed fixative of 1 % glutaraldehyde and 2 %
formaldehyde in a 0.1 M phosphate buffer. The Israémained in the fixative for four hours and
were then stored overnight in PBS at 4 °C. To iaseethe accessibility of the tissue for the
subsequent antibody staining, the brains were daksd in 70 % and 90 % ethanol for one minute
each and immersed in heptane for 20 seconds (Exeigli990). The brains were then rehydrated
and washed four times in phosphate buffer sali®SJROxoid, Dulbecco "A") for five minutes
each. The membranes surrounding the brains weestéid) by incubating the brains for one hour in
collagenase ( 0.5 mg * mMIPBS). Subsequently the brains were washed in PBSQ5 % triton
(PBS-T) and transferred into eppendorf tubes. Brawere blocked for one hour in 10 % normal
goat serum diluted in PBS-T (NGS-PBS-T) to redunspecific antibody binding. Rabbit anti-
agmatine (Millipore # AB1568-2000T, Temecula, Caajaicd a concentration of 1:200 diluted in 10
% NGS-PBS-T was used as a primary antibody. Indcotvatas performed at room temperature for
24 hours after which brains were washed over thmes in six changes of PBS-T. A secondary
goat anti-rabbit antibody linked to Alexa Fluor 488vitrogen # 52959A, Eugene, USA) and
diluted 1:100 in NGS-PBS-T was applied to deteet pimary antibody. Cell bodies in the outer
cell layer were labelled by adding propidium iod{##olecular Probes # 35824A, Eugene, USA) in
a concentration of 1:200. Incubation time for thiisp was set to 4h at room temperature. Finally
brains were dehydrated to 100% ethanol (70%, 9@, 3 x 100%, 10 minutes each) and cleared

in xylol before they were mounted in Depex (Fluga)microscope slides.
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5.2.5 Confocal microscopy

Pictures of all preparations were taken using a<Z&10 confocal laser-scanning microscope.
Details on microscopy and imaging software can tefloin section 4.2.2.4. From the agmatine
treatment described here voxel sizes between 0.Q2% x 1.01 pm and 0.36 x 0.36 x 1.01 pm

were obtained.

5.3 Results

5.3.1 Agmatine labelling

Out of the 21 brains used in these experiments $bowed a cell specific labelling, resulting in a
success rate of 19 %. If however the brains scammethe 8.11.2010 are left out, for reasons
described in the next paragraph, the successisateto 40 %. All results are summarised in Tab. 3.

Tab. 3: Summary of agmatine- labelling results aletreatments and all collection dates. Tabledhe number of
wasps or images obtained in the different groups.

Ovipositing experience Control
Date Specific Non-specific Specific Non-specific
Total  Total labelling labelling Total labeling labelling
14/10/10 4 4 3 1 / / /
08/11/10 11 6 0 6 5 0 5
16/11/10 6 3 0 3 3 1 2

Agmatine insertion resulted in the positi
labelling of cell bodies. However th
labelling was not in all cases selective, |
marked in several brains all cells on t
brain surface. This was especia
pronounced in the brain scanned on
8.11.2010 where an additional diffusic
time was given after the wasps h
received a certain experience. For t
collection date no cell specific labellir

was found, even though all brains showe

positive staining reaction (Fig. 36) The
Fig. 36:Non cell specific agmatine labelling (a bow) in
comparison cell- specific labelling (below). Arrewndicate the
activated cell:

results indicate a strong correlati
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between diffusion time and the number of cells lladeby the agmatine treatment. In contrast to
this dependency on the diffusion time, no effectnef agmatine concentration was observed. Even
though the amount of agmatine inserted into thel lveg@sule varied between the individual wasps
of a certain scanning date, no obvious differentdluorescence was observed after scanning.
However, since agmatine can gain access into @ileaneurons, the labelling was not restricted
towards ovipositing related neurons. Several goetuges of whole neurons were also obtained

from one of the brains where the wasp had not vedean ovipositing experience (Fig. 37).

