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General summary

Using a combined visual and olfactory paradigm,paeld from Gerber & Smith (1998),
honeybeesApis melliferg were trained to discriminate between a rewardsdl @ non-
rewarded set of compounds. At the same time, nbaltieedback neurons of the
protocerebral-calycal tract (PCT) of the bee braére recorded in the extracellular space
in order to study associative plasticity, visuahtsxt modulation of olfactory processing,

and attention-related stimulus selection processes.

Chapter | — Honeybees were trained to discriminate a rewar@mpound stimulus,
consisting of a color and an odor, from a non-rel@drcompound. Recordings lasted over
three days, on which training and retention testsewperformed. During retention tests,
subsets of the recorded PCT neurons establishediasge plasticity to the odor and color
stimuli in discrete time windows, indicating consti¢e consolidation processes of novel
and familiar stimulus combination. Associative pildty was expressed by an antagonistic
rate code that correlated with the bees’ abilitydiscriminate behaviorally between the
stimuli. The functional implications of the findiador the inhibitory local and recurrent
feedback loop of PCT neurons are discussed inréimeef of experience-dependent memory

storage and the preparation of appropriate mogparses.

Chapter Il — Visual modulation of olfactory processing wasdsd using the same

behavioral paradigm. Upon stimulus selection, wkies bees extended their probosces
during retention tests, strong inter-modal intacaceffects of odor responses and reward
expectancy were evident. Modulation was both fiating and suppressing depending on
the learned value of the visual context stimulusese results provide a physiological basis

for the context-specific behavioral effects desadliln the litertaure.

Chapterlll — Enhanced local field potential (LFP) power ie frequency band between 1-
25 Hz has been identified during training followibgth CS+ and CS- color onset. This
signal might reflect global attention and sets #mémal in a state ready to prepare and
execute a motor response. Additionally, during coomal training, phase-locking between



PCT spikes and the enhanced LFP signal was detgctedrner bees only, and might thus
be regarded as a prerequisite to successfully eneodisual context cue as reward

predicting.

Zusammenfassung

Unter Verwendung eines kombinierten visuellen uldktorischen Paradigmas, adaptiert
von Gerber & Smith (1998) wurden Honigbienépic melliferd trainiert, ein belohntes
Stimuluspaar von einem unbelohnten zu unterscheid@ngleichen Zeit wurden multiple
Ruckkopplungsneurone vom Protocerebral-calycal fT{(&CT) aus dem Bienengehirn
extrazellular abgeleitet. Ziel war die Untersuchuagsoziativer Plastizitat, visueller
Kontextmodulation olfaktorischer Prozessierung, isowaufmerksamkeitsbezogener

Stimulus Selektion.

Kapitel | — Honigbienen wurden darauf trainiert, ein belesnStimuluspaar, bestehend
aus einer Farbe und einem Duft, von einem unbedshrPaar zu unterscheiden.
Extrazellulare Ableitungen wurden Uber maximal dieige hinweg durchgefiihrt. An

jedem Tag wurde trainiert und getestet. WahrendTests entwickelten Subgruppen der
PCT Neurone assoziative Plastizitat zu Duft und&an spezifischen Zeitfenstern, was
auf sequentielle Konsolidierungsprozesse von neuend bereits bekannten

Stimuluskombinationen schliel3en lasst. AssozidBlastizitat wurde durch antagonistische
Ratenkodierung ausgedrickt, welche mit der Fahigkleis Tieres, die Stimuli zu

unterscheiden, korrelierte. Die funktionalen Imptiknen der Befunde fiir den lokalen und
rekurrenten Pfad der PCT Neurone werden im Rahmeiahrangsabhangiger

Gedachtnisspeicherung und der Vorbereitung eineeiggeten Verhaltensantwort
diskutiert.

Kapitel Il — Unter Verwendung desselben Paradigmas wurdeelléasiModulation
olfaktorischer Prozessierung untersucht. Wahrendreverhaltensantwort im Test wurden

starke intermodale Interaktionseffekte der neummalntwort auf den Duft und wahrend



der Belohnungserwartung deutlich. Modulation drécgich sowohl in einer Verstarkung,
als auch in einer Abschwéachung der neuronalen Dw¥tarten aus, abhangig von der
gelernten Wertigkeit des visuellen KontextstimuluBiese Befunde stellen eine
physiologische Basis fur die in der Literatur bessbenen Kontext spezifischen

Verhaltenseffekte dar.

Kapitel 1l — Ein verstarktes lokales Feldpotential im Fregbeneich zwischen 1-25 Hz

wurde wahrend des Trainings jeweils zu Beginn dashmten und des nicht belohnten
Farbreizes identifiziert. Dieses Signal bildet nmiéigtrweise ein neuronales Korrelat zur
visuellen Aufmerksamkeit, welches das Tier in einfrstand versetzt, in dem es eine
zielgerichtete Verhaltensantwort vorbereiten undsf@uren kann. Zusatzlich wurde

wahrend des Kombinationslernens gefunden, das#\ktienspotentiale jeweils in einer

bestimmten Phase der Oszillation feuern. Dieseumgfbezieht sich ausschlief3lich auf
Bienen, die die Stimuluskombinationen erfolgreiemten. Dieser neuronale Befund wird
daher als mdgliche Bedingung fur das erfolgreicherBen von visuellen Kontextreizen

diskutiert.



1. General introduction

Two basic functions of the brain are essential wis&ndying learning and memory

processes on the neuronal level. First, the bsaigpecialized in pattern recognition and
pattern completion, in order to make predictionswtlfuture events. And secondly, pattern
recognition happens on the basis of plastic chaimgt®e brain that are derived from prior

experiences. Thus, learning and memory is the basisommunicate with and adapt

successfully to the constraints of the changingrenment. Context stimuli might enhance
or suppress an action or even stimulus retrievalnfiirmation, based on the context
specific experience. For example, writing an exarthe same room in which classes took
place might facilitate retrieval of prior encodedarmation in the class room. However,

one prerequisite might not have been missing dwlasses: Attention.

Objectives

Honeybees Apis melliferg perceive their environment primarily through thelfactory
and visual senses. The objectives of the presemk were therefore to elucidate the
neuronal basis for visual and olfactory learning amemory formation, the modulation of
odor processing in a visual context as well as rble of attention during memory
acquisition. In the following sections, classicahditioning as a way to study associative
plasticity, the honeybee as a model organism, &ndiisual and olfactory processing
pathways, including the inhibitory recurrent patgwieom which was recorded will be
outlined briefly. A short overview will be provideabout the distributed memory traces in
time and space, the importance of inhibitory feettha neural networks, and cooperative

neural coding regimes.

Classical conditioning
How memory works and if memory storage can be vesbét the level of individual nerve
cells is an intruiging aspect in neuroscience, éxaited researcher already in the lat& 19

century. In classical conditioning, a neutral stinsu (conditioned stimulus, CS) is



presented together with a biologically significatimulus (unconditioned stimulus, US),
which has the innate feature to elicit a particulesponse in the animal (conditioned
response, CR). After having presented the CS wighuS together in an adquate temporal
contingency for a couple of times, the animal foansassociation between the CS and US
such, that the presentation of the CS alone elibe CR, without the presence of the US.
Classical conditiong traces back to the russiarsioiygist lvan Pavlov (1849-1936), who
discovered its properties around the beginning hef 20 century. This well defined
learning procedure gave rise to study learning mednory formation systematically, and
allowed the simultaneous investiagtion of physiaiafj changes underlying behavioral

adaptation.

The honeybee (Apis mellifera) as a model system
In order to understand the underlying neuronal gkanupon learning and memory

formation the investigation of sytems with reduaselronal complexity but preserved
behavioral richness is desirable. The honeyl#ges(melliferg fulfills such prerequisites
and has been proven to be a valid model for thdystéi learning and memory, both at the
behavioral and neuronal level (Menzel at al., 2068)neybees are capable of associating
various stimuli as colors and odors with sucroses@ntation which represents the
reinforcing stimulus in classical conditioning (@rman et al., 1983; Menzel, 1990;
Menzel & Mduller, 1996). The proboscis extensionpasse (PER) of the honeybee is
elicited upon sugar (US) presentation to the argteroi a hungry bee. When preceded by a
neutral stimulus (CS) an association between tlestinuli is formed (Kuwabara, 1957).
On the neuronal level, important structures, thesinoom bodys (MBs), known to be
involved in learning and memory formation as wellsensory integration, are accessible
for both intra- and extracellular electrophysiotmai recordings of single neurons (eg.
Okada et al., 2007; Strube-Bloss et al., 2011, ¢ai&f et al., 2008), and calcium imaging

of multiple neurons (eg. Hahnel & Menzel, 2011).
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Visual and olfactory processing in insects

Olfactory processing shares striking similarities wvertebrates and invertebrates
(Hildebrand & Sheperd, 1997), indicating that thigaaory systems in both species
evolved facing fundamental similar sensory chalé=gr similar evolutionary constraints
(Eisthen, 2002). In honeybees, olfactory recepturons (ORN) project to the antennal
lobe (AL), which serves as the first olfactory pgesing stage in the bee brain, and consists
of discrete glomeruli. All ORN expressing the samifactory receptor (OR) converge into
the same glomerulus (Vosshall et al., 2000), wiaich connected by local neurons (LNSs),
most of them are GABAergic (Anton & Homberg, 199Bpth neuron types, projection
neurons (PNs) and LNs receive excitatory input flodRNs, PNs excite LNs, while LNs
can in turn synaptically inhibit PNs, thus formirgciprocal dendrodendritic connections
(Wilson & Laurent, 2005). In the AL, odor identignd intensity are coded by spatio-
temporal activity patterns (Galizia et al., 199%u et al., 2005). Approximately 800
uniglomerular PN, the AL output cells, form twofdifent axonal tracts (Mobbs, 1982), the
lateral antenno-cerebral tract (I-ACT) and the rakdntenno-cerebral tract (m-ACT). They
target the lateral horn (LH) and the MB input regithe calyx.

The calyx is subdivided into three concentric regiahe lip, the collar, and the basal ring,
each receiving terminals of sensory neuropils (Mp®82), including projections from
the optic lobes transmitting visual information ¢@enberg, 1986).

The corpora pedunculata or MBs are higher-ordeegiation centers (Mobbs, 1982;
Strausfeld, 2002; Gronenberg, 1986), and knownetankolved in learning and memory
formation (Menzel et al. 1974, Erber et al. 198leisenberg, 1989; DeBelle &
Heisenberg, 1994). They consist of paired neurogpiisiprising approximately 170,000
densely packed intrinsic neurons per hemisphesee, Kignyon cells (KCs) (Abel et al.,
2001). The dendritic arborizations of the KCs dre main postsynaptic elements of the
cup-shaped calyces. They relay multisensory inftonaonto the MB output neurons in
the - and -lobes, and pedunculus (Schirmann, 1973). Infoomatf each circular zone
of the calyx is represented in the pedunculus abdd as a stratum (Mobbs, 1982). While
the calyx is regarded to be the main input regibthe MB the lobes represent the main
output region (Kenyon, 1896; Schiurmann, 1974; Stedd, 1976).
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PCT neurons connect the MB output with its input an d provide both

local and recurrent inhibition

Neurons having their somata outside of the MB catutst the class of MB extrinsic
neurons (ENs). Approximately 400 ENs arborize witthe MB output region, and have
been classified according to the locations of tekema clusters A1-A7 (Rybak and Menzel,
1993). The A3 cluster forms the protocerebral callyiract, the PCT. The primarily
inhibitory recurrent pathway of PCT neurons fornmefi horizontal bands within the
anterior-dorsal -lobe in which they receive modality specific eatitry input from KCs
and provide local feedback onto MB EN e.g. with diges of the pedunculus-extrinsic
neuron number 1 (PE1), potentially providing leaghdependent inhibitory input to the
PE1 (Okada et al., 2007). PCT neurons further atinie MB output, the- and lobes
and pedunculus, with all sensory subcompartmentgshef MB calyx predominantly
connecting the same modality specific output aqiinayers (Schafer and Bicker, 1986;
Grinewald, 1999a). Since most PCT neurons are Gaanmvzobutyric acid (GABA)
immunoreactive (ir) they appear to provide selectihibitory input to the calyces (Bicker
et al., 1985; Schéafer and Bicker, 1986). Electracroscopy revealed GABA-ir profiles in
the calyx documenting reciprocal synaptic contagts PNs und monosynaptic contacts
with KCs (Ganeshina & Menzel, 2001). Since PNspaiesynaptic to KCs and postsynaptic
to PCT neurons their output will be indirectly metgid via feedforward inhibition by these

GABA-ir neurons.

Distributed memory traces in time and space
Activity-dependent synaptic plasticity is generatignsidered a neural basis for learning

and memory, (Hebb, 1949, Squire, 1987, Kandel &#eh 1982) leading to changes in
network dynamics of neural circuits. In this franfegrning depends on induced plasticity
that finally leads to a stable, consolidated membigwever, neurons undergoing cellular
and molecular modifications such as longterm degpweLTD) and long term potentiation

(LTP) do not necessarily subserve long-term merstosage.

The plasticity machinery in the brain is insteatdsrved by multiple memory systems that

act either synergistically or on different time Issain distributed brain regions [in
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mammals eg. Hippocampus: Squire (2004), Sutherlamd McNaughton (2000) and
connected medial temporal lobe (Suzuki, 2008),rpreél- and orbitofrontal cortex (Rolls
& Treves, 1998; Rolls & Kesner, 2006; Goldman-Raki®95); Histed et al. (2009);
Wiltgen (2004), and ventral tegmental area withpees to reward encoding: Schultz
(1998)].

Also in insects, memory traces were found to béridiged; InDrosophilamelanogaster

to date, 6 distinct cellular memory traces followiaversive olfactory conditioning have
been identified in distributed brain regions whfohm and disappear across different time
windows (Davis, 2011). Based on the bundling of retgorojections in the MB lobes,
Drosophila KCs can be subdivided into three morphologicalsstd (Crittenden et al.,
1998), that were associated with distinct memomrgcds: / ° MB neurons, with
intermediate memory (Wang et al. 2008), alpha bdrasfche / MB neurons, with a first
long term memory (LTM) trace (forming 9 to 24h afteaining, Yu et al., 2006), and the
cells with a second LTM trace (established 18 tohd8rs after training, Akalal et al.,
2010). Memory traces iDrosophilaare thus consolidated at the MB output synapses in
distributed cell clusters and spread over time.

In the honeybee brain, multiple forms of assocaasticity have been observed in MB
intrinsic and extrinsic neurons (ENs): KCs, thdlde a sparse coding regime, suitable for
high dimensional memory storage (Perez-Orive et 2002) express plasticity at the
postsynaptic sites in the lip region of the calgzyszka et al, 2008). One class of MB ENs
revealed reorganizations in their odor responsetspafter associative learning in favor of
the previously rewarded odor (Strube-Bloss et @lL13. One morphologically identified
MB output neuron, the PE1 neuron, was found to eedts firing rate to the previously
rewarded odor (Mauelshagen, 1993; Rybak & Menz@981 Iwama & Shibuya, 1998;
Menzel & Manz, 2005 Okada et al., 2007). The PEkikes putative input from PCT
neurons (Okada et al., 2007). Using intracellulacordings and calcium imaging,
associative plasticity could be evidenced in PCTroes in the minutes to hours range
(Grunewald, 1999b, Hahnel & Menzel, 2010). PCT naarrespond to a variety of sensory
modalities (Homberg & Erber, 1979; Gronenberg, 198¢hildberger, 1981), and are

therefore a potential candidate for multisensosyrieng and memory formation in the bee
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brain. Their coding strategies during visual ani@dceibry learning and memory formation

are the focus of the present work.

The importance of recurrent inhibition in learning and memory
formation

The diversity of cortical function is provided bghibition (Buzsaki, 2006). A neural
assembly with exclusive excitatory connections salely change the level of excitation,
moving the system only in a forward direction. Cersely, the implementation of
inhibitory connections into a neuronal ensemble bt self-organizing nonlinear
processing which results in complex activity patserthat crucially depend on the
connectivity between excitatory and inhibitory nede

Different forms of inhibition in neural assemblieave been described (after Buzsaki,
1984; 2006, Freund & Buzséki, 1996). A recurrettibitory network provides negative
(inhibitory) feedback when increased discharge sraik the (excitatory) principal cell
elevate firing of the inhibitory interneuron, whigh turn decreases the firing of the
principal cell. Negative feedback thus providesbiiityg in a network by restricting
excitatory discharges. In a feedforward inhibitmgnfiguration, increased firing of the
inhibitory interneuron, as the primary event, resuh a decreased output rate of the
excitatory target cell, increasing temporal premisiof the rate code. In this line,
feedforward inhibition can narrow the temporal womdof discharge probability of the
excitatory target neuron with submillisecond priegis of spike timing (Pouille &
Scanziani, 2001).

Feedforward inhibition has been shown to effecyivelgulate the temporal integration of
synchronous spikes from antennal lobe PNs onto W&slelayed inhibition from lateral
horn neurons in the insect calyx (Assisi et alQ720 Via this mechanism the sparse firing
regime of KCs might be governed, which is thoughtbe suited for high dimensional
coding and memory storage (Perez-Olive et al. 2002)

Spike-timing plasticity observed in MB ENs of theclist, which leads to either an
enhancement or a reduction of synaptic efficiein@g been shown to crucially depend on
the precise timing of spikes from KCs (Cassenaéaérent, 2007).
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A third form of neuronal feedback is lateral intidn. When a principal cell recruits an
inhibitory interneuron by increased excitation, thieerneuron can silence the surrounding
of the principal cell, thus enhancing activity ssgation. Lateral inhibition has been
described to effectively enhance odor discrimingbiln the insect olfactory system
(Linster and Smith 1997; Perez-Orive et al. 2004s@v and Laurent 2005).

Recent studies ascribe a key role to GABAergicllaral recurrent inhibitory circuits in
learning and memroy formation itself, like contmo) synaptic strength and plasticity
(Maccafferi & Lacaille, 2003, Lledo & Lazarini, 20)) modulating LTP and LTD (Steele
& Mauk, 1999), as well as a role in feature exwacas a basis for learning and memory, as
pattern segregation (Abraham et al., 2010), tentpotegration (Assisi et al., 2007), and
oscillatory synchronization (Tanaka et al., 2009).

Specifically, Steele & Mauk (1999) studied recutrarhibitory connections in the CA1
region of the hippocampus. The authors could evidevhat has already been proposed by
computational studies (LeMasson et al., 1993; Tkedst al., 1997): Spike activity of
postsynaptic pyramidal cells recruits GABA-mediatedurrent inhibition and influences
the induction of plasticity by promoting LTD or LTéepending on the pyramidal cell’'s
spike activity. Increased inhibitory feedback opywamidal cells in case of high pyramidal
firing favors the induction of LTD over LTP, whileccordingly, the induction of LTP is
enhanced when inhibitory synaptic transmission Iscked (Gustafsson & Wigstrom,
1990). Recurrent inhibtion may thus prevent runawhgnges of LTP and LTD and
therefore regulates training-induced patterns ofptic strengths that encode memories.
Additionally, increased inhibition was associatathvdecreasing reaction times in decision
making tasks and the appearance of theta oscilat{®&merieri et al., 2010). In the
hippocampus, the phase of the theta rhythm itsedflieen shown to influence the timing of
pyramidal neuron firing, the induction of LTP (thepeaks) and LTD (theta troughs)
(Holscher et al., 1997). In this frame, theta rinytttom inhibitory neurons may influence

synaptic plasticty and the maintenance of memory.

Cooperative neuronal coding regimes
It is generally accepted that a neuron sends issage, in form of action potentials, down

its axon to all neurons to which it is anatomicatlynnected. In turn, receiving neurons
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integrate inputs from all brain cells to which there interconnected. However, anatomical
conjunctions might decelerate information procegsivhen distant brain areas need to
communicate. This might be the case for informatwacesses between the prefrontal
cortex (PFC) and the hippocampus in mammals. Execdtinctions critically rely on
interaction with information encoded in memory. Feuch large-scale functional
integration, neural communication through field eance or spike field coherence has
been proposed (Fries, 2005). In order to analyeeldbal field potential (LFP), which is
assumed to be composed of subthreshold synchrosjzeptic activity in a broader area
of the extracellular space, the low-pass filtergphal of the recorded activity needs to be

extracted. Figure 1 illustrates recording of thé’LF
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Figure 1. Multisite recording of field oscillations (a) The electrode, the number of
neurons and the volume of the brain tissue fronchvthe activity could be recorded are
depicted. (b) Gamma-wave field potentials (30-8Q Hezthe rat hippocampus recorded
from five shanks with a distance of 300 um betwsbanks. The color panels indicate
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averaged gamma-wave field potentials. Red and btreespond to sources and sinks,
respectively. Figure adopted from Le Van Quyen &din, (2007) Analysis of dynamic
brain oscillations.

Having extracted the different frequencies of tid|the occurrence of single unit spikes
or multiunit activity (MUA) can be analyzed withsgect to the oscillatory cycle in a
specific frequency range. Phase synchronizatioat, iswhen two LFPs oscillate with a
constant phase shift, provides windows for succéssimmunication between different
brain areas. LFP oscillations reflect fluctuatiansneuronal excitability, which affects
neural output as well as the sensitivity to neumput (Volgushev et al., 1998; Elbert &
Rockstroh, 1987; Frohlich & McCormick, 2010). Ingemphases of an oscillation cycle (eg.
0° versus 180°) correlate with membrane potentegotharization (so-called up states),
while shifted phases (eg. 90° versus 270°) coresptéo membrane potential
hyperpolarization (so-called down states). Actiarteptials emitted during up phases are
thought to be transmitted from one brain regiomanother and are likely to trigger action
potentials in the target area if they arrive agdiming the depolarized phase of an
oscillation cycle. This mechanism would guarantes pre- and postsynaptic spikes occur
in close temporal relationship, a prerequisitedpike timing-dependent plasticity leading
to long-term potentiation (LTP) between synapseakifdm et al., 1997; Abbott & Nelson,
2000; Caporale & Dan, 2008). If, conversely, nogghbcking or phase-locking with an
inappropriate phase lag occurs, action potentidlsawive at a phase of an oscillation, in
which no spikes are elicited in the target areas tpreventing LTP and hence, learning.
Also, phase-locking within one brain area can tpne- and postsynaptic spikes such that
STDP can induce both, LTP and LTD, depending ontiadrethe postsynaptic neuron fires
shortly after (LTP) or before (LTD) the presynapiguron.
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2. Visual and olfactory associative plasticity in a
inhibitory local and recurrent pathway in the honeybee
(Apis melliferg)

Abstract

In order to study visual and olfactory associatplasticity in a local and recurrent
inhibitory neural network, we applied a combinedguadl and olfactory conditioning
paradigm while recording extracellularly from inidrsy feedback neurons of the
protocerebral-calycal tract (PCT) in the honeybApig mellifera brain. PCT neurons
connecting the mushroom body (MB) output with itsput developped associative
plasticity to both sensory modalities. Associatplasticity was expressed in antagonistic
rate codes towards the reinforced and non reinfbstienuli. These rate changes correlated
with the behavioral performance of the animals, padked at discrete time windows for
different neurons over a recording time of up tee¢hdays. Thus the MB input receives
highly selective information about learned stimuind this information depends on

consolidation of multisensory memory over the raofydays.