Fig. 37: Selective agmatine labelling of neurong teir neurites in the
SOG of a wasp, which had not received an ovipasixperience.
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5.3.2 Neuron innervations and similarities

In cases were specific activation of the singleroes was clearly visible, the activity was mostly

restricted to neurons surrounding the SOG andad<gmyon cells, which encompass the calyces of
the mushroom bodies. This restricted labellinghaf Kenyon cells indicates the activity specificity

of the agmatine, even in brain areas widely disfamt the insertion side and underlines the

advantage of agmatine- labelling over non- speaiiaron tracers (Fig. 38).

Fig. 38: Selective agmatine labelling of the Kengetl (single arrow) and cell in the SOG (doublmo®a) after the
wasp had received an ovipositing experience. Spitllire in the lower left corner shows the positifrthe image in a
3D reconstructions of the brain.

Besides the visualization of individually activatesll bodies the agmatine labelling yielded
several pictures of entire neurons innervatingSkes, showing the neurites as well as the somata
of these neurons. One particularly clear scan vekent from the barder region between the
mandibular and the maxillary neuromeres of the ST& pictures from this scan were compared
to previous work orbrosophila(Wanget al. 2004). The comparison showed a strong resemblance
between the neurons found in this report and thomerons which perceive bitter tastes in
Drosophila (Fig. 39).
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Fig. 39: Overview over the brain of C. rubeculayag outlines the maxillary part of the SOG (A)uNees in this
region were clearly stained by the agmatine insertB). In comparison a Drosophila brain (C) andrites at the
same part of the SOG (D) (adapted from Wahgl 2004)
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5.4 Discussion

5.4.1 Agmatine labelling

The results presented here suggest that agmatina &iong potential to be used as a quantitative
tool for activity- dependent neuronal labelling. ¢reneral agmatine mainly gains access into
neurons via sodium- channels which are only perfeeahen the neuron is exited (Marc, 1999).
Due to this property the agmatine will act as as@le marker even at high concentrations, as long
as the incubation time is kept short. It has bdaws that a short incubation with a high agmatine
concentration leads usually to the most clear atettve signals (Marc, 1999). Longer incubation
times with a high agmatine concentration might dish the selectivity of the agmatine labelling
for two reasons: 1) agmatine might enter the neurby non-selective membrane channels
(Kalloniatis et al. 2004), 2) neurons unrelated to treatment will biva due to a higher input of
external information. The results presented in tejgort are largely in line with these previous
findings of Marcet al (2005) and Kalloniatist al. (2004), which demonstrated clear and selective
signals when agmatine was inserted in excess Wil sncubation periods and reduced specificity
for staining with longer incubation times. In spdethese encouraging first results, the agmatine
labelling holds several pitfalls, which should lkakdn in to account for further studies. One
important characteristic of the agmatine is thalokes not mark the voltage activity of a neuron but
its channel activity (Maret al. 2005). As a consequence, the agmatine will markwon even in
those cases where the outcome of neural integratibibits the formation of further action
potentials (Marcet al 2005). This property of agmatine labelling migi@mper studies on signal
cascades, but may prove beneficial for studies emram networks. However, in case of such a
network study it has to be taken into account thatagmatine insertion will mark all active neuron
at a certain time point. This has the advantage tleurons without special properties, such as the
expression of a rare neuromodulater, can be stutiedever it also means that the labelling of a
certain neuron after a certain treatment is ordgraelation but not a causal proof that this neuson
activated by the treatment and statistical testshei necessary before final conclusion about the
activity of the neuron can be drawn.

Another important consideration, besides the im@erprocedure, is that agmatine itself
might cause certain behavioural changes. Due twdte resemblance of sodium ions, agmatine can
not only pass sodium-channels but can also blogkstidium binding site of the the NA-K ATPase
(Or et al, 1993). Moreover, it has been shown, that agmatare act as NO- synthase inhibitor
which was found to causes behavioural changes oe mnd rats (Fengt al. 2002; Krasset al.
2010). Even though it seems unlikely that these sffects cause significant changes in the

behaviour of the wasps, further experiments shatiltlinclude a second control group without
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agmatine insertion to check for behavioural abnditreg in the wasps with an agmatine treatment.