Introduction

Learning and memory processes rely crucially onvidgtdependent synaptic plasticity
(Hebb, 1949, Squire, 1987, Kandel & Schwart, 1982ping to changes in the network
dynamics of neural circuits. In this context, leaghdepends on induced plasticity that
ultimately leads to a stable, consolidated memaayaw experience and a time-dependent
self-organizing neural process. GABAergic local amaturrent inhibitory circuits are
thought to play a key role in adaptive network oigation (Maccafferi & Lacaille, 2003,
Lledo & Lazarini, 2007, Steele & Mauk, 1999). GABArecurrent neurons are also known
from a central structure of the insect brain, theshmtoom bodies (MB) of the honeybee
(Apis melliferg. The rather small number of these recurrent neutappr. 100 neurons of
the protocerebral calycal tract, PCT) and theirlvadelfined anatomy and connectivity

24



within the MB (Rybak & Menzel, 1993, Grinewald, 829 Okada et al., 2007) make them
an attractive model for the study of inhibitory weent pathways in memory formation.
PCT neurons project back from the major outputaegf the MB to its input, and thus
serve as a putative inhibitory feedback loop itracsure known to be involved in learning
and memory formation (Menzel et al. 1974, Erbealetl980; Heisenberg, 1989; DeBelle
& Heisenberg, 1994). These neurons receive multahacput from the MB intrinsic
Kenyon cells (KCs), provide local feedback to otk&trinsic neurons within the output
region (Okada et al., 2007) as well as local ferdhod feedback onto olfactory projection
neurons (PN) and KCs at the MB input site, the @ady(Ganeshina & Menzel, 2001). PCT
neurons respond to a variety of sensory modalftiesnberg & Erber, 1979; Gronenberg,
1987; Schildberger, 1981), and both intracellutrordings and calcium imaging revealed
olfactory associative plasticity in the minuteshtmurs range (Grinewald, 1999b, Haehnel
& Menzel, 2011). Neural correlates of associatearting in bees can be investigated with
a robust paradigm, the olfactory reward conditignaf the proboscis extension response
(PER) (Menzel at al., 2006, Menzel, 1990; Menzd\i&ller, 1996). So far, all attempts to
uncover neural correlates of associative learninipé honeybee brain have been restricted
to elemental forms of learning, focusing on olfagt@onditioning. Here, we apply a
combined visual/olfactory learning paradigm firsésdribed in behavioral studies by
Gerber & Smith (1998), and recorded from multiplatsi of the PCT for up to 3 days.
Gerber and Smith found enhanced conditioned regsoos testing an olfactory stimulus
after visual pretraining (color) and subsequent poamd training. Although the visual
stimulus does not gain control over the conditiorehavior it appears to facilitate
olfactory learning by arousing and focusing at@mtiwe find that PCT neurons do in fact
establish memory traces for both visual and olfgcttimuli as expressed in contrasting
rate changes towards the reinforced and the spaityfinonreinforced stimuli. These rate
changes peak in discrete time windows for differaptirons over the three days of
recording. The combinatorics of associative plastin different PCT neurons indicate a
multi-faceted experience-dependent and highly aegahinhibitory feedback loop.
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Material and Methods

Animal treatment

Foraging honeybee#\pis mellifera carnicawere caught at the hive entrance, anesthetized
on ice, and harnessed in metal tubes, as desdop&ittermann et al. (1983). To ensure
that the bees were hungry and motivated they wetdeal prior to the experiments. Only
bees showing the proboscis extension response (&R ouching one antenna with 30%

sucrose solution were included in experiments.

Dissection

A small window (1.5 mm?2) was cut into the head cépdetween the compound eyes
along a saggital plane with the head fixed to tlages with dental wax. The first joints of
the antennae were immobilized using low-temperatueding n-icosane. The head glands
and trachea sacks located on the surface of the Wwexe carefully moved aside until the
alpha-lobe could be clearly identified. A silverrevielectrode was inserted between the
right compound eye and the right lateral ocelluselectromyogram recordings of the M17
muscle that innervates the proboscis and whoseitsateflects proboscis movemernithe
reference electrode was inserted either into tgkt compound eye or into the median
ocellus. The bee was positioned such that the lsaiface was exactly 90° horizontal to
the set-up table. Microruby was attached to theotighe multi-wire electrode in order to
stain the electrode position inside the brain amdntvestigate the stained region by
confocal microscopy after the experiment. The etele for neuronal recordings was
inserted at the medial-lateral border of the I§fha-lobe, and placed 60 — 250 um below
the anterior surface by means of a micromanipulatiached to the electrode holder. After
successful placement of the electrode the windothéenhead capsule was covered with a
drop of silicon (two components of KWIK-SIL Saraspt-L, USA, mixture 1:1). The
silicon kept the brain from drying out and addiadip fixed the electrode in the brain,
ensuring the stability of the electrode positiorioseveral days. The experiment started 30
minutes later when the silicon had bonded and thienal had recovered from the

dissection.
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Behavioral task

The behavioral paradigm of Gerber & Smith (1998%waaopted and modulated for our
purpose to study visual and olfactory memory ovéinmee span of up to three days. The
baseline responses of the recorded units towardsstimuli were determined before
training sequentially stimulating the animal withréde odors and three colors each five
times with an inter-stimulus interval (ISI) of ongnute. After a break of 10 minutes color
pretraining began. One color was chosen randomibetcewarded during six training trials
while another randomly chosen color was not rewarddéne bee was illuminated for 12
seconds. After eleven seconds the bee was fechfee tseconds with a droplet of sugar
water attached to the tip of a wooden stick. Aoatol for the movement and humidity
levels, a wooden stick with a droplet of pure wateas moved towards the bee in
unrewarded trials in order to test whether thesumibuld respond to the water vapour
and/or the visual stimuli attached to the movenoéitihe stick.

After another pause of 10 minutes, compound cotlmrotraining began. During the
rewarded condition the bee was again illuminateith Wie previously rewarded color, but
this time an odor was additionally applied severoads after color onset, for 4 seconds in
total. The reward was applied three seconds after onset. Thus there was one second of
overlap between the three sensory modalities, befmlor and odor were turned off.
During the unrewarded condition the previously warled color was paired with another
odor, here no reward was delivered. Both conditimese trained within six trials each.
Thirty minutes later the bee was tested three tifoesll stimuli, both separately and in
combination. Furthermore, color-odor combinatiortgcl had not been trained were also
tested. It is important to note that this experitabmprocedure, including training and
retention tests, was repeated on each consecute d

Electrophysiology

Electrodes

In the first series of experiments, the electraatenieuronal recordings consisted of two, in
the second series of three polyurethane-coated ecoppres (14 pum in diameter,
Electrisola, Escholzmatt, Switzerland) glued togetwith wax and attached to a piece of

glass capillary (~ 2 cm in length) for handling ¥ee micromanipulator. The ends of the
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wires were de-insulated and attached to the araplifiput connectors by means of
conducting silverglue. Resistances of single wisese in the range of 1 to 2 M Silver
wires (0.05 mm in diameter, Advent, Eynsham Oxogl&md) were used for the reference
electrode as well as for the electromyogram reogglof M17 activity.

Amplifiers

Each electrode wire was connected to the head sthgepreamplifier (npi electronic).
Filters were set to high pass of 10 Hz and low pEs$0 kHz. Hum noise (50 Hz) was
eliminated by an additional filter (Hum Bug; Digyter, Hertfordshire, UK). Neural activity
was sampled at a rate of 20 kHz through an analatigfital converter (1401 micro MKII;
Cambridge Electronic Design, Cambridge, UK) antiahdata analysis was performed by
Spike2 software (Cambridge Electronic Design) idolg signal storage, control of
stimulation devices and preanalysis of the dat& dmplifier used a band pass filter with

cut-off frequencies between 10 Hz and 10 kHz.

Visualization of the recording position

After the experiment, the brains were dissecte@dfiovernight in 4% formaldehyde with 1
ul Lucifer yellow for enhanced background stainimgshed in PBS, dehydrated in rising
concentrations of alcohol (20%, 50, 70%, 99%, ar@ 26), and cleared with

methylsalicylate. A Leica TCS SP2 confocal lasemmsing microscope (Wetzlar,

Germany) was used for scanning with a 20x or 1Oxemwabjective. Two excitation

wavelengths were applied, 428nm for the backgroflnatifer yellow), and 560 nm for

Microruby.

Odor and color stimulation

Odor stimulation was computer-controlled, usingadfiactometer with separate channels
for each odor, described elsewhere (Galizia et H)97). In each experiment, three
different odors were used to which the bee didsmaiw a spontaneous PER. Two of the
odors were used for differential conditioning, thed as a control odor. The olfactomter
was placed in front of the bee such that the endhef outlet was at a distance of

approximately 5 cm to the bee’s head. A constardgtraam (speed 1.5 m/s) was sent
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through a Teflon tube (6 mm in diameter). The candf magnetic valves via the Spike2
software allowed the addition of a particular otiothe airstream. An exhaust pipe behind
the animal ensured that odor did not accumulate.

Color illumination was provided by a light guidenteected to a lamp with filters for green,
yellow, and blue light. The exit of the light guiglas placed in front of the bee beside the
odor pump. Light switches were conducted manudlig, precise timing of on- and off-
switches were announced by a sound coming fronu@ $peaker that was connected and
controlled by the Spike2 software.

Odor delay

The time between the trigger as recorded by thke2pprogram and the actual opening of
the magnetic valves was approximately 3 ms. Afigening of the magnetic valves the
odor arrived at the bee’s antennae another 41.14at@s according to the speed of the
airflow and the distance from odor injection to thee. Thus, there is a constant odor delay

of 44.14 ms. We considered this factor in our asialy

Data analysis

Spike sorting

The differential channel or the three separataglsiended - channels, and the channel that
recorded from the M17 were high-pass filtered a® 3@z using the Spike2 software
(Cambridge Electronic Design, Cambridge, UK). Tkeensautomated template matching
algorithm of Spike2 was used for spike sorting.

In the case of three neuronal channels, the twarala with the best quality were sorted
together such that amplitude and waveform weretaatlg and simultaneously checked on
both channels at the same time. The third chanasl not used anymore to avoid false
positives. Besides careful visual inspection, sgrijuality was controlled by means of a
principal component analysis of the first three poments of each sorted unit. The dots of
the single units (encoded in one particular col@m@ded to be clearly separated from each
other in order to ensure good sorting quality amévwoid false positives and negatives in
spike trains of a single unit. The recorded M17ivitgt was separated from noise by

threshold sorting in Spike2.
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Response detection for single unit activity

In order to identify rate changes of single ungsaasignificant response to a stimulus, and
to define their polarity, we applied a dual apploéStrube-Bloss et al., 2011). First, we
compared the median of the pooled inter-spike valgfiSI) distributions of all trials within

a test of two time windows, 2 sec before and 100-60s after stimulus onset
(p<0.05).With this method subtle excitatory or iitory rate changes can be detected that
disperse over a period of some hundred millisecolmdsrder not to miss short but strong
rate changes, we then pooled spike trains frontrigls of one test, before and after
stimulus onset in the same time windows as dest@®ve, and summed them in a Peri-
Stimulus-Time-Histogram (PSTH) with a bin widths ms. We then calculated the mean
m and the standard deviati&D across all bins preceding the stimulus and thecladd
for a rate bin in the PSTH after stimulus onset thaeeded the threshold of three times

the standard deviation plus the mean bin preceti@gtimulus.

Response detection for M17 activity

Rate responses were estimated with a kernel cotimolwith a sliding window width of
50ms (Nawrot et al., 1999). Therefore, the spikeng of the muscle activity during
training sessions were binned with one ms preciéloms bins) before reward application
in a two-second time window from stimulus onsetriBgi test sessions, a four-second time
window after stimulus onset was chosen for respahstection. After convolution, a
threshold was applied: As soon as more than thpges emerged within the sliding

window, a response was detected.

Normalization of firing rates

Absolute firing rates were normalized to the prémgdngoing activity of the same unit
[(post-pre)/(post+pre)]. This normalization proceslproduces values between 1 and -1
and resembles the change in neuronal activity dug $timulus rather than the absolute

rate.
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Calculation of the neuronal learning score, deltg (

In order to systematically investigate distinct éimvindows of strongest associative
plasticity expressed by neuronal subpopulationsth® recorded PCT neurons, we
calculated a neuronal learning scadejta ( ), as an index of the strength of the unit’s
associative plasticity during a given test, semdyafor odors and colors. First, the
difference between the normalized rate response€3¥ and CS- was calculated for
pretraining, and tests during day 1 to 3. Thenctleulated difference for pretraining was
subtracted from each test difference investigatimgether response differences between
CS+ and CS- stimulus changed over the course ofitea To gain an absolute value, all
negative scores were multiplied by -1. Thus, theohlie scores resemble the change (in
relation to pretraining) in the capacity of eachtua differentiate between the CS+ and
CS- stimulus. The higher the score the more the rate responses differed for the
conditioned stimuli. Units were subsequently gralpecording to the test in which they
expressed their highest either on day 1, 2, or 3. values of units that were assigned to
one group were statistically compared with thealues of the same units in the other tests
using a paired t-test, to assess whethgalues differed significantly. As a control foreth
fact that we had already selected the highestlues (and assigned these to the group) we
destroyed the relationship between the data powtshuffling data points 100 times and
executed a second t-test with the shuffled scotesest to the median of the 100

permutations.

Statistics

In order to test significant rate changes betwemtrgning and tests, repeated measures
MANOVA was applied to subpopulations of units. Fbehavioral changes in the
percentage of M17 responses, the non-parametricelvhel test and the binomial test were
used where appropriate. scores of single units were compared using paire$ts.
Proportions of naive responses were calculated tvétbinomial test. Regression analysis
was used to explore whether pretraining responffereinces to the odor and color that
were subsequently reinforced predicted the disdiete window of strongest associative

plasticity for odors and colors together.
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Results

Behavioral performance

Proboscis extension responses (PERSs) reflect thditmned response in the paradigm
used. PERs were monitored with electromyogram oiogs of the muscle (M17) that
innervates the proboscis of the bee. Behaviorgbomses of 30 recorded bees were
quantified during color pretraining, and subsequemtipound training on day 1, and
during tests on day 1-3. Acquisition was charazestiby the percentage of behavioral
responses to the rewarded and unrewarded stimuwdil dfees per trial. Note that visual
pretraining and compound training were appliedamy on the first day but on each of the
three days before testing. Retention tests weredwmiad 30 minutes after the last
compound training trial on each of the three days @nsisted of 3 extinction trials during
which odors and colors were presented without réwResponses were counted for all test
trials for all bees. Not all bees survived the ¢hdays. Of the 30 bees recorded on the first
day, 19 survived until the second, and 5 untilttiied day. During visual pretraining, the
bees did not extend their probosces (figd)1 During compound training odor responses
were already significantly different for the rewaddand unrewarded compound after a
single training trial [trial 2: Chi2 = 5.883; = .015 df=1. trial 6: Chiz = 13,067p = .00,
df=1], (see fig. 1B). No behavioral responses to the colors could éated during
compound training. Retention tests for odors alshewed significantly more responses
towards CS+ odor than to CS- and the control oédspectively in all tests (fig. ©),
[Dayl. CS+ vs. CS-: Chi2= 22.13@;= .001, CS+ vs control: Chi2= 14.049,= .00], CS-
vs. control: ns; Day2. CS+ vs CS-: Chi2 = 14@%; .001, CS+ vs. control: Chi2= 9.48p,
=.002 CS- vs. control: Chi2 = 44 = .046 Day3. CS+ vs control: Chi2= 8.fb,= .004 CS+

vs CS-: Binomial tesp = .001, Control vs. CS-: ns].
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Figure 1. Behavioral Performance A Acquisition curves, color pretraining on day 1. The
bees (N=30) did not extend their probosces towargsof the trained color8 Average
acquisition curve for compound training on thetfaday. The bees extended their probosces
significantly more towards the CS+ odor (before asivonset) than towards the non
rewarded CS- odor, already after one pairiddRetention tests on day 1-3. As colors did
not evoke PERSs, test outcomes for odors are shOwreach test day, the CS+ odor evoked
significantly more responses than the CS- and ¢méral odor. Additionally, on test day 2
control responsewere significantly higher than CS- responses. Ne @Sponses were

detected on day 3.
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Neuronal responses towards odors and colors in nag\animals

During day 1, neuronal activity was recorded fro®d ingle PCT units of 30 bees. Before
each bee was trained, three different odors andrsalere applied, in order to get the
naive, baseline neuronal activity of the singletsirtowards the respective stimuli.
Responses were detected within a time window offi80beginning 100 ms after stimulus
onset. Percentages of excitatory [in brackets:bitdny] responding units were as follows
for the three odors and three colors. Odors: 3&BUYf4P.5%) [7 (4.3%)] responded only to
one odor, 42 units (25.6%) [7 (4.3%)] to two odamed 48 units (29.3%) [4 (2.4%)]
responded to all three odors. Colors: 39 units8#3.[1 (0.6 %)] responded to one color,
24 units (14.6%) [8 (4.9% )] to two colors, and B8ts (23.2%) [7 (4.3 %)] responded to
all three colors. The following proportions wereua for odor-color combinations: 83
units (50.6%) [8 (4.9%)] responded to at least @@ and one color, 11 units (6.7%) were
excited by at least one odor and inhibited by anmore colors, 7 units (4.3%) showed the
opposite response pattern. 19 units (11.6%) regzbndively to all odors and all colors,
while 24 units (14.6%) exhibited no naive resporteesither odor or color. These results
document the multimodal sensitivity of PCT neur@msl the multitude of combinatory
effects. It is particularly important that some rans in naive animals already responded to
the stimuli used in the following training sessas CS+ or CS-, others did not respond to

CS+ or CS-. This applies to both odors and colors.

Associative plasticity of naive responding and na&/nonresponding units

We next analyzed the unit responses to colors dogscand their dynamics of associatve
plasticity throughout the course of learning arstitg). Units were first grouped based on
their naive responses to the conditioned odors @otdrs. In order to capture neural

dynamics over the maximum time span, we first agskird units recorded for the entire
three days (N = 33).

Naive nonresponding units were recruited to resppetifically to the CS+ stimulus to

odors on day 3 and to colors on day 1, and for ©doey exhibited a broader range of
associative plasticity than naive responding umytgncreasing their excitation rate towards
the CS+ and increasing their inhibition rate to @®- stimulus. Naive responding units

changed their excitation magnitude to the CS+ a8d (@r odors strongest on day 1, for
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colors on day 2). The timescale on which asso@agtiasticity was expressed differed for
odors (naive nonresponding units: day 3 [Withinjsabeffect: F(11, 77) = 2.42, p = .012];

naive responding units: day 1 [F(11, 132) = 5.589,.000]), and colors (naive responding
units: day 2 [F(11, 66) = 2.9, p = .004]). Naivenresponding units increased their rate to
the CS+ color during test day 1, though this inseeia not statistically different in pairwise

comparison from the CS- and control color resportkesng the same test [F(11, 77) =

2.245, p =.02].

35



. Pretrainin
Il Excitatory response o 9

O [Inhibitory response B Test Dayl
O Noresponse B TestDay2
Bl Test Day3
A
Dayl Day2 Day3 Change Dayl % 1 *k
1 —_ *%
= o 1
| | (] R T T
— o N N y
= 1 5 | I i
-
* kd
£ 2 -
c L | L | | |
© * * EZ3
-1 [}
) -1 : : :
CS+CS Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+{CS-Ctrl = CS+ CS- cul
Odors
B PRE Day1l Day2 Day3 Change Day3 L 4 *
1 ! I
©
B ﬂ
I3 e
—N - -
£ 2 e
c
8 1 3
CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+HCS-Ctrl -1
fl CS+CS-Cul Csres-Cu ! = cs+ cs-  cul
, Odors
C *
Dayl Day?2 Day3 Change Day?2 g *
1 © *
°
(7] T T
[ E‘ 1 TT T
-
H 5 I I B
& c * *
c
]
CS+CS Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS#CS-Ctrl CS+ CS- Ctrl
Colors
D PRE Dayl Day? Day3 Change Day1 g
1 pag
1
3 T
N
¢ © - o
g £ = 1
° IS L
= *
g c [ L
c * *
]
8 4 g -1 L L L
CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+CS-Ctrl CS+4CS-Ctrl Cs+ Cs- Ctrl
Colors

Figure 2. Odor and color responses of naive respoimd) and naive nonresponding
units at different times after conditioning. Responses before training (PRE) and during
each consecutive retention test on day 1-3 arstiited for naive responding,(C), and
naive-nonresponding unitB,(D), first for odors, theffior colors. Significantesponses are
visualized in the response matrices for the singiés arranged horizontally in each row of
the matrices (black: excitatory response, cyanibitdry response, white: no response).
The change matrices illustrate the strongest changemparison to pretraining responses.

Alongside the response matrices, the normalizedfaatthe same units is plotted for CS+,
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CS-, and control stimulus. While naive nonrespogdinits became recruited to respond
strongest to the CS+ odor, they additionally chdnteeir rate anatgonistically to both
odors (increased excitation to CS+, increased mbibto CS-), naive responding units
only changed their level of excitation to the C&8-, or control. The timescale on which
associative plasticity was expressed differed fiwre and colors and for naive responding

versus naive nonresponding units (see text andgehaatrices).

We tested whether units that were recorded in amarexhibited the same proportion of
naive responses and no naive responses to the ddoee and three colors before the
training using the binomial test. Only three of i€es, recorded for two or three days,
expressed a significantly higher proportion of raigsponses than no naive responses to
both odors and colors (p's < .05). Three bees stmignificantly more naive responses to
odors only, while units of three other bees exm@ss higher proportion of responses to
colors and units of yet another bee a significahilyher proportion of no responses to
colors before training. In nine bees the unitsmd differ significantly in their amount of
naive responses and no naive responses to odocelansi before the training.

Associative plasticity quantified by the neural leening score

In order to systematically investigate distinct éimwvindows of the strongest associative
plasticty effect we calculated a neural learningrec , as an index of the plasticity
strength, separately for odors and colors {de¢hodsfor caluclation of ). For each unit
and each odor and color testywas calculated. Units were grouped separatelgdors and
colors, based on the test in which they expredseid highest (test day 1, day 2, or day
3), and these values were compared to thalues of the same units in the other tests, in
which these units exhibited lowerscoresThe values were significantly higher than the
corresponding values for the same units in the remainder testalf assigned groups, for
odors as well as for colors (paired t-test, all § 05). To control for the fact that we
selected the highest values and compared these with the remainder saligedestroyed
the relationship between the data points as dasamelethodsand executed paired t-tests
between the permutated data points. All pairedtstevith permutated data points were not

significant (all p’s > .05). This indicates 1) thia¢ single units featured significantly higher
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associative plasticity in one discrete time winddke assigned group), and 2) that these
significantly higher plasticity levels were not dtethe mere distribution of data points,

but could instead be related to the changes dfitigde units over time.

Associative rate changes in groups of units classitl by their score

Units were grouped according to the highestlue in the 3 tests and according to the sign
of the score (positive or negative) leading to 6 subgsolfigure 3 summarizes the rate
profiles with respect to odor responses, and figuvath respect to color responses for the
6 subgroups. Note, that the two upper panels degqiies for pretraining, test day 1, and test
day 2, and that only the lowest panel additionglistrates the rate changes for test day 3
(for those units that were recorded for the entimee days and were assigned to the
groups on day 3). Main effects of MANOVA are notadt for odor and then for color
responses. P-values of pairwise comparisons betaeerodor (eg. CS+ in different tests)
and between different odors (CS+ vs CS- vs Ctrthimsame test are notated in figures 3
and 4 with asterisk (* p < .05, ** p < .01, and *p*< .001).

Odor responses
For all 6 subgroups, units with positivevalues significantly increased their rates to the
CS+ odor, while units with negativevalues significantly decreased their rates toGBe
odor. With the exception of -units day 2 and - units day 3, all other subgroups
additionally expressed the inverse rate changeh& @S- odor, namely a significant
decrease in +units, and a significant increase inunits. For five subgroups the strongest
rate difference between CS+ and CS- odor were appduring the particular test the units
were assigned to (on day 1, 2, or three farnits day 1, 2, and 3, respectively). Only in
units assigned to -day 3, the rate difference between CS+ and CS-didgust not reach
significance, possibly due to the low sample side=(6). Instead, the rate response to the
CS+ and control odor decreased significantly fraetraining to test day 3, while CS- odor
responses did not change. For all other subgraapesresponses to the control odor did not
change. Pretraining responses to the CS+ and G8-wte significantly different in both
units day 1, and in -units day 2. [Statistical significance of pairwisgmparisons: see
fig. 3. Main within-subject effects: Test day 1, N = 16): F(8, 120) = 2.69F = .009

38



test day 1, - (N = 24): F(8, 176) = 5.24% < .00Q test day 2, + (N = 24): F(8, 184) =
5.86,p <.00Q testday 2, - (N =17): F(8, 128) = 3.07% = .003 test day 3, + (N = 11):
F(11, 110) = 5.026p < .00Q test day 3, - (N = 6): F(11,55) = 3.52) = .00]]. One unit
did not develop associative plasticity to odors. rtite did not change during subsequent

tests.

Color responses

As for odors, units with positive values significantly increased their rates to @+
color, while units with negative values significantly decreased their rates to @&+
color in both groups, day 1 and 2 (see fig.AdD). In the same groups, as for odor
responses, units additionally expressed the inveastern, a decrease to the CS- color in
+ groups, day 1 and 2, and an increase to the G&-ioo- group, day 1. Only two units
exhibited optimal rate change on day 3 with positiwalues. The low sample size did not
allow for statistical evaluations. Neverthelessiparable to the same group for odor
responses there is a trend towards a steady iecteasrds the CS+ color and a decrease
towards the CS- color with its peak rate differedoeng test day 3, (compare figE3with

fig. 4 E). For both odor and color responses, units wittinogd rate change on test day 2
and with a negative value only decreased their rates to the CS+ sti;ydut did not
significantly increase their rate to the CS- stinsulFor four subgroups the strongest rate
difference between CS+ and CS- color were appatenng the particular test the units
were assigned to (on dayl, and 2 founits dayl, and day2, respectively, fighdD).
Again, the trend in + units day3 also indicates rate peak differencedayn3. Units with
optimal rate changes to colors on test day 3 didchange their rate to the CS+ color, but
instead increased their rate to the CS- color gshon test day 3. In the same group rates
also increased to the control color from pretragnia test day 1 (fig. 4). Compare the
same group for odor responses in which rates deeded CS+ and control odor but did
not change to the CS- odor (figF3. For odors and colors, the day 3 group is the only
group with rate changes to the control stimulus.

In contrast to odor responses, pretraining respotsehe CS+ and CS- color differed
significantly only in + units day 1 (and not additionally in units day 1 and - units day

2). [Statistical significance of pairwise comparisosee fig. 4. Main within-subject effects:
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Testday 1, + (N = 16): F(8, 120) = 4.46p3,< .00Q testday 1, - (N =26): F(8, 200) =
4.511,p <.00Q test day 2, + (N =19): F(8, 144) = 3.6 = .00%, test day 2, - (N =
20): F(8, 152) = 2.88% = .006 test day 3, - (N =9): F(11, 88) = 4.641 < .000. Five
units did not develop associative plasticity tooesl Their rates did not change during

subsequent tests.
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Figure 3. Associative rate changes as expressedpasitive and negative for odors
during tests 1-3. 6 distinct groups were identified based on the teswhich they
expressed their highest positive or negativealue to the conditioned od¢@op panels:
units test day 1; middle panel:units test day 2; bottom panel:units test day 3). Positive
(left columns) and negative values (right column) were analyzed separatelyniddized
rates are shown for pretraining, and the differtiests, illustrated in graded gray scales.
Typically, positive units increased their rates towards the CS+ aondedsed it towards
the CS- odor, while negativeunits expressed the opposite pattern. Asterisictppralue

of pairwise comparisons (* p < 0.05, ** p < 0.0¥*p < 0.001).
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Figure 4. Associative rate changes as expressedpaositive and negative for colors
during tests 1-3. 6 distinct groups were identified based on the teswhich they
expressed their highest positive or negativealue to the conditioned coloConventions
are the same as in figure 5. Note that units aesigo - test 3 did not change their rate
towards the CS+ color, rather the rate increase@rids the CS- color. In all other cases,
both the rate towards the CS+ and the CS- colongdwh in opposite directions most
strongly on the test day to which they were assigne

Temporal relationship between color and odor assoative plasticity in the same units

We next examined the temporal relationship betwtbensingle units for odor and color
associative plasticity. Out of 98 units recorded f@o or three days, one unit did not
develop associative plasticity to odors, and fimgudid not develop associative plasticity
to colors. Of the 92 units that did develop plastito both odors and colors, the majority,
39 units (42.4%), exhibited plasticity to odors amadors during the same test, 34 (37%)
units developed associative plasticity first toarsland in a subsequent test to odors, while
the minority of 20 units (21.7%) developed assoogaplasticity first to odors and later to
colors. Thus, most of the recorded PCT neuronsesgnt the optimal rate code towards
visual and olfactory cues that were combined dutiragning either during the same
discrete time window or first to the visual andyolater to the olfactory cue.

Sixteen units developed plasticity to both modaditduring test day 1, 19 units during test
day 2, and 4 units during test day 3. We testedhengretraining responses to the stimuli
that later became the CS+ odor and CS+ color pestlithe day of associative plasticity
using regression analysis. The mean rate differbeteeen CS+ odor and CS+ color for
units that estalished associative plasticity tdhbhobdalities was 0.43, while units that did
not establish associative plasticity before dayxgressed a lower mean rate difference
(0.21). Regression analysis and t-test revealéed ddtend (p = .082) towards the observed
phenomenon, namely that units responding more rdiitéy to the two stimuli before
training were more likely to develop earlier asatige plasticity than units that fired more

similarly to the stimuli before training.
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Correspondence between behavioral performance andcenronal delta scores
Electromyogram recording of the behavioral respsra®wed us to address the question
of whether scores correspond to behavioral performance. Baehwas classified as a
discriminator if it showed the conditioned respolB&ER) at least once during three test
trials to the CS+ odor and no PER to the CS- odottdsts on each day. values were
grouped according to discriminators and non-discrators (see fig. 5). Positive as well as
negavite  scores were higher in magnitude in discriminateempared to non-
discriminators on day 1, this difference was sigaifit based on the significance levek

0.1 (p =.06). All 5 bees discriminated correctlyidg testing on day 3.
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Figure 5. Discriminator bees expressed higher +/- values than non-discriminator
bees.Positive and negative scores were higher for discriminators (D), illaséd in red,
than for non-discriminators (non-D), outlined imgrduring test day 1. *p < 0.1. During

day 3, all bees discriminated correctly.

Associative plasticity as expressed by the populati response

Next we asked how fast the rate codes for the éshstimuli evolved during stimulus
presentation on day 3 for all units that were rdedrfor three days. We estimated stimulus
representation by calculating time-resolved Eudidéistances between the CS+ and the
CS- stimulus for pretraining, on test day 1, daya@¢d day 3 in the neuronal ensemble
space. Figure 6 illustrates the results for odspoeses and figure 7 for color responses
together with example units that expressed thegindst associative plasticity on day 1, day
2, or day 3 at the top of each figure. For odopoeses, the average Euclidean distance
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between CS+ and CS- was considerably higher diestgday 3, compared with test days 1
and 2 (fig. 6B) - a result that was expected since 17 of theser®3 belonged to the
group with optimal rate changes on day 3 (see &igB). As an additional result, the
latencies of the rate changes were shorter duesigday 3 compared to test days 1 and 2.
This indicates that either the optimal rate chabpgsveen CS+ and CS- odor evolved with
shorter latencies than suboptimal rate changeshatr shorter latencies accompanied
improved behavioral performances as animals wele tabdiscriminate correctly during
test day 3. In order to estimate the timing of nelv@ssociation we contrasted the average
Euclidean distance between the CS+ and CS- stimuthsthe Euclidean distance between
the CS- and control stimulus (fig. ). For odor-reward associations, reward decoding
starts ~118 ms after odor onset, reached its pealkndr270 ms and lasted until ~660 ms
after odor onset. For color responses the timeutiool of Euclidean distances expressed
two peaks, during test day 2 and test day 3 (f)jg.However, latencies of these peaks
differed considerably (~200 ms earlier on day 3) hkeuronal ensemble consisted of equal
proportions of 11 units that developed their optinaée change to colors on days 1, 2, and
3. Hence, the proportion of units in different groups cannot account for latency
discrepancies. As on day 3, all animals had leatoeliscriminate the stimuli perfectly, the
shorter latency of the neuronal ensemble on dayuB8ldoe one possible neuronal basis for
improved performance. Color-associated/ard prediction began earlier than for odors (90
ms versus 118 ms), but here the distance was higitereen CS- and control color. 180 ms
after color onset the distance between the twoaheapresentations reached its maximum.
Reward prediction ended already 230 ms after stimanset, the total time of reward
representation was thus shorter for color-assatiatiges (~140 ms) than for odor-

associated cues (~545 ms).
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Figure 6. Population coding of learned odors.A Time-resolved firing rates during 3 sec
of odor stimulation were estimated with a Gaus&emel (= 50 ms) for threeexample
units (+ units day 1, day 2, day 3) each illustrated fatqaining (Pre), test day 1, day 2,
and day 3. The units exhibited increased rates ridsvéhe CS+ odor (upper panel) as
opposed to the CS- odor (lower panel) during thepeetive retention tesB Time
evolution of Euclidean distance of an ensemble3ofiBits recorded for three days between
the two conditioned odors (CS+ vs. CS-) during raratng (gray), test day 1 (blue), test
day 2 (green), and test day 3 (red). The firstsedonds of odor stimulation are shown. A
Gaussian kernel with w=200 and= 50 was used to estimate the time-resolved firatgs.
The Euclidean distance is highest during test dagn@8 rises earlier and higher in
comparison with day 1 and day 2. The distance gn3daeaks twice, the first peak around
270 ms after odor onset, the second ~1 second @dtar onset. During pretraining, the

neural assembly did not encode the two odors eifiity. C illustrates the time of reward
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prediction on day 3, i.e. when the bees differeéatiacorrectly between the odors.
Population rate vectors are plotted for the samits &s inA between the CS+ and CS-
odor (red), and the CS- and control odor. The nelrensemble encodes the reward-
associated odor versus the odors not associatédamieward differently from ~118 ms
after odor onset. The conditioned odor reachestindt ensemble representation and peaks
~270 ms after odor onset and is kept differentlyl ut60 ms after odor onset, when the

neural representations converged again.
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Figure 7. Population coding of learned colorsTime-resolved firing rates during 3 sec of
color stimulation calculated in the same way a$igare 7 for odorsA Three example
units are shown: - unit day 1, + unit day 2, and — unit day 3. — units are more
strongly activated by the CS- color while the ttnits are more strongly activated by the

CS+ color, in the respective te®&.The average Euclidean distances are plotted batwee
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CS+ and CS- color during the different tests fa same 33 units as in figurd®. As for
odor decoding, the distance is highest during ¢kest 3 (red), but the peak is lower in
comparison with the peak of odor Euclidean distafomenpare fig. 7), though the slope
rises earlier for color decoding immediately aftefor onset. During test days 1 and 2, the
latency of the evolution of Euclidean distance iscinlonger than that on test day 3, also
visible in the example units iA. C Color-associatedeward prediction begins earlier than
for odors (90 ms versus 118 ms), but here themistas higher between CS- and control
color. ~180 ms after color onset, the distance b&tw&S+ and CS- color reached its

maximum. Reward prediction ends ~230 ms after stismohset.
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Discussion

Recurrect GABAergic PCT neurons connecting the MBpot with its input develop

associative plasticity in a combined visual andactbry conditioning paradigm to both
sensory modalities apparent in long-lasting muti-extracellular recordings. Associative
plasticity was expressed in changes in the spikesréowards the reinforced and non
reinforced stimuli. These rate changes correlatéd the behavioral performance of the
animals, and peaked at discrete time windows ffferéint neurons over a recording time
of up to three days. Thus the input to the mushrdmody receives highly selective
information about learned stimuli, and this infotroa depends on consolidation of

multisensory memory over the range of days.

Behavioral performance

We adopted the behavioral paradigm used by Gerb8&mith (1998) to study visual and
olfactory associative learning. Gerber & Smith fduffacilitated olfactory learning
following color preconditioning and subsequent caldor training. Since bees do not
respond to trained colors under these conditioagatilitative component of color training
indicates a hidden form of associative or atteriaifect. In our study odor learning was
as high in combined color-odor training as in sengbor conditioning. The unrewarded

odor elicited substantially lower responses.

Distributed associative plasticity in mushroom bodyextrinsic neurons

The PCT neurons recorded here belong to high-ondemeurons of the insect brain that
are extrinsic to the MB. IrDrosophila and honeybees, multiple distributed forms of
associative plasticity have been observed in boh iNtrinsic KCs (Zars et al., 2000;
Dubnau et al., 2001; Pascual & Préat, 2001; YU.eR@06; Krashes et al., 2007; Wang et
al., 2008; Szyszka et al., 2008; Blum et al., 2G9ell as in MB extrinsic neurons (ENS)
(Mauelshagen, 1993; Rybak & Menzel, 1998; lwamal&b8ya, 1998; Menzel & Manz,
2005; Yu et al. 2006; Akalal et al., 2010). In hgoees, several kinds of MB ENs were
found to change their response properties duringcwmry conditioning, e.g. the

morphologically identified pedunculus extrinsic neu (PE1) reduces its response to the
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learned odor (Mauelshagen, 1993; Okada et al.,)2@0group of MB ENs located at the
ventral aspect of the-lobe enhances or reduces their responses to tiditiomed stimuli
and develops their plasticity within hours followgirtraining (Strube-Bloss et al, 2011);
PCT neurons (intracellular recordings: Grunwald94® calcium imaging: Hahnel &
Menzel, 2011) specifically change their responsdbé trained odor on the same day after
learning. However, no continuous long-lasting relaays of MB ENs have been performed
so far, and in no case were compounds of olfacoary visual stimuli used as conditioned

stimuli.

The recurrent pathway of the mushroom body in the bneybee brain

We focused on recurrent neurons of the PCT sinesettare promising candidates for
coding multisensory stimuli due to their multiserysesponse characteristics (Gronenberg,
1986). In accordance with Gronenberg’s resultsfauad that about 50% of the recorded

PCT neurons responded to at least one odor andadokebefore training.

Associative plasticity in PCT neurons leads to setéve responses to trained olfactory
and visual stimuli

We found antagonistic rate changes to the reintbmaed nonreinforced color and odor
stimuli in subsets of neurons. Thus, associatiastpity is expressed by a rate-dependent
gradual de-correlation between rewarded and undedastimuli, and these rate changes
correlated with the animals’ behavioral performanéarthermore, these associative
changes peaked in different time windows for déferneurons, either 30 minutes, 24 or 48
hours after the initial training. As we trained theimals every day anew, different time
windows of associative plasticity could reflectfdient stages of consolidation. During the
first retention test, contrasting rate changesipbssonstitute novel information while rate
changes during tests 2 and 3 might represent tigmetelated plasticity due to additional

training.
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Neuronal tuning profiles before training determined the direction of associative
plasticity

We observed that naive nonresponding neurons eadlibibroader range of plasticity than
neurons that responded to odors or colors befaneiig. The nonresponding neurons were
recruited and developed predominantly an excitatesponse to the CS+ and an inhibitory
response to the CS- odor that peaked on the tlayd Maive responding neurons only
changed their level of excitation to the CS+ an@& stimulus. Further, naive responses
to one modality determined the direction of ratargfe. Low naive responses determined
an increase while high responses determined a @kxiia response to one stimulus after
learning. In particular, neurons with significamtter differences towards the conditioned
odors before training were more likely to underdaspcity already during the first day,
while units that expressed plasticity on the thded/ exhibited no significant pretraining
rate difference. We did not observe this phenomdaopolor associative plasticity. Thus,
neurons that were already firing differently to tbenditioned odors might code new
associations, while neurons already firing simyldd the conditioned odors changed more
slowly and might therefore be more likely to papate in experience-dependent
consolidation processes of familiar associationddilonally, neurons that developed
plasticity to both odors and colors on the firsy da opposed to the second day exhibited a
trend towards higher rate differences between tisexquently rewarded odor and color
before training. Thus, pretraining rate differencaght facilitate early unimodal and

multimodal associative plasticity.

PCT neurons express associative plasticity to coler

This is the first time that visual associative plagy is evident despite the fact that no
motor output is elicited by learned visual stimirdi harnessed honeybees. Until now,
learning studies in honeybees were restricted tacwry elemental forms of learning.

While the olfactory CS elicits the conditioned respe effectively, training a visual CS

requires the ablation of both antennae in ordeelimt a PER, which in turn precludes

olfactory learning (Hori et al., 2006; Niggebruggeal., 2009). Gerber & Smith (1998)

demonstrated that color pretraining facilitatessaguent olfactory learning. Here we show

that the multimodal GABAIr recurrent feedback nexg@evelop the same anatgonistic rate
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changes to visual as to olfactory CSs, potentiedijecting the neural substrate for the

facilitative effect of color pretraining during tifent discrete time windows after learning.

PCT neurons provide both local and recurrent inhibtory feedback

The primarily inhibitory recurrent pathway of PCEurons form fine horizontal bands
within the anterior-dorsal-lobe in which they receive modality-specific extdry input
from KCs and provide local feedback onto MBs’ EN.ewith dendrites of the PE1l
potentially providing learning-dependent inhibitomput to PE1 (Okada et al., 2007). PCT
neurons further connect the MB output, thend lobes and pedunculus, with all sensory
subcompartments of the MB calyx predominantly cating the same modality-specific
output and input layers (Schéafer and Bicker, 1986fjnewald, 1999a). Since most PCT
neurons are GABA-ir they appear to provide selectivhibitory input to the calyces
(Bicker et al., 1985; Schafer and Bicker, 1986)xdion microscopy revealed GABA-ir
profiles in the calyx documenting reciprocal symapbntacts with PNs und monosynaptic
contacts with KCs (Ganeshina & Menzel, 2001). SiRt¢s are presynaptic to KCs and
postsynaptic to PCT neurons their output will béinectly mediated via feedforward
inhibition by these GABA-ir neurons.

Functional implications of MB GABA-ir recurrent neu rons

Modality-specific KCs of the MB input predominantigceive sensory-specific input via
PCT neurons that code former stimulus-dependengreeqce. This selective input might
depress (in the case of enhanced CS+ responssBgngthen (in the case of reduced CS-
responses) PN-KC synapses in the calyx therebylatggy input to the KCs in an
experience-dependent way. Convergence of the reweaabding neuron VUMmMXx1
(Hammer & Menzel, 1998) with KCs suggests that dls® PN-KC synapse undergoes
associative plasticity, which was found in Ca inmagexperiments on the dendrites of MB
intrinsic neurons (Szyszka et al., 2008). In theecaf enhanced feedforward inhibition,
PCT neurons could hypothetically suppress the vailgreal, thus nullifying the modulatory
input. In this context, PCTs would shut down vatoedulation onto the PN-KC synapses
in the calycal microcircuits, consequently moduigtthe correct synaptic weight that can

be detected by olfactory PNs for incoming stimuéi the reciprocal PN-PCT synapse. A
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similar mechanism was described by Steele & Mau9®) for recurrent inhibitory
connections in the CA1 region of the hippocampuee duthors provided evidence in favor
of computational studies (LeMasson et al. (1993)pdyks et al. 1997) proposing that the
spike activity of postsynaptic pyramidal cells r&ts GABA-mediated recurrent inhibition
and influences the induction of plasticity by pramg LTD or LTP depending on the
pyramidal cell's spike activity. Steele & Mauk denstrated that increased inhibitory
feedback onto pyramidal cells in case of high pydahfiring favors the induction of LTD
over LTP, while accordingly, the induction of LT® énhanced when inhibitory synaptic
transmission is blocked (Gustafsson & Wigstrom, 99 GABAergic inhibitory
neurotransmission onto PN-KC synapses in the MBxcebuld likewise prevent runaway
induction of LTP or LTD and therefore regulate nrag-induced patterns of synaptic
strengths that encode memories. A computational emddr associative plasticity
specifically in the MB (Smith et al., 2008) ascsbiéne same regulatory role to synaptic
weights in postsynaptic neurons in the calyx faureent inhibitory neurons.

We found two functional subgroups of PCT neurorfse Ppositive units increased their
rate while negative units decreased their rate to the CS+ stimuluss iitechanism was
often accompanied by the inverse rate change fer Gl$- stimulus, enhancing the
antagonistic rate code. While positiveunits might prevent the PN-KC synapse in the
calyx from over-strengthening through the inductioh LTD, negative units might
enhance LTP, therefore promoting learning througitrelased inhibitory feedback.
Evidence in favor of this hypothesis arises frore tBABAergic anterior paired lateral
neuron (APL) ofDrosophila which has striking morphological similarities twithe PCT
neurons but was only found once in each hemispfiate & Davis, 2009). The APL
neuron suppresses and is suppressed by olfactaryirtg, suggesting that reduced
inhibition promotes learning (Liu et al, 2009). PGubgroups might both enhance or
depress synaptic strength in specific postsynamigrons in the MB calyx, subserving
experience-dependent memory storage in calycalogircuits. This hypothesis is further
supported by a recent study by Hourcade et al.(P@ho reported learning-dependent

increases in the same functional calycal microdisan the honeybee.
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General conclusion
The inhibitory recurrent pathway of the mushroondyanforms the input and output

regions of the MB about learned and consolidatéthusils combinations. The higher
sensitivities of naively nonresponding neurons ®soaiative change indicates the
recruitment of a specific subset of PCT neuronthéocombination of learned stimuli. The
antagonistic associative plasticity further spesifithis subset of neurons suggesting the
transmission of both learning-related depressiah facilitation of MB output neurons as
well as stimulus coding at the MB input. Subdiwsoof these PCT neurons are further
characterized by their separation over time duwhgh associative plasticity is expressed,
possibly reflecting memory acquisition in the haand day range.

Assuming specific connectivities of the subsetstltgdse recurrent neurons with MB
intrinsic and extrinsic neurons, a highly selectifeedback about the learned value of

stimulus combinations could be provided.
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3. Visual modulation of olfactory processing in inkbitory
local and recurrent feedback neurons of the honeylee
(Apis melliferg)

Abstract

In honeybees Apis mellifera preconditioning of a color stimulus and subsequen
compound conditioning of a visual and an olfactstiynulus together facilitates olfactory
learning (Gerber & Smith, 1998). In order to elati the neuronal basis for cross-modal
interaction, the behavioral paradigm of Gerber & itBm(1998) was adopted, and
extracellular recordings from multisensory inhilytdeedback neurons of the honeybee
brain were applied. Enhanced response probabilitres shortened reaction times to the
trained odor were observed when the odor was armeouby the trained color. A possible
neural substrate could be ascribed to a subsetwfons that exhibited enhanced firing
after color onset, probably reflecting enhanceengibnal levels, and reduced response
latencies to the odor. The firing rate of the whio&ironal population towards the odors,
when tested together with a color, perfectly madctiee integrated sum of the acquired
values of the color and the odor together. In tht¢e neuronal ensemble, this phenomenon
was only present when the bee extended its prabadter odor presentation. As the
neurons also coded stimulus values of expected edes, in the absence of odor
presentation, olfactory modulation might hence depen the expectation of the odor cue
based on the learned value of the color. Via lacal recurrent feedback, the neurons might

inform motor and sensory areas about the relevahsemulus combinations for behavior.