5.4.2 Neurite labelling
As mentioned above, the agmatine labelling of therons found in this study does not prove that

these neurons are linked to an ovipositioning erpee. Moreover, the innervations of the
maxillary part of the SOG found in those wasps Wwhiad an oviposition experience rather indicate
a connection to the taste receptors on the mouts gan to the receptors on the ovipositor (Fig.
39). Additionally the fact, that only neurites lmetSOG were labelled (Fig. 37) question at least th
selectivity of this neurite labelling. It appearsspible, that in these cases agmatine has enteged t
neurons through damaged sites of the tissue antynsélective opening of the sodium- channels.
An alternative explanation might as well be tha thsertion of the agmatine has stimulated the
taste cells of the wasp and this activation hasseduhe neurite labelling. Support for this
explanation can be seen in the fact that even theageral neurons are marked, the labelling is stil
rather restricted. In contrast a much broader laigelwould have been expected in case of an
agmatine uptake caused by cell damage (M. 2005). Additionally, a comparison with images
taken from taste receptor cells Drosophila showed a strong resemblance between the neurites
shown in this report and some of the taste recajgtibshown by Wanegt al. (2004) forDrosophila
Interestingly the neurites found @. rubeculado most closely resemble the innervation pattérn o
those neurons associated with bitter tastBrmsophila,indicating that agmatine might have been
perceived by the wasp as an bitter or aversivee.tddbwever, more repetitions and different
agmatine insertion sites will be necessary to liyndetermine the selectivity of the neurite labedli
Despite its unclear mode of action, the agmatibelleng of individual neurites in the SOG still
provides some first insights into the neuron neksan the SOG and might thereby help to further

unravel the neuronal pathway from taste receptits tehigher brain regions.

5.4.3 Soma labelling

In contrast to the neurite labelling selective labg of neuron somata was not only present at the
insertion side of the agmatine but within the entell layer (Fig. 38). Interestingly the labelling
was most pronounced in some cells surrounding @@ &nd in some of the Kenyon cells. Both of
these brain regions have been shown to be of pltianportance for memory formation (Menzel
and Girufa 2001, Schwaertet al. 2002). In a landmark study, Hammer (1993) founed particular
neuron, which was sufficient to induce appetiverriesy in the honeybee. This neuron named
VUMmMx1 originates in the SOG and innervates theeamal lobes the lateral horn the mushroom
bodies (MB) and in particular the calyces (Hamni®&93). Schroeteet al. (2007) extended the

study of Hammer, finding two more neurons, whicpress the same neuromodulator as VUMmx1
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and also innervate the calyces and the MB. Thenpirery results obtained in the study presented
in this report, do not directly prove which type ridurons has been activated by the ovipositing
experience. Still, an activation of the VUM neuroms the SOG and a subsequent signal
transmission to the Kenyon cells around the calygesld offer a coherent explanation for the

activation patterns found in this study.

To further investigate this hypothesis, furtherdgts might use a double staining technique
against agmatine and against the neuromodulatapactine, which is produced by the VUM
neurons and released at their target sides. Thrsugin studies it would become possible to directly
correlate the neuron activity, neuromodulator redeaand behavioural treatments, offering
tremendous perspectives for neuroethological ssudie
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6. General discussion

Every mind has evolved in relationship with its rarment (Pearce, 1997). Within this interplay
learning takes a central role, by allowing the alino benefit from information about its
environment from past experiences (Carlson, 20h0he study presented here it was intended to
investigate the brain and memory of the parasitispiNasonia vitripennisand to gain a deeper
understanding of the interplay between the cognitirgits and the behavioural ecology of this wasp
species. The first aim was to create a virtuakdktimensional reconstruction of tNasoniabrain
and to trace the pathways of reward- and punishisemitive neurons within this brain. The
second aim was to investigate how brain areas @&uwtonal pathways involved in learning are
influenced by the behavioural ecology of an anintalis was achieved by comparing the results

gained in this study to other virtual insect brawwgh a focus on a comparison to the bee brain.