Introduction

Learning enhances the sensitivity of neural assesibio process incoming stimuli
(Buzséki, 2006), and facilitates action-selectiorocpsses for appropriate behavior

(Roelfsema et al., 2010). Associative learning lbarstudied with classical conditioning.
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Classical conditioning derives from an associatlmetween a neutral stimulus (also
conditioned stimulus, CS) and a biologically sigraht stimulus (also unconditioned
stimulus, US), such that in the course of learnimgCS acquires the rewarding valence (or
value) of the US, leading to a conditioned respq@d®) evoked by the mere presentation
of the CS. Animals learn to associate the CS viéhdS. However, the CS is certainly not
the sole cue being associated with the US, rathgtipte context cues in which learning
takes place can act as a CS and might influenceegulent action-selection processes.
Experimentally, context cues can be operationalibgdpretraining the subject to one
stimulus and subsequently train this stimulus togietvith a second cue, either from the
same or another sensory modality.

Indeed, humans as well as animals use input froensensory modality to either facilitate
or attenuate processing of a stimulus from a difersensory modality, and adapt their
behavior accordingly. Auditory speech perceptiar, éxample, can be modulated by lip
reading, (Eimer & Schrogen, 1998).

In humans cross-modal visual and olfactory proocgssias been shown to enhance odor
responses and reduce reaction times (RTs) wheralviangruent cues preceded odor
presentation in comparison to incongruent visuascin the anterior hippocampus and
rostromedial orbitofrontal cortex (OFC) (Gottfri&@Dolan, 2003). The activtaion of the
congruent pair exceeded the activation of the dtiralone, as has been previously
described in human and animal studies of multisgnsmtegration (Stein & Meredith,
1993; Calvert et al., 2000).

Also insects use the information from one sensoogatity to adapt their behavior to a cue
from a second sensory modality (Matsumoto & Mizuna2004). In the honeybed\gis
melliferg) intra-modal compound conditioning, for eitheruas or olfactory cues, was
shown to attenuate conditioned responses to botHalities (Smith & Cobey, 1994;
Couvillon et al.,, 1997). However, no such blockieffect was found when using two
stimuli of different modalities (visual and olfacyocues) (Gerber & Smith, 1998).

Olfactory learning in honeybees can be modulatedabgolor via an occasion-setting
mechanism (Mota et al., 2011), and preconditioroh@ne color followed by compound

conditioning with the color and an odor togethes leeen shown to enhance response
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probabilities, prolong response durations and simothe RT when testing the odor after
training (Gerber & Smith, 1998).

The critical question underlying these cognitivessdiciations is how the brain
accomplishes action-selection based on the learale@ of the stimuli.

We aimed to elucidate the neuronal basis of crasdaminteraction by adopting the
behavioral paradigm of Gerber & Smith (1998) whigeording from a distinct neuronal
population in the honeybee brain. The target nexyyrdBABA-ir local and recurrent

feedback neurons of the protocerebral-calycal trd®€T) had been shown to be
multimodal (Homberg & Erber, 1979; Gronenberg, 1,98¢hildberger, 1981), and are
therefore regarded to be a suitable neuronal catelidr multisensory interaction effects.
Since they provide recurrent feedback to the inputthe MB, where they connect
reciprocally with sensory neurons, as well as Ideadback presumably onto premotor

neurons, they might serve as a relay station betwessory and motor areas.

In the present study context cues were operatmegiwith colors that were differentially
pretrained, one color was rewarded while the ottes not, and both colors were trained
together with a specific odor. The set of compounith the CS+ color was rewarded
while the set with the CS- color was not rewardadferent to the behavioral paradigm of
Gerber & Smith, we used differential color precdiatiing, as well as differential
compound conditioning, and we tested for odors @idrs alone, the trained compounds
and the reversed compounds, which have not beeredraOn the behavioral level, we
found enhanced response probablities to the tra@®#d compound (CS+ color & CS+
odor) opposed to the reversed CS+ compound (C8r &CS+ odor), and reduced RTs to
the trained CS+ compound in comparison with the 6&sr presentation alone.

On the neuronal level, during retention tests, wentl reduced response latencies and
increased rates in a subset of neurons to the @8rwhen the CS+ color preceded odor
presentation in comparison to test trials in whisd CS- color or no color preceded the
CS+ odor, which might reflect the physiological isasinderlying reduced RTs of
behavioral PER's.

Considering the entire neuronal ensemble only tt&+ @olor enhanced CS+ odor

responses during retention tests. Interestinglytrials in which the bees extended their
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probosces, both colors modulated odor responseseamard expectancy to both odors.
Visual modulation of olfactory responses in PCT mes thus occurs more pronounced
upon stimulus selection, which implies the necggsiitattention (Rizzolatti, 1987; Allport,
1989). Upon attention, the firing rate towards duors perfectly matched the integrated
sum of the acquired values of both stimuli. Testimg CS- color alone led to a pronounced
inhibition that was evident when the CS- odor wggeeted to be presented, again, only in
trials in which a motor response was executed. Néadiun thus depends on the expectation
of the odor cue based on the learned value ofdlwe.c
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Material and Methods

Animal treatment

20 foraging honeybee#\pis melliferd were caught at the hive entrance, anesthetized on
ice, and harnessed in metal tubes, as describ&itteymann et al. (1983). The bees were
not fed before the experiment begun, in order t&emtaem hungry and motivated. Only
bees showing the proboscis extension response (&R )touching one antenna with 30%

sucrose solution were considered for experiments.

Dissection

A small window (1.5 mm?) was cut into the head cépdetween the compound eyes
along a saggital plane with the head fixed to tiages with dental wax. The first joints of
the antennae were immobilized using low temperatueting n-icosane. The head glands
and trachea sacks laying on the surface of the bvare cautiously moved aside until the
alpha-lobe could be clearly identified. A silverravielectrode was inserted between the
right compound eye and the right lateral ocelluselectromyogram recordings of the M17
muscle that innervates the proboscis and whoseitgateflects proboscis movemernihe
reference electrode was either inserted into tgkt compound eye or into the median
ocellus.

The bee was positioned such that the brains suwasesxactly 90° horizontally to the set-
up table. Microruby was attached to the tip of timti wire electrode in order to stain the
electrode position inside of the brain and to itigase the stained region by means of
confocal microscopy after the experiment. The ebele for neuronal recordings was
inserted at the medial-lateral border of the I§fha-lobe, and placed 60 — 250 um below
the anterior surface by means of a micromanipulatiached to the electrode holder. After
successful placement of the electrode the windothéenhead capsule was covered with a
drop of silicon (two components of KWIK-SIL Saraspt-L, USA, mixture 1:1). The
silicon prevented the brain from drying-out and iaddally fixed the electrode in the

brain, ensuring the stability of the electrode posiover several days. The experiment
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started 30 minutes later when the silicon had bdrafed the animal recovered from the
dissection.

Behavioural Task

The behavioural paradigm of Gerber & Smith (1998&svadopted and modulated for our
purpose to study visual inter-modal interactioneef§. The baseline responses of the
recorded units towards the stimuli were determipefdre training sequentially stimulating
the animal with three odors and three colors eaghtimes with an inter-stimulus interval
(IS) of one minute. After a brake of 10 minutegocqretraining began. One color was
chosen randomly to be rewarded during six trairiirjs while another randomly chosen
color was not rewarded. The bee was illuminatedlbseconds. After eleven seconds the
bee was fed for three seconds with a droplet casugter attached to the tip of a wooden
stick. As a control for the movement and humidéydls, a wooden stick with a droplet of
pure water was moved towards the bee in unrewdrddsl in order to control for humidity
levels and hand movements.

After another pause of 10 minutes, compound callmrotraining began. During the
rewarded condition the bee was again illuminateith Wie previously rewarded color, but
this time an odor was additionally applied severoads after color onset, for 4 seconds in
total. The reward was applied three seconds after onset. Thus there was one second of
overlap between the three sensory modalities, betmlor and odor were turned off.
During the unrewarded condition the previously warled color was paired with another
odor, here no reward was delivered. Both conditimese trained within six trials each.
Thirty minutes later the bee was tested for athati seperately and in combination, three
times, respectively. Furthermore, color/odor combons not trained were also tested.
Importantly, this experimental procedure, includitrgining and retention tests, was
repeated on each consecutive day. Note that G&b@mith (1998) manipulated color
pretraining to explore its influence on odor retakwhile we always pretrained colors
differentially additional to subsequent differehtt@ampound training but manipulated the
test conditions. While assuming inter-modal faatldn in case of color pretraining we
addressed the additional question whether the lh@hand the neuronal activity to the odor

cues was different during tests depending on tlher tloat preceded the odor.
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Electrophysiology

Electrodes

In a first series of experiments, the electroderuronal recordings consisted of two, in a
second series of three polyurethane-coated coppes {14 um in diameter, Electrisola,
Escholzmatt, Switzerland) that were glued togethigh wax and attached to a piece of
glass cappillary (~ 2 cm in length) for handling ti@ micromanipulator. The ends of the
wires were deinsulated and attached to the amplifiput connectors by means of
conducting silverglue. Resistances of single wivese in the range of 1 and 2 M Silver
wires (0.05 mm in diameter, Advent, Eynsham Oxogl&md) were used for the reference

electrode as well as for the electromyogram reogglof M17 activity.

Amplifiers

Each wire of the electrode was connected to thed letage of a preamplifier (npi
electronic). Filters were set to high pass of 10aAd low pass of 10 kHz. Hum noise (50
Hz) was eliminated by an additional filter (Hum Buigitimer, Hertfordshire, UK).
Neural activity was sampled with a rate of 20 kiHmotigh an analog to digital converter
(1401 micro MKII; Cambridge Electronic Design, Caidige, UK) and initial data analysis
was performed by Spike2 software (Cambridge EleatrdDesign) including signal
storage, control of stimulation devices and pregmialof the data. The amplifier used a
band pass filter with cut-off frequencies betwe8&rHk and 10 kHz.

Visualization of recording position

After the experiment, the brains were dissectegdiover night in 4% formaldehyde with
1 pl Lucifer Yellow for enhanced backround stainimgished in PBS, dehydrated in rising
concentrations of alcohol (20%, 50, 70%, 99%, ar@ 26), and cleared with

methylsalicylate. A Leica TCS SP2 confocal lasemsing microscope (Wetzlar,

Germany) was used for scanning with a 20x or 10xermvabjective. Two excitation

wavelengths were applied, 428nm for the backroundtifer yellow), and 560 nm, for

Microruby, were used.
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Odor and color stimululation

Odor stimulation was computer-controlled, usingadfiactometer with seperate channels
for each odor, described elsewhere (Galizia et H)97). In each experiment, three
different odors were used to which the bee didshmiw a spontaneous PER. Two of the
odors were used for differential conditioning, tb@rd one as a control odor. The
olfactomter was placed in front of the bee such thea end of the outlet had a distance of
approximately 5 cm to the bee’s head. A constanstaeam (1.5 m/s speed) was send
through a teflon tube (6 mm in diameter). The agndf magnetic valves via the Spike2
software allowed adding a particular odor to thste@am. An exhaustion pipe behind the
animal ensured that odor did not accumulate.

Color illumination was provided by a light guidentcted to a lamp with filters for green,
yellow, and blue light. The exit of the light guitlas placed in front of the bee beside the
odor pump. Light switches were conducted manudlig, precise timing of on- and off-
switches were announced by a sound coming fronuc $peaker that was connected and

controlled by the Spike2 software.

e Electrode
Color
M17 electrode Exaust
O 0, ...—-—'

% . Reference

(Bee electrode
Air stream

Odor pump

Figure 1. Three-dimensional illustration of the electrophysidogical set-up used during
recording sessionsShown is the odor pump with its constant air streomwhich odors

are added during stimulation. The exhaust preveatimulation of odor molecules
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around the bee. Besides odors, colors were usembraditioned stimuli throughout the

experimental procedure.

Odor delay

The time between the trigger as recorded by thke2pgprogram and the actual opening of
the magnetic valves was approximately 3 ms. Afigening of the magnetic valves the
odor arrived at the bee's antennae another 41.1/ters according to the speed of the
airflow and the distance from odor injection to thee. Thus, there is a constant odor delay

of 44.14 ms. We considered this factor in our asialy

Data analysis

Spike sorting

The differential channel or the three separatedingle-ended - channels, and the channel
that recorded from the M17 were high-pass filtea¢800 Hz using the Spike2 software
(Cambridge Electronic Design, Cambridge, UK). Tlkensautomized template matching

algorithm of Spike2 was used for spike sorting.

Overdraw mode of

Spike trains of 2 channels Template sorting Derived Units .
all sorted Units

\~V Adin e V
Figure 2. Spike sorting procedure using the semi-automaized template matching

algorithm provided by Spike2.

In case of three neuronal channels, the two chanwéh the best quality were sorted
together such that amplitude and waveform weretaatlg and simultaneously checked on
both channels together. The third channel was set lanymore to avoid false positives.
Sorting quality was, beside careful visual inspatticontrolled by means of a principal
component analysis of the first three componentsagh sorted unit. The dots of the single
units (encoded in one particular color) neededdclearly separated from each other in

order to ensure good sorting quality and to avaide positives and negatives in spike
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trains of a single unit. The recorded M17 actiwitgis seperated from noise by threshold

sorting in Spike2.

Figure 3. Principal component analysiof single unit activity

Response detection for M17 activity

Rate responses were estimated with a kernel cotimolwith a sliding window width of
50ms (Nawrot et al., 1999). Therefore, the spikensg of the muscle activity during
training sessions were binned with one ms preci§loms bins) before reward application
in a two seconds time window from stimulus onsairibg test sessions, a four seconds
time window after stimulus onset was chosen fopasese detection. After convolution, a
threshold was applied: As soon as more than thpdees within the sliding window

emerged, a response was detected.

ot

f
B bt A AN

Figure #hreshold sorting of muscle activity

Analysis of neuronal data
Analysis of neuronal activity was performed by domsting Peri-Stimulus-Time-
Histograms (PSTHs). The subsequent analysis wadedelto four time windows that

related to four different behavioral events: W1locoonset (-8 to -6 seconds), W2:
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preparatory period (-6 to 0 seconds), W3: odor b(8do 2 seconds), and W3: reward
omission (2 to 4 seconds). The last time windowefgrred to as reward omission as no
reward was applied during retention tests, wherrare&l data was analyzed. Firing rates
were normalized using the antecedent ongoing &gtbatween 1 to 3 seconds before the
first cue onset (color onset), on a trial-by-thalsis for each individual cell. Z-scores were
calculated from an approximate Poisson distribytes described in Totah et al. (2009),
where Z is defined as the ((observed number ofespiper bin) — (expected number of
spikes)) / expected number of spikes, while the expected unolb spikes = ((total
number of spikes during baseline time period) &éiae time duration)) * (time bin size).
Using this equation, an excitatory unit was defirmedsignificantly responding if the Z-
score was above 2.36 (which corresponds to a pvalu01l) in x consecutive time bins or
below 1.28 for inhibitory responses (p < 0.1). Tower threshold for inhibitory responses
was chosen in order to compensate for the oppositiee well known ceiling effect what
we call the “bottom effect”. There can only be zepkes, but not a number of negative
spikes. For the analysis of neuronal activity ta¥gacolor onset, odor onset, and reward
omission, a bin size of 50 ms was used. In ordekefme significant responses during the
preparatory activity, a bin size of 200 ms was us&d consecutive bins had to exceed the
defined response threshold. In order to assessréeliftes in neuronal activity due to the
different behaviour of the animals. First the graawkrage of all recorded neurons was
assesed, then the units were grouped based onlikeqgient behavior of the animal (PER
vs no PER trials). Population activity of these tgroups (PER vs no PER) was compared
for each condition and each time window. Thereafiepulation activity of PER trials only
was assessed during the last two time windows, addrreward omission responses (W3
& W4), again, for all tested conditions.

Statistics

First the grand average of all recorded units (N16) was calculated and each unit's
activity was compared in each time window (W1-W43ing Repeated Measures
MANOVA with the within-subject factor “condition”"When PER vs no PER trials were
compared, MANOVA analysis were used in which timasvdefined as the within-subject

factor and the behavior (PER vs no PER) as betwabject factor.
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Results
A B oc C

Standardized 3D digital brain atlas dorsal

MB-calyx

Figure 5. Morphological structure of the PCT and vsualization of the recording
position. A 3-D standardized digital atlas of the honeybeerbvaih reconstructed PCT
neuron (green) by Ruth BarteB.Schematic diagram of PCT neurons within the hoeeyb
MB, adopted from Grunewald (1999). PCT neurons ivecenultimodal input from the
KCs within modality specific bands of thelobe. Flow of information is toward all
subcompartments of the calyces. (Abbreviations:-lobe; , -lobe;Pe pedunculusCo,
collar, Br, basal ringLi, lip; LC, lateral calyx;MC, median calyxOC, lateral ocellus)C
The confocal image shows staining with mircrorudysomata of PCTs lying in the
periphery of the lateral protocerebrum. One maurite is stained that arborizes within the
left -lobe of the MB. Electrode position is indicatedtbe white arrow.

Behavioral performance

We wanted to test, whether the behavioral and malin@sponses towards the conditioned
odors differed when the odors were presented atonehen they were preceded and
accompanied by a color during retention test 30uteis after color pretraining and
color/odor compound training. During training, twolors were differentially pretrained.
One was rewarded (CS+ color), the other not (C®+rduring the subsequent compound
training, an odor (CS+ odor) was preceded and apaarad by the CS+ color, this set was
rewarded. The CS- odor was preceded and accomplapigee CS- color. This compound
was not rewarded. During the test, odors and coler® tested alone. We also tested the

trained compounds (CS+ color & CS+ odd®- color & CS- odor), further called “trained
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CS+ compound” and “trained CS- compound” and also reversed pairs (CS- color &
CS+ odorCS+ color & CS- odor), further called “reversed CG&®tnpound” and “reversed
CS- compound”.

Harnessed bees do not extend their proboscis teveatdrs (Niggebrigge, et al., 2009). In
this study, also no PER’s were observed towardsr&oWe therefore only illsutrated
percentages of PER's of all three test trialsdimr® and compounds for 20 bees on the first
test dayl, for 11 bees on the second test dayfoaridur bees on the third test day.

We calculated differences of PER responses betweeré different test contingencies
using the McNemar test, and illustrated them inurgg 6 (CS+ odor, trained CS+
compound, reversed CS+ compound, CS-odor, train€d ¢édmpound, reversed CS-
compound, in this order).

To display the results, we kept one color codingeste throughout this work. CS+ odor
responses are always illustrated in black, and @®r responses in grey, while green
indicates the CS+ color and orange the CS- colomg@unds are thus outlined with two
colors, one for the color and one for the odor.

The CS+ odor elicited 33,3 % PER's in 20 bees int&l trials (three trials per
contingency). This were significantly more PER £amparison with the CS- odor (Chi2 =
7.682, p =.006), the trained CS- compound (CHi®:316, p = .001), and the reversed CS-
compound (Chi2 = 5.263, p = .02). The trained C8mpound elicited a PER in 45% of all
trials, significantly more than the reversed CSmmpound (Chiz = 9.091, p = .003), the CS-
odor (Chi2 = 13.793, p = .001), the trained (Ch#8:375, p = .001), and the reversed CS-
compound (Chiz = 12.042, p = .001). Moreover, tbeersed CS+ compound elicited a
PER in 27% of all test trials and significantly radhan the CS- odor (Chi2 = 4.050, p =
.04), and the trained CS- compound (Chi2 = 7,692,@06).

During test day2, The CS+ odor evoked more respsotisa the CS- odor (Chi2 = 5.818, p
= .016), and than the reversed CS- compound ¢(€hi®83, p= .043). The CS+ compound
effected more responses than the reversed CS+ eodfChiz = 4.167, p = .041).
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Figure 6. Bees learned to distinguish the CS+ fronthe CS- contingencies.A
Percentage of PER's of 20 bees, each during testérials, dayl (from left to right: CS+
odor: 33.3%, trained CS+ compound: 45%, reverset €@®pound: 27%, CS- odor: 10%,

trained CS- compound: 8.3%, reversed CS- compoufds). Bees extended their
probosces significantly more to the CS+ (black palen to the CS- (grey bars)
contingencies. All comparisons between the CS+ #mel CS- contingencies were
significant with the exception that the reversedt@8mpound (black/orange bar) did not
elicit more PER's than the reversed CS- compounely{green bar). Also, more PER's
were observed towards the trained in comparisoh thié reversed CS+ compound. (See
text for statistics)B Percentage of PER's of 11 bees on test day2 (@8r 80%, trained
CS+ compound: 42%, reversed CS+ compound: 18%, ader. 3.03%, trained CS-
compound: 12%, reversed CS- compound: 6%). Whéetithined CS+ compound elicited
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significantly more PER's on day2 than all othertoagencies, except CS+ odor, the latter
elicited more responses than the CS- odor anddahersed CS- compound and lost its
behavioral dominance above the trained CS- compotlihé reversed CS+ compound
elicited more responses than the CS- o0@dBy day3, animals responded to a great deal of
CS+ contingencies (CS+ odor: 75%, trained CS+ camg@p 67%, reversed CS+
compound: 33%), while not a single trial was resjmsh for the CS- odor and CS-
compound. However, when the CS+ color precede@€®weodor (reversed CS- compound)
8.3% of the trials were responded.

Behavioral response latencies

In the following, we explored behavioral resporeemcies, to assess, whether a preceding
color either fastens or attenuates the behavie@dtion time to the CS+ and CS- odors.
For test dayl, all trials in which the bees extehtlgeir probosces to the trained and
reversed rewarded compound as well as to the C$®+ wdre investigated. Behavioral
reaction times (M17 Response latency) of the bHes §) were pooled for each condition.
Reaction times to the three different conditiongeMeompared using Repeated Measures
MANOVA. The bees exhibited significantly differergaction times to the conditions [F(1,
10) = 13.397, p = .004]. The bees reacted sigmfigafaster to the CS+ odor when the
odor was preceded by the CS+ color (trained CS+pooammd: mean reaction time: 773.2
ms) in comparison with the presentation of the ©8er alone (mean reaction time: 1416.3
ms). The difference between the reversed CS+ contp@uean reaction time: 1250.8 ms)

and the two other conditions was not significaet(8g. 7A).

Neuronal response latencies

We asked whether the neuronal activity in thesastrmirrors the behavioral response
latencies. To this end, we explored the activityoits that exhibited a significant response
between color and odor onset (between -6 and (hdstaluring the same trials that were
analyzed for the behavioral latencies. We hypo#eekithat units with a significant
response after the CS+ color onset and before 8teddor onset might anticipate the CS+
odor and might thus react faster in comparison with condition in which only the CS+

odor was presented.
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5 units from 3 bees matched this criterium and vgetected and compared during the three
different conditions (CS+ odor, illusrated in bladckained CS+ compound, illustrated in
green & black, reversed CS+ compound, illustratedrange & black). In figure B, the
neuronal activity of these 5 units is illusratedotighout color onset (-8 sec), preparatory
period (-6 till O sec), odor onset (0 sec), rewandission (3 sec), odor and color offset (4
sec). In fig 7C, a zoom in is shown for the first 500 ms afterrodiaset (grey area inB).

A threshold for response detection was defined éisnds the standard deviation of the
mean ongoing activity before stimulus onset (greyizontal line in 7C). Population
latencies were estimated by means of linear intatiom. Latencies thus resemble the point
in time when the population response became sugmfly deviant from the ongoing
activity by exceeding the threshold. The populatiatency was shortest for the trained
CS+ compound. The threshold was exceeded ~108 res aftor onset, while the
population response to the reversed CS+ compoucahie significant ~136 ms and to the
CS+ odor only ~196 ms after odor onset. Thus, the &ffor enabled a few units to exhibit
significant preparatory responses after color aefbre odor onset while the same units
responded faster to the CS+ odor after the ons#teofCS+ color as opposed to the CS-
color and no color. Additionally, the odor responsmas significantly increased in
magnitude when the CS+ color preceded the CS+ iodmsmparison to the CS- color and
no color (p < .05). This was also true for the ragponse before reward omission (3 sec).
Here, the rate response was graded: It was strbrigeghe trained CS+ compound,
medium for the CS+ odor only and lowest for theersed CS+ compound, indicating that
the CS+ color increased reward expectation while @S- color decreased reward

expectation in comparison with the CS+ odor onlydition, respectively.
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Neuronal latencies
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Figure 7. Behvaioral and neuronal response latengetowards CS+ odor, trained and
reversed CS+ compoundsA PER reaction times to the CS+ odor were signitigan
reduced when the CS+ color preceded the CS+ odwoetention tests on dayB, C
Neuronal activity in the same trials asAnof units that exhibited a significant response
between CS+ color onset and CS+ odor onset. Univitycis plotted for all three
conditions. The zoom i) depicts latencies of the population responséé¢oGS+ odor,
again, for all three conditions: CS+ color & CS+oodgreen & black line), CS- color &
CS+ odor (orange & black line), and only the CS+oro¢black line). The neuronal
ensemble exhibits decreased population responmseclas and increased rate responses to
the odor and before reward omission when the CSer qumeceded the CS+ odor in

comparison with the CS- color and no color.
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Analysis of the grand average

In order to capture the neuronal activity of altaeded units to the test conditions (odors
and colors alone, CS+ and CS- trained and revazsatpounds) the grand average was
calculated for all conditions and analyzed in pfede time windows around the
behavioral events (W1 = color responses, W2 = petpegy responses, W3 = odor
responses, W4 = reward omission responses) dugtegtion tests on dayl. See fig. 8 for
the grand average to odor and colors onlj)8and to the trained and reversed compounds
(8 B). In both graphics the four time windows that weaalyzed separately for each

condition are marked in grey shaded areas.
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Color Preparatory Odor  Reward Omission
Responses Responses Responses  Responses

- CS+Qdor
5+ —— CS- Odor
~— CS+|Color
4+ CS- Color

2 r-\

A
1 2 NN, ‘lA“\A/I\\/A\ /"\/‘ / -

= VA A 0 A
~ -\ S N AN IS NN N
ol N \/ T NV Y AL

-8 -6 -4 -2 0 2 4
Time [sec]

>

Z score [count per sec]

o]

Trained & Reversed Compound test

== CS+ Color & CS+ Odor
= CS- Color & CS+ Odor

CS- Color & CS- Odor
—— CS+ Color & CS- Odor

Z score [count per sec]

Time [sec]

77



Figure 8. Grand average for all test conditionsin A, the average population activity of
all recorded units is outlined during color and otsts. InB, population activity to trained

and reversed compounds is plotted. The populattinies were devided into four time
windows surrounding behavioral event (W1 = colospanses, W2 = preparatory

responses, W3 = odor responses, W4 = reward omissgponses).

Neuronal response differences between conditionsrfall four time windows

The mean population activity of all recorded umitas calculated for all conditions per
time window surrounding the four behavioral everfiee mean normalized rates were
compared using Repeated Measures analyisis. T @ifferent conditions (CS+ color,

green, CS+ odor, black, trained CS+Compound (g&dtack, reversed CS+Compound,
orange & black, CS- color, orange, CS- odor, gtained CS- compound, orange & grey,
and reversed CS-compound, green & grey) were defaisethe within-subject factor. All

units were considered for all conditions.

W1: Color Responses

4 mm cs+odor CS+ Color
CS- Odor CS- Color

Z score [count per sec]
N
T

Figure 9. Color responses of grand average for al8 test conditions. The mean

population activity exhibited significantly diffemeé firing rates towards the tested
conditions [F(7, 805) = 6.599, p <.000.]. The G the CS- odor elicited a significantly
lower response during color presentation than #ileioconditions (p's < .05), with the
exception of the pairwise comparison between ti& Gdor and the reversed CS-
Compound (p > .05). The color response of the emeelCS- Compound is lower that the
CS- color response when presented alone. This atedicthat the CS+ color response
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during the reversed compound reduces during the thepetitive test trials, probably as a

feedback based of the following CS- odor.

W2: Preparatory Responses

4r mm CS+ Odor CS+ Color
CS- Odor CS- Color

w
T
—

Z score [count per sec]
[l N
T T

Figure 10. Preparatory responses of grand averageif all 8 test conditions.The units
also fired significantly different towards the catrmhs during the preparatory window:
[F(7, 805) = 3.577, p = .001Both odor responses elicited significantly lesposses than
all other conditions with the exception of the nesezl CS+ Compound, indicating that trial-
by-trial feedback lowers the preparatory responfser ahe units detected that in this

condition the CS+ odor follows the CS- color.

W3: Odor Responses

4 mm cs+odor CS+ Color
CS- Odor CS- Color

w
T

[N

Z score [count per sec]
N
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Figure 11. Odor responses of grand average for &l test conditions.Population activity

was different for the 8 test conditions [F(7, 835)9.999, p < .000] The trained CS+
Compound is significantly higher than in all othmnditions with the exception of the
reversed CS+ compound. The color responses indberesponse window are lower than

all other conditions.

W4: Reward Omission Responses

4r mm CS+ Odor CS+ Color
CS- Odor CS- Color

w
T
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Figure 12. Reward omission response of grand averador all 8 test conditions.Units
exhibited significantly different reward expectatito the 8 conditions [F(7, 805) = 4.661,
p <.000]. As for odor responses, the response rmatgifor the trained CS+ Compound
around the time of US application during trainisghigher in the test in comparison to all
other conditions with the exception of the rever§&sit Compound. The response to the
CS- color alone is significantly reduced opposedltdut two conditions, the CS+ Color
and CS+ Odors.

Relation between rate response and behavior

In order to assess whether PCT neurons responerafitfy when a PER is executed in
comparison with no execution of a PER we calculatéeraction effects and main effects
for each condition in each time window using MANOWe defined time (time bins) as
the within-subject factor and the behavior (PERNGPER) as the between-subject factor.
Significant interaction in one time window indicatdifferent slopes of the firing of the
units based on the behavior of the animal, a sgant between-subject effect indicates
whether the mean normalized firing rate differegndicantly between the two groups
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(PER vs no PER). Thus, here we compare, on alyiital basis, whether the population
response differed during each time window. Notaf this analysis differs from the unit-
wise analysis above. This time, units with no ongoactivity were excluded. Results are
notated for each condition and within each conditfor each time window. Table 1

summarizes rate differences during PER trials imgarison to no PER trials. Arrows
indicate significant rate increases and decreasspgectively, during PER trials during the
same stimulus condition and time window in compariso no PER trials. Significant

interaction effects, that indicate different slopes the firing rate, are described as

“different”.

Tablel. Rate differences during PER trials in comparison to no PER trials

Color onset: W1 Preparatory period: W2 Odor onset: W3 Reward omission: W4
mean Rate Slope mean Rate Slope mean Rate Slope mean Rate Slope

CS+ Color different ns. different ns. ns. ns. ns.
CS- Color ns. different ns. different ns. ns. ns.
CS+ Odor - - - - ns. ns. ns.
CS- Odor - - - - ns. ns.
Trained CS+

ns. ns ns. ns. ns. ns.
Compound
Reversed CS+

ns. ns. ns ns. ns. ns. ns.
Compound
Trained CS-

ns. ns. ns. ns. ns. ns. ns.
Compound
Reversed CS- .

ns. ns. ns. ns. ns. different ns. ns.
Compound

significant rate increase

significant rate decrease
different significant interaction
ns. not significant

Condition: CS+ Color

The CS+ color response (W1) was significantly eckdrnin PER trials in comparison with
no PER trials [interaction effect: F(10, 277) =2B7p < .000; between-subject effect: F(1,
286) = 7.367, p = .006. (no PER: mean = 0.9, SE/+PER: mean = 2.4, se = .05). During
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the preparatory period (W2) the interaction effeetween time x group was significant
[F(30, 257) = 1.665, p = .019]. The groups did difer significantly in their mean rate.
During the time windows of odor response and rewardssion response (W3 & W4),
there were no rate differences depending of thawehof the animals.

Condition: CS- Color

During the color response window (W1) [F(10, 274R41, p = .009] and preparatory
period (W2) [F(30, 254) = 2.542, p < .000] sigreint interaction effects were evident Both
between- subject effects were not significant. Auhe time when the odor was
presented during training (W3), responses to the co®r were significantly inhibited in
the PER group (mean: -0.9, se = .5) in comparisdahé no PER group (mean = 0.8, se =
.5), although no stimulus was presented at allWbeh-subject effect: F(1, 283) = 10.295].
No significant differences were observed aroundotinession of the reward\(4).

Condition: CS+ odor

The rate was significantly increased around the tohreward omission\(4) for the PER
group (mean = 3.8, se = .6) in comparison to thePEB®R group (mean = 0.7, se = .4)
[between-subject effect: F(1, 294) = 17.89, p <0]J00lo differences were observed for the
odor response.

Condition: CS- odor

Both, odor responses and responses around rewassiomwere reduced for the PER
group in comparison to the no PER group. [betwednest effect, odor response: F(1,
273) = 9.373, p = .002; between-subject effect,arewomission response: F(1, 273) =
5.382, p = .021]. Mean odor responses: PER gro2p(sk = .3); no PER group: 2.5 (se =
.2). Mean reward omission responses: PER group(se.5 .3); no PER group: 1.3 (se =
2).
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Figure 13. Rate differences between odor and col@onditions increased during PER
trials. A Normalized rates are similar for the CS+ odor cbline) and CS- odor (grey
line) and also for the CS+ color (green line) ahd €S- color (orange line) in all time
windows (W1-W4). Differences between these condgiemerged during PER trialB)(
The CS+ color response was enhanced during PHR op@osed to no PER trials and the
slopes of both CS+ and CS- color are differentraudolor response (W1) and preparatory
period (W2) during both trials types. Additionaltire rate response to the CS- color during
odor omission (W3) was significantly reduced duriPigR trials opposed to no PER trials.
The CS- odor response was reduced in PER trialermparison to no PER trials, while the
rate response during reward omission (W4) was etlfar the CS- odor and enhanced for
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the CS+ odor during PER trials. White vertical limelicates reward application during

training. Note, that no reward was applied duriegj trials.

Condition: Trained CS+ Compound

During W1 and W2 (color and preparatory respontiesie was no significant difference
between the mean firing rate. The odor response) W& enhanced during PER trials
(mean: 4.6, se: 0.5) in comparison with no PERstiiaean: 3.1, se: 0.4) [between-subject
effect: F(1, 300) = 6.096, p = .014]. The rate orge was also enhanced during reward
omission (W4) during PER trails (mean: 4.7, se) @$ opposed to no PER trials (mean:
1.9, se: 0.5) [between-subject effect: F(1, 30QB879, p <.000].

Condition: Reversed CS+ Compound

There were no significant differences between P&tRreo PER trials in the first three time
windows (W1-W3). However, during reward omissidme tate was significantly enhanced
during PER trials (mean: 3, se: 0.6) in compariaith no PER trials (mean: 1.5, se: 0.3)
[between-subject effect: F(1, 286) = 5.149, p 4]02

Condition: Trained CS- Compound

During the first two and the last time windows (W¥2, W4) the mean firing rate during
PER trials was the same as in no PER trials. Batntliean odor response was reduced
during PER trials (mean: 0.5, se: 0.8) as opposew tPER trials (mean: 2.2, se: 0.2).
Condition: Reversed CS- Compound

Also for the reversed CS- compound, the first twd ¢he last time window did not differ
in their mean rate response for the two groups.Hguoe, the time x group interaction was
significant during the odor response (W3) [F(10028 2.018, p = .032], meaning that the
slope of the firing rates during PER trials wagetiént than during no PER trials. Although
the between-subject effect did not yield significanthere was a trend for reduced odor
responses during PER trials (mean: 1.5, se: 0.6ppssed to no PER trials (mean: 2.5, se:
0.2).
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Figure 14. Rate differences between compound conaihs increased during PER
trials. A Normalized rates are similar for the trained CSapound (green & black line),
the reversed CS+compound (orange & black line),ttamed CS-compound (orange &
grey line), and the reversed CS-compound (greene¥ tne) in all time windows (W1-
Wa4). Differences between these conditions emergeohgl PER trials B): The CS+ odor
response (W3) was enhanced during PER trials totrtined CS+compound, and the CS-
odor response was reduced for the trained CS-contpduring PER trials opposed to no
PER trials. There was also a trend, though notifesgnt, for a reduced CS- odor response
in the reversed CS-compound condition. Note, theg odor responses in the four
compound conditions are graded during PER trifiksy are strongest when the CS+ color

preceded the CS+ odor and nullified when the C$eraareceded the CS- odor. During
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reward omission, responses were enhanced in bothc@®pound conditions (trained and
reversed), indicating an enhanced reward expentaiter the CS+ odor presentation.
Around the sixth second, when the reward was rnedacluring training, both CS-
compounds eleicited a strong off response, althcughreward was applied during test

trials, while no such off response was observethduthe CS+compounds.

Color modulation of odor and reward omission resposes during PER trials

In the following we assessed rate differences duRER trials between the different
conditions during the odor response and the rewangsion response window (W3 &
W4), as during these time windows the strongest chinges between PER trials and no
PER trials occured. Figure 15 illistrates the meammalized rate responses during both
time windows for each condition. Both between-sabgffects of MANOVA evidenced
significant firing rate differences between corahs [Odor responses: F(7, 70) = 32.735, p
<.000; Reward omission responses: F(7, 70) = @44 .000].

Pairwise comparison revealed significant differeaie responses between both trained
compounds opposed to reversed compounds. Whildrémeed CS+compound elicited
higher odor responses than the reversed CS+comp@uned .009), the trained CS-
compound elicited reduced odor responses in cosgamith its reversed counterpart (p =
.024). However, only the trained CS+compound wasiicantly higher than the odor
(CS+) alone (p < .000), indicating that the CS+ocolvas able to enhance the odor
response. Additionally, the CS- color response realsiced in comparison with the CS+
color response (p < .000) around the time the odms applied during training, but not
during test trials.

During reward omission (W4), the CS- color responas still significantly lower than the
CS+ color response (p = .038). The CS+ color erdthhoth CS+ (p = .01) and CS- (p =
.01) odor responses around reward omission in cosgrawith the CS+ and the CS- odor
alone, respectively. The CS- color effectivey mtlithe CS+ odor response (p = .025),
but did not modulate the CS- odor response. TheetlaCS+ compound elicited still
higher responses than the reversed CS+compound (P0®), and the trained CS-

compound yielded reduced responses than its ravemeterpart (p = .005).
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Figure 15. Color modulation of odor and reward omission respores during PER
trials. A Odor responses were enhanced for the trained CS$¥aamd (green & black bar)
in comparison with the reversed counterpart (orafaddack bar), while the trained CS-
compound (orange & grey bar) was reduced opposés teversed counterpart (green &
grey bar). However, only the CS+ color effectivelyhanced the CS+ odor response in
comparison with odor presentation alone (black .bBQth CS- compounds were not
different from CS- odor presentation alone (grey).b@he CS- color (orange bar) was
effectively reduced around odor omission (duringocdests, no odor was presented)
oppsed to the CS+ color presentation (green IBaill rate differences during the odor
response window shown i#\ outlasted throughout the reward omission window.
Additionally, the CS+ color effectively enhanced-Cfslor responses during the reversed

CS-compound condition (green & grey bar), and tBe €lor reduced CS+ odor responses
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during the reversed CS+compound (orange & black bath in comparison with odor

presentation alone.

Subgroup specific effects

So far, we have seen that only the CS+ color erd®a®@S+ odor responses, when all
recorded units were pooled (grand average). Theutatdn of the CS- odor response was
only evident during PER trials. In order to answes question, whether specific subgroups
of units modulate the CS- odor response, indepdrafethe behavior of the animals, we
grouped units together based on specific respaaares.

We found that units (N = 9), that responded sigaiiitly to both colors (CS+ and CS-
color) during retention tests, modulated the CSerorksponse independent from the
behavior of the animal, when PER and no PER tuadse pooled (see fig. 18). During
the odor response window (W3), these units exhdbsignificantly stronger rates to the
CS- odor when the CS+ color (green) preceded tloe iodcomparison to the case the CS-
color (orange) preceded the CS- odor (figAlk iii). This effect was enhanced when from
this population only those units (N = 5) were cdesed that exhibited the antagonistic rate
code to the conditioned colors strongest on dagek Chapter 2). Figure B visualizes
this effect. The rate response to the CS- odagrsfecantly enhanced when the CS+ color
preceded odor presentation in comparison to CSr pdesentation alone (fig. 1B iii).
Still, as in 16A, the CS- odor response is also enhanced whenShkecGlor in comparison
to the CS- color preceded odor onset. This readicates, that PCT neurons can operate
on different scales. The larger ensemble modulatles responses primarily during PER
trials, while units that exhibited associative pilas/ during the same time are able to
accomplish additional tasks, namely visual modafabf olfactory responses independent

of the behavior of the animal.
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Figure 16. Units with optimal rate change on dayldwards colors modulate the CS-
odor response independent of the behavior of the anal. Two subgrups of units were
investigated concerning visual modulation of the G&or. First, all units that responded
significantly to both CS+ and CS- color during reten tests A). The first subplot shows
time-resolved normalized firing rate§) (©f this neuronal ensemble to the trained CS-
compound (green), the reversed CS- compound (oyaagd the CS- odor alone (grey).
The two time windows that were analyzed (W1 — coémponses & W3 — odor responses)
are marked in grey. Analysis of these time wind@anes depicted on the right (Wil: &
Wa: iii). The CS- odor response was significntly enhavdeen the CS+ in compariosn to
the CS- color preceded the odBr.From the neuronal population above only thosesunit
were considered that could optimally discriminagdween the colors on dayl (chapter 2).
Here, additionally the CS+ color enhances CS- a@sponses in comparison to the

condition in which the CS- odor was applied alone.
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Discussion

Behavioral inter-modal interaction effects

We studied behavioral as well as neuronal interahoderaction effects with a combined
visual/olfactory compound paradigm first used bylige & Smith (1998). Previous studies
described the phenomenon of blocking: When one ultisn was pretrained and
subsequently conditioned in a compound, with aseéctimulus from the same sensory
modality, blocking to the second stimulus took pla@amin, 1968; Smith & Cobey, 1994,
Couvillon et al., 1997). However, in the honeybapi¢ melliferd blocking was not found
for two stimuli of different modalities (visual aradfactory cues) (Gerber & Smith, 1998).
In case of inter-modal preconditioning to a colod subsequent compound conditioning to
the color and an odor, Gerber & Smith (1998) foemthanced odor responses, reduced
RTs, and longer response durations to the odor.

While the mentioned study manipulated color pieing to explore its influence on odor
retrieval we always conducted differential coloretpaining but manipulated the test
conditions. In addition to testing the odors antbialone we also tested the trained and
reversed compounds. Assuming inter-modal facibtatin case of color pretraining we
addressed the additional question whether the lh@hand the neuronal activity to the odor
cues was different during tests depending on tlgeiieed value of the color that preceded
the odor. We indeed found enhanced response pibealwhen the CS+ color preceded
the CS+ odor during retenion tests in comparisah @WiS+ odor presentation alone, while
Gerber & Smith evidenced enhanced response praiebito the CS+ odor alone
following color preconditiong. We thus concludetthize response probability to the CS+
odor was further facilitated when the CS+ odor riespnted with the CS+ color together
during the test. Visual modulation of an olfactstynulus has also been described using an
occasion setting paradigm (Mota et al., 2011). @héhors observed higher behavioral
responses to an odor when this odor was precededdmjor that set the occasion for an
upcoming reward in comparsion to another color thatot set the occasion for a reward.
The bees were able to disambiguate the meaninigeafdame odor based on the preceding

color. Both cited studies failed to find behavior@sponses to the colors alone, as has been
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reported before (Hori et al., 2006, Niggebriiggeakt 2009) in harnessed but intact
honeybees. The present study also did not obsdffReso color cues only. Nevertheless,
the finding that visual stimuli do not elicit behaewral responses does not exclude the
possibility that animals do perceive and use vigti@huli to focus their attention and to
modulate odor responses based on the visual confibet cited studies and the present
work stress this hypothesis.

We further found reduced behavioral RTs to the @8er when the CS+ color preceded
the odor in comparison with CS+ odor presentation&ain all comparable trials. As RTs
were already shown to be reduced to the CS+ oder eblor pretraining and subsequent
compound training (Gerber & Smith, 1998) we cowddence further reduction of RTs
when the CS+ color and odor were presented togdtiverg retention tests. This finding is
a further evidence that bees learn the color cudsuse them to initiate fast behavioral
responses.

It is known that there is always a trade-off betwé®e speed of reaction and the accuracy
of the behavioral choice (Wickelgren, 1977), anattiRTs are slowed down in an
ambigious context (Hick, 1952; Vickers, 1970). Maulating the difficulty to discriminate
between oderants, it has been shown that olfactisgrimination in mice is high,
independent of task difficulty, but that RTs inged by ~80 ms from the easiest to the
most difficult condition (Abraham et al., 2004)dinating speed-accuracy tradeoff on a
timescale of less than 100 ms. In studies usingdmusubjects, the range of RTs ranged
between tens of milliseconds to around one secosihiple perceptual tasks (Luce, 1986;
Usher & McClelland, 2001). In the present studyfaend reduced RTs of ~640 ms when
bees anticipated the odor due to the preceding poésentation compared to the situation
when the odor was not announced before. The stredgction in RT underlines the
importance of color cues for bees that might helpfdcus the attention and improve
orientation toward the scent of flowers during tpra flights.

The current results stress context dependencenayhees: An olfactory cue is perceived
differently depending on the context. Also cockitex are able to differentiate stimuli
depending on the light context (Matsumoto & Mizuma@004). In contrast the fruitfly
Drosophila melanogastehas been shown to rather generalize between visuaiext

stimuli and that context generalization is procdssehe MB (Liu et al., 1999). The ability
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to discriminate between visual cues might thus depe the biological significance for an

organism.

The neural basis of cross-modal interaction effects

We aimed to elucidate the neuronal correlate afsraodal interaction by recording from
multiple neurons of the protocerebral calycal trdeCT, throughout the experimental
procedure. PCT neurons provide both local as weltegurrent inhibitory feedback in a
prominent structure of the insect brain, the mushrdody (MB), that is known to be
critical for learning, memory formation, and mudtissory integration (Rybak & Menzel,
1993, Griunewald, 1999a, Okada et al.,, 2007). PClroms have been shown to be
multimodal (Homberg & Erber, 1979; Gronenberg, 198¢hildberger, 1981) and are
additionally involved in olfactory associative learg in the minutes to hours range
(intracellular recordings: Grunwald, 1999b; calciumaging: Hahnel & Menzel, 2011).