In order to gain more information about the inputrain receives during appetitive learning this
report starts by studying the reward pathway ore@eptor cell level in chapter 2, the report
continues by investigating different neuropils aslvas reward and punishment-sensitive neurons
in chapter 3 and 4. Finally, chapter 5 extendswibek on different neurons by developing new
techniques for activity-dependent neuron labellifige combined results of these chapters enabled
the development of a virtudlasonia vitripennigrain as well as the tracing of brain parts inedlv

in memory formation. The development of this vittlmain and the neuron labelling allowed
comparisons to be made with other insect speciesivmhave provided significant insights into the

function of the MB calyces and the antennal lobhasg) memory formation.

6.1 Receiving the rewarding stimulus

The receptor neurons on the wasp ovipositor reptesge of the first stages in the nervous system
at which different hosts and thereby different regacould be discriminated (Dweek al. 2008).
Unfortunately, only one other study apart from tme shown here, investigated the response of
ovipositor taste sensilla (OTS) towards differeasts (van Lenterert al. 2007). In the study of
van Lentereret al. (2007) the OTS did not show a difference in respaowards different hosts. In
contrast to this the study presented here in ch&pshows one pair of recordings which indicate a
difference in response pattern of the OTS towaiffisrednt hosts (Fig. 9). However, considering the
preliminary character of the results obtained iis $tudy and the current technical constraints,
further investigations are required before finat@dasions can be drawn concerning the response of

the receptors towards different hosts. Additiondilgst discrimination does most likely not only
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involves the OTS but may also includes informafimm the taste sensilla on the mouth parts and
the antenna (Hoedjext al 2011). Due to this, the reward discriminationiddanot only be studied

at the receptor level but should also investigateard-sensitive neurons on a brain level.

6.2 Three-dimensional brain reconstructions andrthpplications

6.2.1 The advantage of virtual reconstructions

When trying to pinpoint the trace of learning andmory in the brain, the mushroom bodies (MB),
a prominent cluster of neuropils in the centrehef insect brain, appear to be of crucial importance
(Chittka and Niven, 2009). In chapter 3 of thisaep 3D reconstructions of fivdl. vitripennis
brains were made and the average volume of theopgsiincluding the mushroom bodies were
calculated. The brain, which most closely matchweel dverage volumes, was then selected as a
representative standard brain. These 3D reconstnsctenable not only a relatively accurate
calculation of absolute neuropil volumes, but gaabllows a reliable modelling of neuropil shape
(Rein et al. 2002). Furthermore, a reconstruction of the ertin@n as it was done in this study
allows a more accurate estimation of the relatigaropil volume. A recent study by Farris and
Schulmeister (2011) for example, calculated re¢atimushroom body volumes of 27 hymenopteran
species by dividing the absolute mushroom body mek by the absolute volumes of the
protocerebrum. However, both the MB and the pro&meim represent higher order neuropils and
their function is highly interlinked. It might theflore be expected to find larger MBs in those
species which possess a larger protocerebrum.rtrash to this, the approach taken in this study
not only takes the protocerebrum volume, but tatkes entire neuropil volume (brain volume
without the cell layer) into account, when the tieka neuropil volumes were calculated. This
difference in methodology, most likely led to theonm pronounced difference between the
honeybee andNasonia than would have been expected from Farris andil8ahister (2011). In
addition to relative volume, the use of 3D recamdions, as described in this report, may also
allow a more accurate estimation of an averageopdushape and it can be argued that the
difference between the study of Farris and Schudtaei(2011) and the results shown here

concurring the calyx shape of the Chalcidoidaepardly due to these differences in methodology.
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6.2.2 Correlating brain parts to their input

Both the relative volume of the neuropils as walltiae shapes of the mushroom bodies revealed
interesting differences when compared to the hoeedtandard brain of Braneit al. (2005). The
most striking differences in this comparison wererid in the shape and the relative volume of the
MB calyces (Fig. 16, Fig. 11Nasoniawas found to possess a much less elaborated stalyoture
than the bee even though a double structure olothes and invaginations were visible. Also the
relative volume of the calyces was found to be marlaller inNasoniathan in the bee. However,

in comparison to other, non-Hymenopteran speciesréfative volume of thé&lasoniacalyces
appeared to be relatively larger (Fig. 15). Histalty, large MB and especially large calyces were
often related to social behaviour, since the cayaepear especially pronounced in social insects
(Durjardin, 1850; Gronenberg and Riveros, 2009).wekler a recent study by Farris and
Schulmeister (2011) found elaborated calyces al#side of the social Hymenoptera families
indicating that the evolution of elaborated calyees not primarily driven by the development of
social behaviour. The results found in this studgréfore support the hypothesis of Farris and
Schulmeister (2011) even though they also indidatg their methodological approach may
underestimate certain differences in shape andnweloetween the species.

6.3 Different inputs need different calyx comparitae

In most non- Euhymenopteran insects the mushroodiebaeceive their main input from the
olfactory and gustatory primary neuropils (Gronagb2001), whereas in those insects with a more
elaborate MB, the calyx also receives input frore tptic lobes (Li and Strausfeld, 1997).
Interestingly, in the comparisons made here, betilee honeybee arfdasonia the less elaborated
calyces inNasoniacorrelate with smaller relative volumes of theiopabes (Fig. 15), suggesting a
lower input of these primary neuropils into theycals. This finding is in-line with the hypothesis o
Farris and Schulmeister (2011) that the input & dptic lopes into the calyx, but not social
behaviour, has driven the compartmentalisatiomefdalyx. They proposed further that not only the
mere input of optical information has caused thabetate shape of the calyces, but that it was
rather the conversion of visual information intasgal memory. However, so far evidence for this
hypothesis is still fragmentary, especially becathsestudy of Farris and Schulmeister (2011) did
not address the question whether the innervatitienpa of reward-sensitive and/ or punishment-
sensitive neurons, which are crucial for any typenemory formation, also correlate with a more

elaborated calyx.
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6.4 Different neuropils for reward and punishment

6.4.1 Neuropils for the reward

The mushroom bodies have often been argued toebpritmary centre in the brain for integrating
different sensory pathways with reward and punisitrsensitive neurons or to use the ethological
terms: to integrate the unconditioned and the newdgditioned stimulus (Giurfa, 2007). The
unconditioned stimulus is delivered to the MB byshhment and reward-sensitive neurons, which
express the neuromodulators dopamine and octopamespectively (Schwaerzet al. 2002).
Especially in the honeybee but also in other irsstet reward-sensitive neurons have been found to
strongly innervate all sub-compartments of the M#Byces but especially the lips and the collar
(Sinakevitchet al. 2005), which are involved in the processing d&adlry and visual information,
respectively (Giurfa, 2003). In contrast to thise results presented in this report indicate that i
Nasoniaonly the Kenyon cells on the ventral side of tlaéyces receive input from the reward-
sensitive neurons (Fig. 29) and it may be arguedl tthis rather restricted input-side is correlated
with the lower input of the optic lobes into tiNasoniacalyx. To induce learning, specific to
different stimuli, the sites were the optical orffactory input neurons connect to reward or
punishment-sensitive neurons need to be separ@edfq, 2003). In the honeybee, the calyces
offer such spatially separated sides for opticdl @factory learning. IlNasonia,however, the need
for an optical learning compartment might be muolwvdr, which would contribute to a less

elaborated shape of the calyces.

6.4.2 A neuropil for punishment

In contrast to the reward pathway, less pronourtifdrences were found when projections and
innervations of dopaminergic neurons, which arateel to punishment, were compared between
the honeybee anblasonia In both species, the strongest innervations gfadonergic neurons
were found in the upper pedunculi (honeybee: Schimet al 1989, Nasonia Fig. 32 ).
Additionally, the dopaminergic labelling was relétly prominent in the lobes of the mushroom
bodies. These results were also confirmed by fogslim the ant speciedarpegnathos saltator
which demonstrated projection patterns very simdahe one in the honeybee (Hogral 2005),
suggesting rather conserved innervation and proje@atterns in all three Hymenopteran species.
In addition to this, the fact that dopaminergic anrations do only superficially penetrate the
calyces, indicates that aversive learning mightehdifferent underlying mechanisms than the
appetitive learning and might have less stronghtiiouted to the development of the calyx shape.
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6.5 Two different mechanisms of learning?