They were thus promising candidates to study cnosdal interaction and learning effects.

The reinforced color modulates response latenciend response rates in a subset of
PCT neurons

During retention tests, we found reduced neuroespponse latencies and increased rates in
a subset of neurons to the CS+ odor when the C®f preceded the odor, mirroring the
reduced RTs of behavioral PER's. Response lateicig® same neurons were increased
and response rates decreased when the CS- coloo aolor preceded the CS+ odor.
Before and during reward omission the neurons édubramp-like graded rates with
strongest rates in case the CS+ color precede@$+eodor, intermediate rates, in case no
color preceded the CS+ odor and low rates wheC8ecolor preceded the CS+ odor.

RTs have been studied in the framework of timegragon in perception, memory and
cognitive processes (Donders, 1969; Meyer et &88L On the neuronal level, the
accumulation of infomation in favor or against a®ice of behavioral output has been
intensively explored, as for example in prefrordattex and parietal neurons (Goldman-
Rakic, 1995; Roitman & Shadlen, 2002).
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In a combined visual discrimination reaction tiragk, in which monkeys had to report the
direction of random dot motion by making a sacctmlene of two peripheral choice
targets, neurons from the lateral interparietateco(area LIP) exhibited ramp-like changes
in their firing rate that predicted the decisiontbé animal (Roitman & Shadlen, 2002).
The stronger (and thus clearer) the motion of thes dvas, the shorter were neuronal
response latencies and the steeper the rise ie spik. LIP neurons are thus thought to
integrate and accumulate evidence for or agaibshavioral output.

In the study at hand, task difficulty was operadiimed by testing the trained versus the
reversed compounds. The latter resemble conflictngs, in which a decision for or
against a categorical behavioral output is morécdit and ambigious. While the CS+
color might set the animal into a preparatory miode@hich the attention is focused and the
behavior is planned, and the CS+ odor (trained €&spound) further strengthens this
expectation for an upcoming reward, the CS- odavdgrsed CS+ compound) acts
conversely as a contradictory cue that might eisth@p or decelerate motor output.

In line, we found that the behavioral as well as tieuronal response of a subset of PCT
neurons that exhibited already enhanced firingrduthe preparatory phase additionally
developed a faster and a much stronger CS+ odoulgtogn response. The ramp-like
change in firing rate around reward omission in R@Trons, comparable to LIP neurons,
might reflect the accumulation of evidence in thee bn favour of one specific behavior
over another, and thus the level of reward expectaas the rate was highest for the
condition in which the animal was already prime@xpect a reward.

Attention-related preparatory signals have beemdon neurons of the anterior cingulate
cortex (ACC) in rats after a visual priming signiiting rates after the visual prime were
highest before a correct choice was accomplishedl tlze high firing rate was associated
with levels of attention (Totah et al. 2009). PC3urons exhibited the strong preparatory
signal exclusively after the CS+ color onset thaghhhenhance the bees attention while the
same neurons exhibited no preparatory signal #iICS- color onset. We thus conclude
that the increased preparatory signal in a sub$eP®@Tl neurons reflects enhanced
attentional levels elicited by the CS+ color thatlgles the animal to react faster to the
following odor cue. Thus the underlying neuronakchamnism of RTs is in part governed by

PCT neurons that are modulated in response latearid response strength towards the
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odor and during the expectation of a reward basethe learned value of the preceding

color.

Rate difference between conditions are increased toee behavioral perfomance

In order to compare all eight test conditions (G CS- colors and odors, CS+ and CS-
trained and reversed compounds), the grand avefagerecorded neurons was calculated
for each condition. Differences were only appaming the trained CS+ compound, that
elicited stronger odor and reward omission resportean all other conditions with the
exception of the reversed CS+ compound. Thus,tals&S- color enhanced the CS+ odor
response (reversed CS+ compound), but this moduolatas weaker than the modulation
during the CS+ compound.

However, when the relation between behavior antohdfirate was explored, highly
pronounced rate differences between the conditi@eame evident, only in trials in which
a motor response was made (PER trials), while negponses to the different conditions
were very similar during no PER trials.

Specifically, in PER trials in comparison with n&R trials, the CS- odor response was
decreased, when the CS- odor alone or togetherth&ICS- color (CS- compound) were
tested. The rate during reward expectation wascestitesting the CS- odor alone.

Further, during PER trials in comparison to no PERIS, the rate to the CS+ odor and
during subsequent reward expectation were enhatestithg the trained CS+ compound
condition (CS+ color & CS+ odor), while testing t8&+ odor alone evoked higher rate
responses during reward expectation, but not fallgwdor onset.

Additionally, testing the CS- color alone, a proemhinhibition was observed during PER
trials only at the time the CS- odor onset was etqoe Thus, the presentation of the CS-
color alone was sufficient to trigger a value-rethktnemory of the expected CS- odor (see
below). In contrast, testing the CS+ color alohe, tesponse to color onset was enhanced
in PER trials opposed to no PER trials. Testing éeersed compounds, rates during
reward expectation were enhanced when the CS+followed CS- color onset (reversed
CS+ compound). The slope, but not the mean ratedifBesent during CS- odor onset

when the CS- odor followed CS+ color onset.
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These rate changes during PER trials result inamalirepresentations of the odor stimuli
that perfectly matched the integrated sum of lehwisual and olfactory stimulus values

together (see below).

Different neuronal representation and visual maitaof olfactory responses of the
whole neuronal PCT ensemble thus only occured wghiomulus selection, which implies
the necessity of attention. According to the ‘préondheory of attention’ (Rizzolatti, 1987,
Allport, 1989), the relevant features of a specsficnulus, that is selected for a behavioral
response, automatically receive attention. Thisomhes supported by eye movement
experiments, in which attention is always dirediedtimuli that are selected as targets for
an eye movement (Hoffman & Subramaniam, 1995; Kovee al., 1995; Deubel &
Schneider, 1996).

We thus assume, that attentional levels are endashaeeng or before the preparation of a
motor response. In this line, attentional feedbaignals from the PCT neurons might
provide the link between sensory and motor arehghns responsible for action selection.
Such amplified representations of feature valuege Hzeen observed in neurons of the
primary visual cortex (V1), but also in higher ¢oat regions, like area LIP (Freedman &
Assad 2006), and the prefrontal cortex (Freedmaal.et2001) during tests following
perceptual learning. They are regarded as partigulsseful, as small changes in the input
can lead to categorically different behavioral msges (Oristaglio et al., 2006; Mirabella et
al., 2007). Stimulus-value associations are reghitdeinduce plasticity particularly in
higher visual areas (Law & Gold, 2008; Freedman s$s#d, 2003; Li et al., 2009).

Thus, rate differences between PER and no PER w&iatience that PCT activity does not
reflect mere sensory activity as the sensory inptite same during PER and no PER trials.
Rather, in trials when a movement is planned thes @are evaluated on its acquired value
for response selection, and the neuronal correlftéis value and the derived reward
expectation is modulated by the preceding colohe bees thus integrate both visual and
olfactory sensory cues as indications for or addims possibility of receiving a reward.
Reward expectations control goal-directed behavatgcision making and planning.

Honeybees were shown to learn the sign and the imdgrof reward both during foraging
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flight and under constraint laboratory conditionSil( 2010). In primates, reward
expectations have been shown to be mediated byndopaneurons of the prefrontal cortex
and basal ganglia (Schultz, 1998, Watanabe, 19B6¢. observed reward modulation
signals in PCT neurons may comparably reflect rdwanticipation consisting of
retrieving, retaining and anticipating the motieatil value associated with visual,

gustatory and olfactory images.

Neuronal error signals after incorrect performance

In vertebrates, cortical areas involved in resposalection feed back to sensory areas,
increasing the representation for objects relewanbehavior (Felleman & Van Essen,
1991; Desimone & Duncan, 1995). In this line, sling an erroneous execution of a
motor response is important in order to inform se@sory neurons about the conflict, the
erroneous output. In this study, PERs following gresentation of the CS- odor were
regarded as erroneous. We observed a phasic exgiatror signal during PER trials (see
fig. 14 B) testing both trained and reversed CS- compoundsaglthe time the reward was
terminated in CS+ training trials (6 sec after odaset). We did not observe these error
signals when the CS- odor or the CS- color weredealone. The fact that the error signal
also occured in the reversed CS- compound (CS+ 80{0S- odor), suggests, that the last
cue is taken to compare stimulus value with thectetl action.

A general role in conflict monitoring has been @zl to the anterior cingulate cortex
(ACC) (for a review see Botvinick et al., 2004).UMdenal error signals in neurons of the
ACC in rats were found following incorrect choic€Botah et al., 2009). These error
signals occured in the same neurons that medidtextianal levels during the preparatory
period (see above). Comparable to Totah's reshksobserved error signals in this study
could be utilized by the neuronal network for catflmonitoring or serve as a

reinforcement learning signal (Nieuwenhuis et2004).

Memory traces for omitted cues during PER trials
What happens when a color cue is tested aloneoputitihe subsequent presentation of the
odor? Do PCT neurons only retrieve the value ofresgnted stimulus, or do they also

retrieve the value of an expected but absent stismllased on the trained temporal
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relationship between color and odor cues? Inde€d, Reurons exhibited a pronounced
inhibition, during the time the CS- odor was expécafter the onset of the CS- color alone.
Thus, a neuronal representation of a stimulus vaterges upon its presentation as well as
upon the expectation of this stimulus. The inhdritivas not evident during trials, in which
no PER was initiated. When tested alone, the C%ar did not elicit a neuronal excitation
at the time window when the CS+ odor was expec&dce on CS+ trials a strong
response was already observed upon color onset, sighal might be sufficient for
announcing the high value of the CS+ color. Howgkeemains unclear why only the CS-
color triggers a value-related memory of the CSeraghd the CS+ color did not trigger a
comparable value-related memory of the CS+ ododitkmhally, in comparison to the CS+
color the inhibition due to the CS- color lastedotighout reward omission, again only
during PER trials. The CS- color thus not onlydegs the memory for the CS- odor but

further triggers the appropriate reduced rewardeetgtion.

Comparison of the test conditions during PER trialsonly

Visual modulation of olfactory responses during PERrials

We further observed that both trained compoundstedi different odor responses — an
enhanced odor response to the CS+ odor followiegd8+ color and a reduced CS- odor
response folowing the CS- color — but only the @8lor gained the power to increase the
CS+ odor response in comparison with the odor mespaluring CS+ odor presentation
alone. However, during reward omission, the modutagffect of the colors was present at
a broader range: Here, the CS+ color enhanced @$monses in both conditions, the
trained CS+ compound (CS+ color & CS+ odor) andrtheersed CS- compound (CS+
color and CS- odor) in comparison with CS+ and G&ar presentation alone. Also, the
CS- color reduced responses to the CS+ odor arcewdrd omission in comparison to

CS+ odor presentation alone. However, the CS- cdidrnot further reduce the CS-

response when compared with CS- odor presentatme.a

Enhanced odor responses in the anterior hippocaarmlisostromedial orbitofrontal cortex

(OFC) as well as reduced reaction times have bbesareed when visual congruent cues

preceded odor presentation (Gottfried & Dolan, J0G8&dicating bimodal response
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enhancement as a general feature of multisensanyong (Stein & Meredith, 1993).
Gottfried & Dolan additionally observed responserdenents in bimodal incongruent

patterns, comparable to our results.

Sensori-motor control in other MB ENs

Okada et al. (1999) recorded from MB output neuronshe cockroach whilst viusal,
mechanosensory (tactile and air current) and afscstimuli were applied. Subgroups of
neurons exhibited sensory-motor related activitgm8& neurons were selective to the
directions of turning behavior. The authors conetlidhat MB output neurons might
integrate external sensory signals and internalbommeiporting signals to possibly enable
the appropriate motor execution (Mizunami et aP98). Evidence in favor of this
hypothesis arises fror@rosophila Martin et al. (1999) were able to show that the M
plays an important role in the termination of aetwalking phases.

We could now show that GABA-ir MB output neurongliee honeybee brain represent the
learned value of single visual and olfactory stimaihd additionally represent the value of
a compound stimulus by the perfect integrationh& sum of both stimulus values. As
distinct value representations of the whole recdngleuron population only occured before
an action was initiated (a PER), we stress the losiun from Okada and coworkers that
MB output neurons might represent a relay betwessay and motor areas, guiding the
selection and initiation of motor patterns.

Subgroup-specific modulation effects

So far, we discussed the modulation effects duREgR and no PER trials of the whole
recorded neuronal ensemble. We could show thaalvieodulation of olfactory responses
was primarily evident during PER trials, upon stinsuselection. Only the modulation of
the CS+ odor by the CS+ color was evident indepenoiiethe behavior of the animal. We
additionally investigated whether subgroups of naearalso exhibited modulation of the
CS- odor, independent of the behavior. Indeed, @B+ responses were enhanced by the
CS+ color in comparison to CS- odor responses wiheiCS- color preceded odor onset in
neurons that responded to both CS+ and CS- colangluetention tests. From this

neuronal population we analyzed separately unésdptimally discriminated between the
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conditioned colors (based on the analysis of theorsg chapter) during test on dayl.
Modulation effects were enhanced in this specibpyation. The CS- odor response was
enhanced when the odor was preceded by the CS# maimnly in comparison with the

trained CS- compound (CS- color & CS- odor), bsbalpposed to the condition when the
CS- odor was presented alone. This result indicdteg PCT neurons can operate on
different scales. The larger ensemble modulates @3$ponses primarily during PER trials,

while units that exhibited associative plasticityidg the same time are able to accomplish
additional tasks, namely visual modulation of difag responses independent of the

behavior of the animal.

Functional implications for the local and recurrent feedback loop

The PCT neurons receive multimodal input from pregyic KCs which terminate in
specific bands of the anterior-dorsal alpha-lobleeyl presumably provide local feedback
onto other MB ENSs, e.g. onto the morphologicallgntfied PE1 neurons, which is known
to decrease its rate to a trained odor after lagrand might hence receive learning related
inhibition originating from the PCT (Okada et aR0Q07). PCT neurons also provide
recurrent feedback from the MB output to all inpsttuctures of the MB calyx,
predominantly connecting the same sensory modd8ghafer and Bicker, 1986;
Grunewald, 1999a). Since most PCT neurons are GABrAey appear to provide selective
inhibitory input to the calyces (Bicker et al., B9&chéafer and Bicker, 1986). In the calyx
itself electron microscopy revealed GABA-ir profileevidencing reciprocal synaptic
contacts with PNs und monosynaptic contacts witts KGaneshina & Menzel, 2001). As
PNs are presynaptic to KCs and postsynaptic to Rélifons their output will be indirectly
mediated via feedforward inhibition by these GABAxeurons.

Link to motor areas via local inhibitory feedback

What kind of functional implications do the obsatwesults imply for the local as well as
for the recurrent feddback loop? Dendritic conr@wifrom the PCT to the PE1 neuron has
been proposed (Okada et al., 2007), while the RElf iprojects to the lateral horn (LH),
where it synapses directly or via inhibitory intemnons onto decsending motor output

neurons. Besides input from the MB, the LH activitsy also mediated by olfactory
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projection neurons (PN) originating in the anterinhe (AL), the first neuronal processing
stage in the honeybee brain. There are thus twepemndent pathways that converge in the
LH onto descending neurons (Abel et al., 2001; ¢firer et al., 2006). While the AL
might provide experience-indepent information abloagal stimulus features the pathway
via the MB might inform the LH about learned value$ stimulus combinations.
Comparable to the mammalian cortex the MB provale®verall inhibition onto behavior
as ablating the MB have been shown to cause spamuaruncontrolled motor output (in
crickets: Huber, 1978, 1990; Drosophila Martin et al., 1998). PCT neurons might thus
provide more inhibition to the PE1 neuron the moatuable a set of stimuli has been
evaluated and consequently, decreased input freniPEi to the LH would attenuate the
level of inhibition that LH iterneurons provide fonotor neurons, making a behavioral
output more likely.

While integrating values of different context cuegre in form of colors, PCT neurons
would therefore accumulate evidence for or agaaniséhavioral output, thereby reflecting

neuronal correlates that finally lead to a decigibthe animal.

Link to sensory areas via recurrent inhibitory feedack

While a behavioral output might be more likely wHeGT neurons signal a high stimulus
value through increased firing rates - via the &bdeedback loop - the recurrent feedback
might inform sensory neurons (PNs) which stimué aglevant for behavior so that these
relevant stimuli might be represented strongerhi@ MB input than irrelevant stimuli.
Convergence of the reward encoding neuron VUMmxanfhher & Menzel, 1998) with
KCs suggests that the PN-KC synapse undergoesiassoplasticity, which was found in
calcium imaging experiments in dendrites of KCsy&2ka et al., 2008).

During training, upon the action of octopamin tlsgnals the reward, the recurrent
feedback singnal back to the calyx could hypotlaiiiqootentiate active PN-KC synapses,
thereby increasing the probability that the samaicghto that particular stimulus will be
executed in the future. In this line, learning wbuwlccur in the PN-KC synapses in the
calyces and PCT neurons would regulate synaptstipity.

Since PNs are presynaptic to KCs and postsynaptQT neurons their output will be
indirectly mediated via feedforward inhibition bghibitory PCT neurons. Feedforward
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inhibition short after excitation has been shownstdostantially increase the temporal
precision of firing (Buzsaki, 2006). In this linéhe temporal window of discharge
probability of PNs could be narrowed by inhibitilom the PCTs and would guarantee
precise spike input from PNs onto KCs upon the naidey action of octopamin released
from the VUMmx1 neuron.

After learning, recurrent feedback to the inputioagof the MB might regulate long-term
depression (LTD) and potentiation (LTP) in postqti@a targets to prevent runaway
changes of synaptic weigths, as has been suggéstethhibitory interneurons onto
principal cells in the hippocampus (Steele & Maili899; Gustafsson & Wigstrom, 1990).
Also here, precise spike-timing might induce eith@P, if the PN fires short before the
KC, or LTD, if PN spiking occurs before KC dischargHebbian short-term dependent
plasticity (STDP) has been observed between KCsMBdoutput neurons in the locust
(Cassenaer & Laurent, 2007). STDP could therefoteonly induce LTP or LTD between
PN-KC synapses in the MB input, but also betweerRCI synapses at the MB output.
While the whole neuronal ensemble might evaluatetlyo stimulus values relevant for
behavior, subgroups of PCT neurons establish antsigorate codes in the presence of
correct behavioral choices (chapter 2). Neuronsebtblished this antagonistic rate code
for the conditioned colors on dayl were now shosvmbdulate CS- odor responses based
on the visual context when both PER trials and E® Rrials were pooled together. This
indicates parallel processing operations. In thag,wearned stimulus values independent
of the behavior as well as signals evaluating gtevance for a behavioral response might
be fed back to the input of the MB.

General conclusion
Honeybees react faster to a learned odor whenm@sentation is announced by a learned

color. Enhanced attentional levels after color brmeght account for reduced reaction
times. A subset of PCT neurons expressed enharmted during attention and reduced
response latencies to the odor, and might thugatefine possible neural basis for the
behavioral findings. Upon attention, PCT’s firingte towards the odors perfectly match
the integrated sum of the acquired values of aaviand an olfactory stimulus. Via local

and recurrent feedback, they might inform motoe (4B output) and sensory areas (the

MB input) about the relevance of stimulus combimagi for behavior. Additionally,
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subgroups of neurons that established the antagorase code convey feedback signals of

the actual learned stimulus values indepedenteottirent behavioral response.
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4. Time-frequency estimation and phase locking dung
learning in GABAIr feedback neurons of the honeybee
(Apis mellifera)

Abstract
The insect mushroom bodies (MBs) are higher-ordaintcenters critical for multisensory

integration, learning, and memory formation. We edhto study combined visual and
olfactory learning and memory formation in GABAerdieedback neurons at the MB
output in honeybeesApis melliferg. To this end we combined extracellular recordings
with a visual and olfactory conditioning paradigmstf used by Gerber & Smith (1998), and
analyzed both, the oscillatory local field poteh{laFP) and spike times of single units
during learning and tests. We found increases eénltf25 Hz frequency band after color
onset during training in both rewarded and unreemrttials, that were most pronounced
before a behavioral response was initiated, sugpgeattention-related stimulus selection
during learning. Additional spike-locking to the hemced oscillation was found only
during the rewarded training trials in learner hewkich might increase the synaptic
strength in KC-PCT synapses at the MB output dulgagning, and might thus reflect a
prerequisite for succesful encoding of stimulus borations. As also prolonged synchrony
between single neurons was observed during therde@acompound training, oscillatory
and single neuron synchronization of MB output nesrmight regulate attention-related

learning and memory formation.

Introduction
Precise spike timing is one critical feature ofssful communication between neuronal

assemblies and has been shown to be facilitateslybghronized assemblies of neuronal
input groups onto target neurons (Buszaki, 200@sF2005).
Oscillations of the extracellular local field potiah (LFP) generally reflect the presence of

synchronized synaptic activity of many neurons aumding the recording electrode
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(Adrian, 1942; Gelperin & Tank, 1990; Steriade, 8P9Stimulus-evoked oscillatory
synchronization of neural assemblies have beendfaurthe olfactory (Gelperin & Tank,
1990; Delaney et al., 1994, Laurent & Davidowit®94), and visual system (Gray &
Singer, 1989; Neuenschwander & Varela, 1993) oh vatrtebrates and invertebrates, and
are associated with a broad range of neural pigs@nd cognitive tasks, like arousal,
perceptual integration, and attentional selectkeneg et al., 2001; Patel & Balaban, 2000).
Oscillatory synchronization in the gamma range (338 increases synaptic gain in
postsynaptic target neurons, which lead to enhaattedtion and behavioral responses to
learned stimuli (Fries et al., 2001; Fries, 200%) dynamic perceptual processing (Singer,
1993; Engel & Singer, 1993).

During olfactory processing, coherent firing ofamfory projection neurons (PNs) in the
insect antennal lobe (AL), an analogue to the Weate s olfactory bulb, was described to
cause enhanced 20-35 Hz oscillations in the PNetaagea, the mushroom body (MB)
calyx (Laurent & Davidowitz, 1994). The MB is a ¢et neuropil structure in insects,
critical for learning, memory and multisensory imf@tion processing (Menzel et al. 1974,
Erber et al. 1980; Heisenberg, 1989; DeBelle & Eialerg, 1994). Synchrony of PNs
appears to be goverend by local interneuron indribitithin the AL and may be related to
fine odor discrimination (Stopfer et al., 1997).n8gronization thus appears to separate
neuronal representations of similar olfactory igputvhich may be read out on a
millisecond timescale by MB intrinsic cells (Kenyoalls, KCs) (Perez-Orive et al., 2002).
Learning related power changes in the LFP followoitactory conditiong have been
observed in the honeybee AL (50 Hz, Denker, et24110), as well as in the MB of the
fruitfly Drosophila melanogaster(70-80 Hz, Prieto-Godino & de Polavieja, 2010)
suggesting that the LFP signal might be modulateonuadaptive value changes of the
odor stimulus.