6.5.1 Mechanisms of aversive learning

From the findings made in this study, it could wepmsed that the two neuronal pathways do not
only target different brain areas, but that thesyralso be principal differences between aversive
and appetitive learning which in term may have gbated differently to the development of more
elaborated calyces. In ants and honeybees the dopaic neurons mainly target the pedunculi
and the lobes of the mushroom bodies (Schirnedrat 1989; Hoyeret al. 2005). These neuropils
consist of axons arising from the Kenyon cells, dieedrites of the MB-output neurons as well as
from axons of the sensory neuropils (Mobbs, 1982auldshagen, 1993). Dopaminergic
innervations in the lobes and pedunculi might tfeeeedirectly induce learning-related growth of
synaptic connections between the Kenyon cell axibressensory input neurons and the MB output
neurons without passing the information throughdbmata and the dendrites of the Kenyon cells.
Such a circumvention of the Kenyon cell somata @entrites would allow less cross-talk between
different stimuli, since integration of inputs froaother neurons could only be integrated at the

synapses.

6.5.2 Mechanisms of appetitive learning

Reward- sensitive neurons expressing octopamirgegaado act differently from aversive learning
based on dopamine. These neurons mainly targetaiyees of the MB (Sinakevitcbt al. 2005)
and it was further shown, that these neurons inteer®ing related synaptic plasticity in the calyx
(Hourcadeet al.2010). The calyces are built up from the dendwofebhe Kenyon cells, the axons of
the reward- sensitive neurons as well as from axbas provide sensory input (Milde, 2004).
Hence, in contrast to the punishment-sensitive oreuthe reward-sensitive neurons rather target
the dendrites of the Kenyon cells instead of thenax Due to this, the information provided by the
reward-sensitive neurons can be integrated bydhmata and the dendrites of the Kenyon cells with
information from other cells. Such a mechanism wdol example allow the integration of visual
and olfactory input before the information is pasea to the MB- output cells. This would support
the hypothesis of Farris and Schulmeister (201¢jgssting that the MB calyx has evolved the
elaborated shape to combine visual and opticatnmftion during learning. Furthermore, the results
presented here would suggest that this integrde@aening mechanism is more prominent for
appetive learning than for aversive learning. Higpstsing that appetitive optical learning is
dependent on calyx sub-compartments, in which aptigput neurons, Kenyon cells and reward-
sensitive neurons are brought together, it carxpeated to find less optical learning in the smalle

and less innervated calycesNdisonia.
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However it has also been shown that the calycesatresntirely required for simple appetitive
olfactory conditioning, instead this learning tasiq be performed by the AL alone (Malahal,
2002). Other studies on the AL and olfactory candihg in the parasitic wasgSotesia glomerata
and Cotesia rubeculedhave shown that the these wasps show rather Adrgeith relatively high
numbers of glomeruli (Smidgt al. 2003) as well as a high learning rate towardsctdfy cues
(Hoedjeset al. 2011). Considering these results and the relatiaege AL found forNasonia(Fig.
13) it can be predicted th&tasoniashows at least similarly high learning rate tovgaagpetitive
olfactory cues as the honeybee. This predictionlgvba in line with the results of Schurmaeinal.
(2009), which show the formation of appetive, diteg memory inNasoniaafter a single learning
trail.