Concerning visual processing, an enhanced 20-38ig¢fral was observed upon stimulus
selection after conditioning of a visual stimulugre output of the MB irosophila and
this signal was enhanced with increased stimullisngz without learning (van Swinderen
& Greenspan, 2003). Lower frequencies (>10Hz) dunnsual stimulation were not
modulated by salience. Low frequency changes haea lassocitaed with the optomotor

response, and its source was traced back to tihelopes, however, as the strength of this
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signal varies in short-term memory mutants, prdaogssn central areas might be
additionally invoved in its regulation (van Swindar& Flores, 2007).

Attention-related stimulus selection and learningyhth thus be governed by changes in
oscillatory power in the insect's MB.

However, it is hard to locate the origin of enhaht¢&P signals in the insect brain, and
observed LFP oscillations might rather reflect@bgl signal instead of being ascribable to
one specific brain region. Therefore, it would [@sidable to find different LFP signals in
different brain areas in the same insect, with tidahrecording electrodes. An additional
caveat concerning the reliable interpretation oPLdtgnals is reflected by motor artefacts.
Motor signals could intersperse from the periphang cause enhanced power in some
frequency bands. Therefore, it is important to récsimultaneously at least from one
motor source and compare the LFP signal from thtormarea to the LFP signal recorded
in central areas.

We low-pass filtered the recorded signal from thees electrodes, from which we derived
single-unit spikes following high-pass filteringy exactly the same way, Denker et al.
(2010) received the LFP signal in the AL of the é&yoee brain. We aimed to further
elucidate oscillatory synchrony at the MB upon ritsn and learning. To this end, we
recorded from multiple Gamma-aminobutyric acid (GBmmunoreactive (ir) neurons
of the protocerebral-calycal tract (PCT) at thewdwd the honeybees’ MB. These neurons
provide both local feedback within the MB outputt@mpresumably premotor neurons
(Okada, 2007), as well as recurrent feedback tdBenput, the calyx, forming functional
microcircuits with olfactory PNs and KCs. (Ganeshi® Menzel, 2001). PCT neurons
develop associatve plasticity in the minutes, hoarsd day range (Grinewald, 1999;
Haehnel & Menzel, 2011; chapter 2), are multiseps@iomberg & Erber, 1979;
Gronenberg, 1987; Schildberger, 1981) and modw##etory processing based on the
acquired value of a visual context stimulus (chaB)eWe adopted a combined visual and
olfactory paradigm first used by Gerber & Smith 489 that allowed us to study visual
and olfactory attention-related stimulus selectwrl learning within the same behavioral
sequence. The paradigm consisted of differentiddrcpreconditioning and subsequent
compound training of color and odor cues togetAedelay of 8 seconds between color

and odor onset allowed us to study attention-rdlaeuronal changes after color onset.
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Single color and odor stimuli as well as the trdiaed the reversed compounds were tested
30 minutes after the last compound training trial.

We analyzed power changes of the LFP, phase loadif@CT neurons and the LFP, as
well as cross-correlations among single neuronspd#iroughout all phases of the
experiment (pretraining, color preconditioning, gmund conditioning, retention tests).
We found increases in the 1-25 Hz frequency bartdr afolor onset during color
preconditioning and compound training in both redeal and unrewarded trials, that were
most pronounced before a behavioral response visted, suggesting attention-related
stimulus selection during learning. Additional spilocking to the enhanced LFP signal
was found only during the rewarded compound trairtirals in learner bees, which might
increase the synaptic gain in KC-PCT synapseseaMB output and might thus reflect a
prerequisite for succesful encoding of stimulus borations. On the single neuron level,
cross-correlations appeared after color onset ith mmmpound training trials, while
coherent spiking lasted throughout the entire bieinalv sequence only during the CS+
compound condition. Oscillatory and single neurgncironization of PCT neurons might
thus regulate attention-related stimulus selectienlocal feedback within the MB output,

and might selectively induce long-term memory sgjerapon attention.
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Material and Methods

Animal treatment

Foraging honeybee#\pis mellifera carnicawere caught at the hive entrance, anesthetized
on ice, and harnessed in metal tubes, as desdmpdittermann et al. (1983). The bees
were not fed before the experiment begun, in otdenake them hungry and motivated.
Only bees showing the proboscis extension resp@sR) after touching one antenna with

30% sucrose solution were included in experiments.

Dissection

A small window (1.5 mm?) was cut into the head cépdetween the compound eyes
along a saggital plane with the head fixed to tlages with dental wax. The first joints of
the antennae were immobilized using low temperatueing n-icosane. The head glands
and trachea sacks laying on the surface of thelware cautiously moved aside until the
alpha-lobe could be clearly identified. A silverravielectrode was inserted between the
right compound eye and the right lateral ocelluselectromyogram recordings of the M17
muscle that innervates the proboscis and whoseitgateflects proboscis movemernihe
reference electrode was either inserted into tgkt rcompound eye or into the median
ocellus.

The bee was positioned such that the brains suwaseexactly 90° horizontally to the set-
up table. Microruby was attached to the tip of titi wire electrode in order to stain the
electrode position inside of the brain and to itigede the stained region by means of
confocal microscopy after the experiment. The ebele for neuronal recordings was
inserted at the medial-lateral border of the I§fha-lobe, and placed 60 — 250 um below
the anterior surface by means of a micromanipulatiached to the electrode holder. After
successful placement of the electrode the windothénhead capsule was covered with a
drop of silicon (two components of KWIK-SIL Saraspt-L, USA, mixture 1:1). The
silicon prevented the brain from drying-out and iaddally fixed the electrode in the

brain, ensuring the stability of the electrode posiover several days. The experiment
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started 30 minutes later when the silicon had borated the animal recovered from the

dissection.

Behavioural Task

The behavioural paradigm of Gerber & Smith (1998svadopted and modulated for our
purpose to study visual and olfactory memory ovéime span of up to three days. The
baseline responses of the recorded units towardsstimuli were determined before
training sequentially stimulating the animal withirée odors and three colors each five
times with an inter-stimulus interval (ISI) of ongnute. After a brake of 10 minutes color
pretraining began. One color was chosen randomibeteewarded during six training trials
while another randomly chosen color was not rewarddéne bee was illuminated for 12
seconds. After eleven seconds the bee was fechifee tseconds with a droplet of sugar
water attached to the tip of a wooden stick. Aoatol for the movement and humidity
levels, a wooden stick with a droplet of pure wateas moved towards the bee in
unrewarded trials in order to test whether thesumay respond to the water vapour and/or
the visual stimuli attached to the movement ofgtiek.

After another pause of 10 minutes, compound callmr/ctraining began. During the
rewarded condition the bee was again illuminateith Wie previously rewarded color, but
this time an odor was additionally applied severoads after color onset, for 4 seconds in
total. The reward was applied three seconds after onset. Thus there was one second of
overlap between the three sensory modalities, befmlor and odor were turned off.
During the unrewarded condition the previously warded color was paired with another
odor, here no reward was delivered. Both conditimese trained within six trials each.
Thirty minutes later the bee was tested for athati seperately and in combination, three
times, respectively. Furthermore, color/odor comabons not trained were also tested.
Importantly, this experimental procedure, includitrgining and retention tests, was

repeated on each consecutive day. Figure 1 illestthe training precedure.
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CS+ Color preconditioning CS- Color preconditioning
CS+ color CS- color
Reward
14 sec ) . 14 sec
Cc D
CS+ Compound conditioning CS- Compound conditioning
CS+ color CS- color
Odor Odor
Reward
14 sec ) . 14 sec

Figure 1. Experimental training procedure. During differential color preconditioning
(A, B) one color (CS+ color) is combined with a sucresgard (reward onset: 11 seconds
after color onset) while another color (CS- colisr)presented without a reward. During
differential compound training, D) the previously rewarded color is trained withcalor
(CS+ odor) and a reward, while the CS- color ispneed with an odor (CS- odor) without
additional application of the sucrose reward. Adddtom Gerber & Smith (1998). During
retention tests, color and odor stimuli are testedarately, as well as in combination.
Additional to the trained (CS+ and CS-) compourttlg, reversed compounds (reversed
CS+ compound: CS- color & CS+ odor; reversed C#pmund: CS+ color & CS- odor)

are tested.
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Electrophysiology

Electrodes

In a first series of experiments, the electroderuronal recordings consisted of two, in a
second series of three polyurethane-coated coppes {14 um in diameter, Electrisola,
Escholzmatt, Switzerland) that were glued togethigh wax and attached to a piece of
glass cappillary (~ 2 cm in length) for handling ti@ micromanipulator. The ends of the
wires were deinsulated and attached to the amplifiput connectors by means of
conducting silverglue. Resistances of single wivese in the range of 1 and 2 M Silver
wires (0.05 mm in diameter, Advent, Eynsham Oxogl&md) were used for the reference

electrode as well as for the electromyogram reogglof M17 activity.

Amplifiers

Each wire of the electrode was connected to thed letage of a preamplifier (npi
electronic). Filters were set to high pass of 10aAd low pass of 10 kHz. Hum noise (50
Hz) was eliminated by an additional filter (Hum Buigitimer, Hertfordshire, UK).
Neural activity was sampled with a rate of 20 kiHmotigh an analog to digital converter
(1401 micro MKII; Cambridge Electronic Design, Caidige, UK) and initial data analysis
was performed by Spike2 software (Cambridge EleatrdDesign) including signal
storage, control of stimulation devices and pregmialof the data. The amplifier used a
band pass filter with cut-off frequencies betwe8&rHk and 10 kHz.

Visualization of recording position

After the experiment, the brains were dissectegdiover night in 4% formaldehyde with
1 pl Lucifer Yellow for enhanced backround stainimgished in PBS, dehydrated in rising
concentrations of alcohol (20%, 50, 70%, 99%, ar@ 26), and cleared with

methylsalicylate. A Leica TCS SP2 confocal lasemsing microscope (Wetzlar,

Germany) was used for scanning with a 20x or 10xermvabjective. Two excitation

wavelengths were applied, 428nm for the backroundtifer yellow), and 560 nm, for

Microruby, were used.
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Odor and color stimululation

Odor stimulation was computer-controlled, usingadfiactometer with seperate channels
for each odor, described elsewhere (Galizia et H)97). In each experiment, three
different odors were used to which the bee didshmiw a spontaneous PER. Two of the
odors were used for differential conditioning, tb@rd one as a control odor. The
olfactomter was placed in front of the bee such thea end of the outlet had a distance of
approximately 5 cm to the bee’s head. A constanstaeam (1.5 m/s speed) was send
through a teflon tube (6 mm in diameter). The agndf magnetic valves via the Spike2
software allowed adding a particular odor to thste@am. An exhaustion pipe behind the
animal ensured that odor did not accumulate.

Color illumination was provided by a light guidenteected to a lamp with filters for green,
yellow, and blue light. The exit of the light guitas placed in front of the bee beside the
odor pump. Light switches were conducted manudlig, precise timing of on- and off-
switches were announced by a sound coming fronuc $peaker that was connected and

controlled by the Spike2 software.

Data Analysis

We applied three different analysis to our data?dywer changes in time-frequency spectra
of the LFP, 2) Phase locking between multi-unitivatgt (MUA) and the LFP, and 3)
pairwise cross-correlation of single unit activifihe different analysis steps are described

in the following.

1) Analysis of time frequency spectra

The analysis of time frequency spectra was conduzyadohanna Derix, Intracranial EEG
and brain imaging group, Albert-Ludwigs Universigreiburg.

Low-pass filtering

Signals from two electrodes recording neuronalvégtirom the MB output and another
electrode recording from the M17 muscle (monitonprgboscis activity) were resampled
to 1644Hz and low-pass filtered at 500 Hz in ordepbtain the mass signal of the LFP,

excluding the high frequency component of singlé-urspiking activity.
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Re-referencing
The LFP of one electrode was re-referenced agtiestFP of the second one, yielding a
bipolar configuration and thus minimizing the pbésipresence of artefacts, especially

motor-related artefacts.

Calculation of time-frequency spectra

Time-resolved amplitude frequency spectra were utatied for each trial separately,
applying the multi-taper method of Percival & Wald€l993), using a time window of
1/3s, time steps of 0.0195s, and three Slepiagrsapor the calculation of relative spectral
power changes, the amplitude of each point in tand frequency was divided by the
baseline activity. Baseline for each frequency Was the median power of all trials
comprised in one condition in the time interval s to 9s before onset of the first
stimulus presentation. For each bipolar electr@leraged time-frequency spectra were
determined by calculating the median power of e@tte-frequency bin over all trials,
yielding one spectrum for each phase (pretrainiimgining, retention test). For the
calculation of the group-averaged time-frequencgrabteristics, the trial-averaged time-
frequency spectra of all bees were again mediaraged for each phase separately. In the
time-frequency spectra, frequencies on the y-asesgiven in Hz, while the color code

depicts the changes in relative spectral power.

2) Analysis of Phase Locking

Analysis of neuronal data were conducted in sifed#int time windows that related to the
subsequent stimuli presentations during one belavevent. One window served as the
reference or base before cue onset: WO (-10 tec $he other windows were defined as
follows: Color onset: W1 (-8 to -6 sec), prepargtperiod: W2 (-6 to 0 sec), odor onset:
W3 (0 to 2 sec), reward onset: W4 (2 to 4 secpréotior offset: W5 (4 to 6 sec).

Amplitude and phases of the LFP and spiketimes aftiomit activity (MUA) were
extracted per bee for each stimulus condition amdefach of the six different time
windows. We conducted the analysis for all beed,smparately for learner and non-learner
bees. Bees were charcterized as learner beesgyiktttended their probosces at least once

durnig three subsequent test trials to the CS+ odtdre CS+ compound condition and no
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time to the CS- odor in the CS- compound conditidve additionally differentiated
between PER and no PER trials. PER's were monitosady electromyogram recordings
of the muscle (M17) that innervates the probodbisting PER trials the bees extended
their probosces to the presented odor either begwvard presentation during training or in
the time of the entire odor stimulation during sedburing no PER trials no significant
M17 responses were detected through the same tmadp. For each condition and time
window, during training and retention test phaskilng was calculated between the MUA
spike activity and the frequency band between 1MH25 as we detected a significant
increase in power in this frequency band. (see R8sWe conducted analysis of non-
uniformity testing the null-hypothesis that the raal population is uniformly distributed
around the circle (the phase, illustrated in 36€ihg polar plots). We handeled adevel

of 0.05. All significant spike-locking events ofethbsame condition and the same time

window were averaged over bees and the mean phvasesllustrated (see Results).

Analysis of cross-correlation between single unitairs

Histograms of single unit activity were constructaghin in all time windows and for all

conditions during training and retention tests. ptissible pairs of units recorded in a
single animal were crosscorrelated pairwise. Wel asbinwith of 4 ms and a max lag of
200 ms. Results of one unit pair was illustratechgishistograms that summed the

coinciding spikes over time of spike train B ingefnce to its pair, spiketrain A.
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Results

1) Power changes in time-frequency spectra of theAP

Dissociation from muscular artefacts

Time-frequency spectra of LFP's were calculateddescribed inMethods In order to
dissociate power changes of the neuronal LFP framcular artefacts, we derived LFP’s
from both the neuronal channels and the channélctraprised activity from the muscle,
M17, which innervates the proboscis. Figure 2 ae#i time-frequency spectra and the
according spike activity of both neuronal and miescactivity of one learner bee during
color preconditioningA & B) and compound trainingC( & D). We observed a power
increase in the 1-25 Hz frequency band in the malrbFP (see fig. A-D) beginning ~5
sec before odor onset, lasting for approximatelyséBonds in both color and compound
conditiong and for CS+ and CS- training comparaflge first ~6 seconds of power
enhancement occured in the absence of musculatitactiVe thus conclude that power
changes in this frequency band do not depend omutarsactivity.

In the following, we will refer to this increasexkfjluency band as the ‘precursor signal’, as
it appeared before a reward was presented and ditiomed response was eventually

elicited.
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Figure 2. Power changes in LFP can be dissociatedoim muscular artefacts. Trial-
averaged time-frequency spectra of neuronal anccuhsactivity were calculated for one
example bee that succesfully learned stimulus coatimns. Spectra of both, color
preconditioning 4, to the CS+ color anB, to the CS- color) and compound trainin@s (
to the CS+ compound arigl to the CS- compound) are shown. The upper panehch
subfigure A-D) illustrates the relative spectral power of neatdo~P, multi unit activity

of PCT neurons is outlined in the second panelatRe&l spectral power of muscular LFP
and M17 activity are shown in the bottom two paméleach figure. The x-axis (time [sec])
is alligned to odor onset. Vertical dashed lineidate behavioral events (color onset (-8s),

odor onset (0s), reward application (3s), colorfauftset (4 sec), reward offset (6 sec)).
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Strong power changes in the neuronal LFP were wbdan the frequncy band from ~ 1-
25 Hz in all 4 conditions. The increase in LFP powstarted already ~ 5 sec before odor

onset, in the absence of power changes in muscERyr

Spectral characteristics of the precursor signal

Spectral analysis during color training revealepr@nounced precursor signal, beginning
~5 seconds after color onset. In order to analyzepectral profile, we chose all 6 trials of
the CS+ color training condition including all beescalculate the median spectral power
over a time window ranging from color onset (-8s)otder onset (0s) for each frequency
bin separately. Median-averaged power over all hedstrials is displayed as a blue line in
fig. 3, the interquartile range (the distance betwe&5th and the 75th percentile) are
indicated by the red tube. A total of 156 trialyddeen averaged.

Frequency spectrum of the precursor signal

—_

L]

Relative spectral power

10 20 30 40 =]
Frequency [Hz]

[

Figure 3. Power spectrum of the precursor signalThe precursor signal, calculated

during the CS+ color training, between color onaatd odor onset, features power

enhancements in the frequency band between 1 ahtz2Median-averaged power over

all bees and trials is displayed as a blue line,itlerquartile range (the distance between
25th and the 75th percentile) are indicated byréidetube.

In the following, time-frequency spectra averageeér all bees (learner- and non-learner

bees) were calculated for pretraining, training st phases of all conditions (CS+ and
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CS- odor and color, trained CS+ and CS- compounu$ r@versed CS+ and CS-
compounds). During pretraining, no compounds westet.

Figure 4 gives the results for color and compouathing trials, while figure 5 outlines

time-frequency spectra for pretraining and test® #und the precursor signal (as an
enhamncement in power in the 1-25 Hz freugncy dojnstrongest during CS+ and CS-
color training. The precursor signal was rather esbaluring the compound conditioning.
While it stayed at a low level throughout all C®npound training trials, it gradually

increased from the first to the third trial duri@®+ compound conditioning manifesting its
maximum in the last CS+ compound trials. Additidypad the precursor signal in the 1-25
Hz frequency band, enhanced power in higher fregjgasnincluding the 50 Hz frequency
band, was observed only for the training trialst tt@mprise the application of a reward
(CS+ color training and CS+ compound training). leer, no power changes were
detected during pretraining and retention testallodonditions (see fig. 4). In comparison,
in case of the single learner bee (fig.2), the yrgmr signal was even strong during
compound conditioning and during color conditionibgt it attenuated faster in the CS-
compound training. Higher frequencies (50 Hz anghér) were enhanced and tightly
locked to CS+ and CS- odor onset, but decreased readier for the CS- compound

conditioning.
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Figure 4. Time-frequency spectra of color training and subsequent compound
training. Spectra are illustrated for all bees analyzed,efach of the six training trials
separately. The y-axis depicts the frequency [WhjJe the colorcode depicts the change in
relative spectral power. Vertical dashed blackdidepict stimulus conditions (color onset,
odor onset (only during compound conditiong), redapplication, color and/or odor
offset, reward offset)A CS+ color training,B CS- color training,C CS+ compound
training, andD CS- compound training. From the first trainingkrienhanced power in the
frequency band of the described precursor sign@b(Hz) is visible during CS+ and CS-
color training. Additionally, during the CS+ coltmining, power enhancement of higher
frequencies are observed. Especially, the frequdmayd of 50 Hz was enhanced,
beginning with the onset of the precursor signdle Pprecursor signal was also present,

123



albeit not as strong, during compound trainiy & D). Again, enhancement of higher

frequencies, including the frequency band of ~50 &2 only present during the CS+

compound condition.
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Figure 5. Time-frequency spectra during pretrainingand retention tests. Conventions
are the same as in figureAi.llustrates time-frequency spectra for CS+ and Qs and
colors before the traiing procedure started. Nongka relative to baseline could be
observed. During the retention tests of odors avidrge alone B (i)) as well as during
trained and reversed compounsii) ) no change in power could be detected.
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Precursor signal is stronger before a PER is eli@d during compound training

We calculated the same time-frequency spectra atgbarfor trials in which the bee
elicited a PER, the conditioned response, andqaatiem against spectra during trials in
which the bees did not elicit a PER (see fig. 6 @bserved a stronger precursor signal
during PER trials, during both CS+ and CS- compourainings (fig. 6,A & B,
respectively). Here, the relative change in powas &veraged over trials. The difference
between PER / no PER trials is strongest duringBe compound training. In retention
tests, the precursor signal becomes evident détig trials in the CS- compound. Testing
the CS+ compound condition, the precursor signa alasent in both PER and no PER
trials and a modest increase of higher frequen¢teSO Hz) were detected during PER
trials only. Testing the reversed CS+ compound (€8er & CS+ odor), the precursor
signal after CS- color onset was only presentiaistin which the bees did not extend their
probosces, while testing the reversed CS- comp{uBd color & CS- odor) did not reveal

strong differences in the time-frequency specttavben PER and no PER trials.
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Figure 6. Comparison between PER and no PER trialg the time-frequency spectra
during compound training and tests. A, CS+ compound training3, CS- compound
training, C, test of trained CS+ compounD, test of trained CS- compounH, test of
reversed CS+ compounH, test of reversed CS- compound. Upper panelstriites PER
trials while lower panels of each subfigure degictivity during no PER trials. During
CS+ @) and CS- compound trainin®), the enhanced precursor signal is stronger ptesen
during PER trials (upper panels, respectively) timo PER trials. Also, it is more
pronounced during PER trials in the CS- compouathing, when the bees erroneously
extended their probosces. A possible surprise teffelt be discussed below. During
retention tests of the trained CS+ compoutidtfie precursor signal is absent, during both,
PER and no PER trials, while it is still presentidg PER trials in testing the trained CS-
compound. Testing the reversed compound (reversed c@mpound: CS- color & CS+
odor,E and reversed CS- compound: CS+ color & CS- ddprevealed also the absent of
the precursor signal. However, slight increasebighier frequencies were observed after
the onset of the CS+ oddg), and after the offset of the CS- odB).(
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2) Phase locking between multi-unit activity (MUA) andthe LFP

After having extracted the frequency band in whadwer changes occured, we assessed
phase locking between the filtered LFP in the fesmy band of 10-25 Hz and MUA
activity of each single bee during all test phases] stimulus conditions. We ran the
analysis for each time window separately. Firsk, sgnificant trials, in which phase-
locking occured (p < .05, non-uniformity test) wesgtracted. Subsequently, the mean
phases of all significant trials per test phasendts condition, and time window were
calculated. We found differences in spike-lockingidg the preparatory period (between
color and odor onset) when we compared learneusarsn-learner bees.

The main result relates to enhanced phase-lockinggithe preparatory period in the CS+
compound training. Five bees that were identifiede@rner bees (12 learner bees in total,
based on their performance during retention testshibited significant phase-locking
between MUA of PCT neurons and the LFP precurggmadj while only one non-learner
bee (eight non-learner bees in total) exhibitedifgant phase locking during the same
time window (see fig. 7). While phase-locking ocmlirunspecifically, in different
directions, quite frequently, also during the basedow (before stimulus presentations),
the enhanced spike-locking in the preparatory pledoring CS+ compound training
occurred in one major direction in three of theggd (in 15 units in total), namely 220°,
and was highly significant in each bee (p rangemfp < .000 to p = .0002). The one non-
learner bee showed phase-locking (p = .0006) imliteetion of 180° of the LFP.
Importantly, the same 5 bees that exhibited sigaifi spike-locking during training also
exhibited significant spike-locking during the testhe trained CS+ compound.