6.6 The cognitive ecology of Nasonia

6.6.1 Walking in the dark

Nasoniais argued to be a habitat specialist adaptedrtbri@sts built in tree cavities (Peters, 2006).
Unfortunately, knowledge on the host searching Wela of Nasoniais still sparse. Nevertheless,
their dark and rather small habitat makes it ldsdyt that the short range host searchingNasonia
relies heavily on visual information. In studiesngmaring a nocturnal moth with a day active
butterfly relatively large primary neuropils forfattory input have been found in the moth, whereas
the optical neuropils were found to be rather snialtomparison to the butterf\Rpspars, 1983)
Similarly, the dark habitat dllasoniamight also be reflected in the relatively largéuwoe of the
olfactory neuropils and the small volume of theicgtneuropils (Fig. 15). Additionally, flying
seems to play a less important role in the locoomotif Nasoniathan walking(Peters, 2006), a fact
which might also explain the relativity small volamof the optic lobes iNasonia,since flight has

been shown to be strongly dependent on opticat if@onenberg and Haolldobler, 1999).

6.6.2 The importance of spatial learning

The brains of different species of day actieliconius butterflies presumably receive similar
visual cues, still they strongly differ in calyx lume and shape (Sivinski, 1989). Thus, day time
activity alone is less likely to be responsible gomore elaborated calyx shape. Also flight can not
be argued to be the main driving force of caly)belation, considering the highly elaborate calyces
of ant workers which easily surpass the calyceshef flying male ants, both in volume and
elaboration (Gronenberg and Holldobler, 1999). Havevisual input might be converted into
spatial memory, which has recently been argueday gn important role for the evolution of more
elaborated calyces (Farris and Schulmesiter, 204dr)theHeliconiusbutterfly species, mentioned
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before, it was found, that those species, which thsir food-plants in a specific order and thekyr

on spatial learning, have larger calyces than tlspseies which do not visit their feeding sitegin
specific spatial order (Sivinski, 1989). Furtherdewce that spatial learning might drive calyx
elaboration comes from ants and bees. Even thouglstady directly has investigated the
relationship between calyx and spatial learning, well known capacities of these species for this
type of learning (Fukushi and Wehner, 2004, Meretebl. 2005), correlates with their highly
sophisticated calyces (Gronenberg, 2001).

From the sparse information on the behaviouralogpobf Nasonia it seems less likely that
Nasoniauses traplining or a central place foraging strateuch as the honeybee. Thus, it can be
assumed that spatial learning plays a less importd@ for the host searching dfasonia,than it
does for the foraging of the bee. From this it ¢then be argued that the less elaborated and
relatively smaller calyx irNasoniais a consequence of the small use of optical ifpuspatial

learning .

6.7 New tools are required

To further investigate the neuronal mechanisms yidg different forms of memory formation,
the last chapter of this report aimed to develop mechniques for activity dependent neuron
labelling. So far, the function of certain neuromas mainly investigated indirectly by using
pharmacological tools and immunochemistry. Herégbeelling technique based on agmatine was
tested, which would a low a labelling of neuron®dily based on their activity (Maret al. 2005).
These preliminary studies already yielded promisiigualisations of taste neurons i@.
glomerata. From these first results it can be expected thahadige labelling might largely
contribute to studies on the integration of senswmyrons and reward- and punishment -sensitive
neurons and to provide further prove for the hypsib, that spatial learning has driven the

evolution of more elaborated calyces.
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7. Conclusions

Studies on the taste sensilla of a parasitoid @iipofound one taste sensillum, which showed a
different response towards haemolymph from differersts. Still, further studies will be necessary

to overcome the current technical difficulties.

This study proposes the hypothesis that the colmmebetween optical input and reward-sensitive
neurons, but not punishment-sensitive neuronsdhaen the evolution of an elaborated calyx in

hymenopterawhereas olfactory conditioning also utilises theeanal lobes.
Therefore, a lower importance of optical informatiprocessing and spatial learning for the
behavioural ecology oNasoniais predicted, when compared with the honeybee. Wew@&o

differences are expected for olfactory conditioning

Additionally, different neuronal mechanisms for apfive and aversive learning are proposed

based on the different innervation and projectidesof these neurons in thasoniabrain.

Through all this the high value of comparative stadnd the usefulness of three-dimensional brain

reconstructions was highlighted.
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