But during CS+ compound tests, only two bees featspike-locking in the same direction
(190°), while the other three locked to differehapes of the LFP (p's ranged from .000 to
.004). More learner than non-learner bees exhibsigdificant spike-locking during the
CS+ and the CS- conditions of color precoditionangd CS+ and CS- color tests, but
during training and tests, phase-locking occuredifierent phases of the LFP. Only during
the CS+ color test, MUA of two bees locked to thene phase of the LFP (200° p's =
.0001 and .02, respectively). These are the same theat exhibited significant spike-

locking during CS+ compound training and test.
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Spike-locking during training and test of the C®mpound condition was also more
frequent in learner bees (training: 5 learner hexes3 learner bees, test: 4 learner bees, no
spike-locking among non-learner bees), howevers@thacking occured in different phases
of the LFP in both training and test (p's rangenimfr.000 to .04), and was therefore
regarded as unspecific. As mentionediethods additionally to the trained CS+ and CS-
compounds, also the reversed compounds were t€egtihg the reversed CS+ compound
(CS- color & CS+ odor), six learner bees showediigant spike-locking (p's ranged
from .000 to .04) during the preparatory periodyaeer, only two bees locked to the same
phase of the LFP (200°). Non-learner bees did hotvsphase-locking here. Further, no
specific phase-locking was observed testing thersad CS- compound (CS+ color & CS-
odor).
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Significant phase-locking during CS+ compound training
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Figure 7. Increased phase-locking during the prepatory period of the CS+
compound training in learner bees.Polar plots illustrate significant phase-locking in
learner beesA) and non-learner bee8)( during CS+ compound training during base,
before the presentation of the stimuli startgd dnd during the preparatory period, after
CS+ color onset and before CS+ odor onsggtflore bees that were able to discriminate
the CS+ from the CS- compound during retentiorstéstarner bees) exhibited significant
phase-locking during CS+ compound trainidg {i). MUA from PCT neurons locked at
220°, slightly after the trough of each oscillataycle of the LFP signal. Only one non-
learner bee exhibited significant spike-lockingidgrthe preparatory period during CS+

compound trainingR, ii)

130



Pairwise cross-correlation of single unit activity

In chapter 3, we described decreased reaction tohesimals when the CS+ odor was
announced by the CS+ color. We found a subset of R€urons that mirrored the
decreased reaction times by decreased responsei¢mteo the CS+ odor, specifically,
only when the odor was previously announced by dbgect color. The same units
additionally exhibited enhanced firing rates durittte preparatory period, the odor
response window and during the expectation of ¢hneard. These features were evident in
PER trials, thus before the bee accomplished theciobehavioral response. Precise spike
synchronization has been observed during movemegapation in the monkey motor
cortex (Grammont & Riehle, 1999).

We therefore explored, whether these units alsdbérld spike synchronization during one
of the predefined time windows. We applied the radthf cross-correlation as desribed in
Methodsfor the pair of units that was recorded in the sdrae (units # 56 and 60). We
analyzed all defined time windows during CS+ arf8- Compound training and during
tests of trained and reversed compound conditions.

Figure 8 illustrates coincident spike occurrenclieraCS+ odor onset during the CS+
compound trainingE) in comparison to a 2 second period before trgisiarted (bas&).
Figure 9 shows correlation histograms during tragrof the CS+ compound condition. We
found an increased probability for spike synchrarythis unit pair with zero time lag
during the preparatory window (after color and lbefodor onset) (fig. €), odor window
(D), reward window E), and during the offset of color and odor stimi) in the CS+
compound training. Time windows for base and colwet did not exhibit conicident spike
activity. During the CS- compound training (fig.)10owever, spike synchrony was only
evident during the preparatory windo®@)(

Exploring the tests of trained and reversed comgsueoross correlations were almost lost.
They were only, albei modest, evident during theppratory periods of both trained CS+
and CS- compound tests (fig. A& C)
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Figure 8. Single unit activity recorded within thesame bee exhibit spike coincidences.
Shown are 2 sec before CS+ compound training stéBaseA), and 2 seconds following

odor onset during CS+ compound training. Green ®adrdicate no spike coincidences

while red boxes mark coincident spike occurrence.
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Training CS+ Compound
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Figure 9. Increased spike cross correlation duringhe CS+ compound training.Spike
synchrony is evident during the preparatory wind@y odor window D), reward window
(E), and during the offset of color and odor stimi#), and absent during bas&)( two
seconds before the training started, and the aslodow (B). Cross correlations were

highly precise and occurred with a zero time lag.
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Training CS- Compound
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Figure 11. Cross-correlations during trained and re@ersed compound testsWhile the
unit pair did not fire in synchrony during the resed CS+ B) and CS- compoundj

tests, cross-correlations are evident, albeitltmadegree, during the preparatory windows
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of the both trained copound\(trained CS+ compoundg, trained CS- compound), with

zero time lag. All other time windows did not exibhiiross correlations.
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Discussion

We recorded extracellularly from GABA-ir mushroondyo(MB) interneurons of the
protocerebral-calycal tract (PCT) that provideshbloical feedback within the alpha-lobe,
the output structure of the MB, as well as recurfeadback, connecting the major output
region of the MB with its input. These neurons haeen shown to exhibit olfactory and
visual associative plasticity in the hours and dge (chapter 2).

We applied a combined visual and olfactory conditig paradigm, in which we
differentially pretrained two colors. One color wasmbined with a sugar reward 11
seconds after color onset. The same color was gqubs#y trained together with an odor
that was applied 8 seconds after color onset. Télaydbetween color and odor onset
enabled us to investigate the preparatory periftel; @olor onset and before odor onset, in
which the animal might focus its attention and dfi@re prepare an adequate motor
response. The paradigm was first used by Gerbem&thS(1998). The authors found
enhanced, faster and prolonged behavioral respotwsem olfactory stimulus during
retention tests when compound training of a colwd the odor was preceded by color
preconditioning. We could verify the behavioral ués of Gerber & Smith and found
aditionally neuronal facilitating and suppressingdulation effects of odor responses upon
stimulus selection based on the visual context ¢bapter 3). The underlying mechanism
of faster behavioral reactions to the CS+ odorhi@ tewarding visual context could be
ascribed to reduced neuronal response latencigbhetaCS+ odor in a subset of PCT
neurons, that showed already enhanced firing edtes the onset of the visual context cue.
In the present chapter, we investigated power ctangthe time-frequency spectra of the
LFP, phase-locking between multi unit spikes arg P, as well as cross correlation

between unit pairs.

Power changes in the LFP might reflect attentiongbrocesses during training
to colors
We found enhanced power of the frequency band leetviie25 Hz, following both CS+

and CS- color onset during color preconditioninge Véfer to this increased frequency
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band as the ‘precursor signal’, as it appearedrbeto reward was presented and a
conditioned response was eventually elicited.

Increase in power of low (below 10 Hz) and intermatzl(20-30 Hz) frequency bands have
been reported upon visual stimulation in the medabtocerebrum ofDrosophila
melanogastefvan Swinderen & Greenspan, 2003). While the giotential response was
very consistent, the 20-30 Hz response varied derably with stimulus salience and was
tentatively regarded as a neuronal correlate fleictee attention.

In the present study, the precursor signal waseewiduring both CS+ and CS- training
trials and might therefore not reflect selectivet lyeneralized attention upon visual
stimulation. The precursor signal was already presethe first training trial. During CS+
training, a wooden stick with sucrose solution \@aproached to the bee before feeding.
During CS- training, a wooden stick soaked in watas presented in the same way, in
order to control for humidity levels. We can onlgesulate that eventually, the bees
detected the humidity from the wooden stick alrebdfore feeding, and this might have
enhanced attentional levels. Subtle changes in ghe@ronment might evoke such
attentional changes. We are prone to exclude tiegptecursor signal is a mere effect upon
humidity, as the precursor signal ceased in theseoaf training in non-learner bees, but
persisted in learner bees throughout all traininglst (see example bee). In contrast,
humidity levels were kept at a constant level tigitaut training. Colors (blue and yellow)
were balanced as serving for the CS+ or the CSditon. Therefore, a color-specific
effect can be excluded. Thus, the precursor sifjoah the first training trial onwards
might be an attentional effect, caused by the cofmwet and additional subtle changes in

the environment, like changes in humidity levels.

Power changes in the LFP might reflect attentionaprocesses during training

to compounds

The precursor signal was also present during comghénaining of colors and odors. In the
example bee, the precursor signal was even stronggdcompound conditioning as during
color conditioning, but it attenuated faster in th&- compound training, possibly
resembling reduced salience due to the lack of nétraring the CS- condition. Beside the

precursor signal of intermediate frequencies, &lgher frequencies (50 Hz and higher)
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were enhanced tightly locked to CS+ and CS- odsefrbut decreased much earlier for
the CS- compound conditioning. The decrease duiiegCS- condition could possibly
reflect a physiological signal of surprise as rearight have been expected but was not
applied.

When all bees were pooled, however, the precurgprak and the increase in higher
frequencies were much more moderate than in trecteel example. Higher frequencies
were restricted to the CS+ compound condition. daslgd time-frequency spectra were not
seperated for learner versus non-learner bees, aandhe example bee learned to
discriminate between CS+ and CS- compounds coyregd assume that non-learner bees
decreased their attentional levels during compotmadhing, reflected in the reduced
precursor signal after color onset. Reduced atienmight therefore be the cause of low
learning scores in the subsequent test in nonéedrees. Learning requires attention (eg.
Roelfsema et al., 2010). Learner bees might haile ligh attentional levels throughout
compound conditioning, which might be reflectecbnonounced precursor signals and an

increase in higher frequencies strongest after @+ onset.

Increase in higher frequencies (>50 Hz) revealeldetanore specific to the CS+ odor. In
the literature, increase in power in higher frequeimands upon odor stimulation have been
described. In the MB dbrosophilg novel odor presentation led to increased poweinén
70-80 Hz frequency band, while this response astetbiunder repetition (Prieto-Godino &
de Polavieja, 2010). Attenuation was rescued aterelectric shock has been trained
together with the odor. The authors suggest tleat. &P signal is modulated upon a change
in adaptive value of the odor stimulus and miglistheflect a simple neuronal correlate of
higher-order olfactory processing in the medialtpcerebrum of flies.

As we observed an increase in frequencies of 58tHmger upon CS+ odor presentation
during compound training trials, in which a rewavds presented, in comparison with CS-
compound training trails, enhanced power in higheguencies could also reflect enhanced
value representation of the rewarded odor. Howeverfound no power changes before or
after training. Enhanced power in higher frequebagds might thus rely on the presence
of a rewarding stimulus, and are therefore regastetiinctioanlly different from the high

frequencies enhancementdirosophila
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Thus, while the precursor signal reflects genet&ngéion, power increases in higher
frequencies might code the actual value of a stiswdhat is being associated with the

reward.

The precursor signal is stronger before the initiabn of a behavioral response

We found no power changes in the LFP before or #fietraining when we averaged over
all bees. However, when separately investigatimgstrin which a behavioral response
(PER) followed, the precursor signal was more puomed before stimulus selection
(when a behavioral response was elicited) in corsparwith trials in which no motor
response was observed during both CS+ and CS- eaomgdaaining trials.

By this separate analysis, the strong precurseorasgduring compound training could be
predominantly ascribed to trials, in which stimusgdection occured.

According to the ‘premotor theory of attention’ ¢Rolatti, 1987; Allport, 1989), the
relevant features of a particular stimulus, thatsedected for a behavioral response,
automatically receives attention. This theory ismarted by eye movement experiments, in
which attention is invariably directed to stimuhiat are selected as targets for an eye
movement (Hoffman & Subramaniam, 1995; Kowler et #095; Deubel & Schneider,
1996). We may thus assume that attention duringedore the preparation of a motor

response might reflect enhanced attention pridihhéamotor output during training.

During retention tests, the precursor signal wdkmsesent during PER trials in the CS-

compound condition, but was absent in both PER mmdPER trials testing the CS+

compound.

Bees that extended their probosces during tesheoQS+ compound revealed correct
performance after training. Thus, the precursonaignight only occur when stimulus

combinations are not yet learned but attentioninscted to the compound stimulus. This
fits to the observation that bees that extendeid pinebosces during tests of the trained CS-
compound condition, thus revealing incorrect bebwawi did not learn the stimulus

combinations sufficiently, and might therefore dihthe precursor signal as a correlate of

enhanced attention.
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The precursor signal as a neural correlate for surpris@

The precursor signal during PER trials in the G8napound training was more pronounced
compared to PER trials in the CS+ compound trair(ge B). Enhanced attentional
levels might be caused by surprise. When the baesa@ their probosces in the expectation
of a reward but no reward is applied (during CSnpound training), the precursor signal
might signal enhanced attention due to the deviativan expectation. Dopamine neurons
in vertebrates (Schultz, 1998), as well as theraéninpaired median neuron number 1 of
the maxillary neuromer@/UMmx1) in the honeybee brain (Hammer & Menzel 9&%
code deviations of reward expectation. Both neuyges respond to a reward when no
reward was expected and through learning they begnespond to stimuli that predict a
reward. Neuromodulatory actions of the VUMmx1 neuomuld hypothetically drive the
attentional precursor signal, and promote learmufign something unpredictable occurs.
Although, the first surprise might rather occur idgrthe time of reward omission, the

detection of reward absence might be integrateiisequent trials after color onset.

Spike-locking to the attentional precursor signal ecessary for successful encoding of
stimulus combinations

Spike-locking has been found to increase with seleattention (Niebur, 2002). While the
precursor signal was evident in both CS+ and C®r@nd compound conditioing trials,
phase-locking to the precursor signal occured naiten during the CS+ compound
conditioning in those bees, that were later abldissociate the compounds behaviorally
(learner bees). Spike-locking in the preparatorgiopeafter color and before odor onset
occured after the trough at 220° of the oscillatoygle. While the power increase of the
LFP in the 1-25 Hz frequency band might reflecemtibnal processes following color
onset, additional spike-locking to the LFP osditlas might serve as a prerequisite for
successful encoding of the correct training of gtim combinations. Increased and more
precise phase-locking during the encoding of infation that is later remembered than
during encoding of information that is later notlwemembered has been documented in
humans and animals (Fell et al., 2008, Miltnerlgtl®99; Weiss & Rappelsberger, 2000;
Fell et al., 2001; Babiloni, 2009).
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Functional implication for the recurrent and local feedback loop

The primarily inhibitory recurrent pathway of PCEurons forms fine horizontal bands
within the anterior-dorsal-lobe in which they receive modality specific eatitry input
from KCs. PCT neurons connect the MB output, thand lobes and pedunculus, with
all sensory subcompartments of the MB calyx predamily connecting the same modality
specific output and input layers (Schéafer and Bick886; Griinewald, 1999a). Since most
PCT neurons are GABAIr they appear to provide s$elednhibitory input to the calyces
(Bicker et al., 1985; Schafer and Bicker, 1986)tHa calyx, PNs are presynaptic to KCs
and postsynaptic to PCT neurons, therefore theubuipll be indirectly mediated via
feedforward inhibition by GABA-ir PCT neurons. Adidnally, convergence of the reward
encoding neuron VUMmx1 (Hammer & Menzel, 1998) wKi@is in the MB calyx suggests
that the PN-KC synapse undergoes associative @tgstpon learning, which was found in
calcium imaging experiments on the dendrites of K&g/szka et al., 2008).

We found phase-locking of PCT neurons to an enlthhéd® signal of 1-25 Hz shortly
after the trough of the oscillatory cycle, consaldy more frequent in learner bees
compared to non-learner bees following color ounlseing the rewarded (CS+) compound
training. As this LFP signal is different from tlodserved 50 Hz signal in the AL that
emerged specifically to the CS+ odor after learr(idgnker et al., 2010), we assume that
the LFP signal we measured is local to the recgrgiasition in the -lobe at the MB
output. We could also evidence that the precurgpras occured in the absence of motor
activity. The enhanced signal is therefore regaatemdependent from motor artefacts.

It was suggested that during training KCs transadobr information as well as the
gustatory information of the sucrose reward (FrAs2009; Okada et al. 2007), and might
provide coincident excitatory input onto PCT netolmsthe locust, hebbian spike-timing
dependent plasticity (STDP) on a ~25ms timescalebbas shown to occur between KCs
and -lobe neuron synapses, which are also locatedeaivilB output, when presynaptic
spikes preceded postsynaptic firing. (Cassenaera&rént, 2007). The authors observed
that the values over which synaptic weights charng@desponded to the period of single
odor-evoked 20 Hz oscillation cycles, and enharggtchronization of -lobe neurons.
They further found that only within-cycle ‘coinciglees’ modified the connection between

KCs and its target neurons, when KC spikes occjusgtdbefore the trough of the LFP and
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shortly before -lobe neuron spikes. In this line, the phase ofdkeillation cycle times
pre-and postsynaptic discharge, facilitating STDP.

We thus hypothesize, that the phase-locking foumaitly after the trough of the LFP
signal might indicate precise spike timing of PC&urons, and might facilitate the
occurrence of STDP between the KC, that might osturtly before the trough, and the
PCT synapses in learner bees during CS+ compoairdnty. Attention might thus be a
prerequisite for inducing long-term potentiationTR), and hence learning. Here,
specifically the visual stimulus might be encodesispike-locking was observed during the
preparatory period, leading to a memory of the alistimulus that reliably predicts the
occurrence of an odor and a reward. As we obsdmigiter frequencies after the onset of
the CS+ odor during the CS+ compound conditionpnggise spike-locking might occur to
faster oscillations and might facilitate odor leaghat the KC-PCT synapses in the same
way. However, this mechanism still needs to beetksind can only be hypotheiszed by
now.

Successful encoding generally leads to facilitajgwcessing of learned stimulus
combinations and potentiates responses to theddastimuli (Fries et al., 2001; Fries,
2005). The read-out of facilitated stimulus proaegss reflected in antagonistic rate codes
of PCT neurons during retrieval as described ingbeond chapter. We could show that
indeed the strength of the anatgonistic rate codeelates with correct behavioral
responses of the animals. Local feedback of thesP&ito premotor neurons might elicit
the correct behavioral response. The recurrentoeddof PCT neurons back onto sensory
(PNs) and KCs might selectively inform the MB in@itout leanred stimuli, consequently
facilitating processing of these learned stimuteatly in the MB input. The reciproke
synapse in the calyx between PCTs and PNs migitalerucial role in this information
process. Feedforward inhibition from PCTs onto BiNeKC synapse could precisely time
spikes from PNs onto KCs and could therefore inchamth, LTP and LTD, depending on
the sequence of spikes from PNs and KCs. Faciliptedessing of learned stimuli at the
MB input and output (after the induction of LTP)ght reflect a neuronal mechanism of
attention, therefore substituting the precursonai@fter learning.

However, as long as learning is suboptimal, theymsor signal is present, setting the

system in a state in which learning can occur.
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This is in line with our observation that the presar signal was still present during the CS-

compound test when an erroneous extension of tikefBllowed.

Spike coherence of neuron pairs might reflect enhared attention and differentiates
the CS+ from the CS- compound after odor onset dunig training

Spike coincidences of one neuron pair were evidening the preparatory period during
the training of both CS+ and CS- compounds, prgbabflecting the same neuronal
process underlying attention that was alreadyblasin the precursor signal of the LFP.
While precise spike correlation continued throughador presentation, reward omission,
and offset of the CS+ color and odor, spike cohm¥emas not present anymore after the
onset of the CS- odor during the CS- compound ¢mmdi

Neurons participating in one (synchronized) ceBeasbly, are regarded as dynamically
coupled. Dynamic coupling occured during enhandgentional states and was kept to
behaviorally important events only. Neurons engdnigpea synchronized cell assembly
could thus functionally bind behvaiorally importargtimuli, and could provide
synchronized input to premotor neurons, fasteningpnresponses via local feedback.

PCT neurons have been suggested to innervate then&dus extrinsic (PE1) neuron, that
in turn inhibits lateral horn (LH) neurons (Oka@807), while LH neurons directly contact
motor neurons. Coincident input to the PE1 mighistinapidly induce disinhibition onto
LH and motor neurons, inducing fast motor responses

However, we only observed spike synchrony to ther @8or during training, and not
during subsequent tests, in which reduced neumasabnse latencies and reduced reaction
times have been described (chapter 2). In thisicodat case, the observed synchrony

cannot account for reduced reaction times of thmaln

The literature provides many examples that motaticad neurons change selectively their
firing rate during the preparation and executiorgoél-directed behavior (Tanji & Evarts,
1976; Georgopoulos et al., 1982; Riehle & Requif89, and additionally, spike

synchrony has been shown to increase upon motgagaion (Grammont & Riehle,

1999).
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The probability of observing spike synchrony inees with firing rate of the neurons
(Shadlen & Newsome, 1994). However, we showed peespike synchrony also during
the preparatory period of the CS- compound tratningvhich no increase in firing could
be detected (chapter 2). We thus conclude, thatlheerved spike synchrony is an inherent
feature of the neural assembly to focus the atiertt a primed olfactory stimulus, and to
ensure precise spike timing on a millisecond tiraks¢Riehle et al., 1997), that might lead
to faster motor outputs. Moreover, neurons pamidny in one (synchronized) cell
assembly, and are therefore regarded as dynamamallyled, do not necessarily exhibit the
same firing patterns. This has also been obseryé&rbmmont & Riehle, 1999).
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5. General discussion

Learning critically depends on synaptic plastiatyd enables the nervous system to adapt
to the environment (Hebb, 1949, Squire, 1987, Khr&leSchwartz, 1982). Learning
enhances the sensitivity of neural assemblies dogsis incoming stimuli (Buzsaki, 2006)
and facilitates action-selection processes for @tkeg appropriate behavior (Roelfsma et
al., 2010). In the present work, general neural maeisms of a local and recurrent
inhibitory network in the honeybee brain were irtigegted in the frame of learning and
memory formation. Additionally, it was asked howteation-related processes might
interfere with learning-related processes of irnbityi neurons. The bee has been proven to
be a valid model system to study learning-relatedcgsses as it provides a broad
behavioral repertoire, among which is the abiltyassociate visual and olfactory stimuli
with a sugar reward during the classical conditignof the proboscis extension response
(PER) (Menzel at al., 2006, Menzel, 1990; Menzdli&ller, 1996). Moreover, its central
nervous system is accessible for electrophysioddgind imaging methods (Rybak &
Menzel, 1993, Grunewald, 1999, Okada et al., 26l@&hnel & Menzel, 2011).

We utilized two different analysis strategies: Higgiss filtering of the extracellular
recorded activity allowed us to study precise tgnai locally generated action-potentials,
while low-pass filtering of the same activity enadblthe analysis of the mesoscopic
population signal, the local field potential (LFE)at consists of synchronous subthreshold

activities in the neuronal population surrounding électrode.

The experimental paradigm
We recorded extracellularly from local and recutreBABA-ir neurons of the

protocerebral-calycal tract whilst applying a conda visual and olfactory conditioning
paradigm, first used by Gerber & Smith (1998). Wghsly changed the course of training
and testing, such that differential color prectinding were always applied as well as
differential compound training, before testing tbelor and odors alone, the trained
compounds (trained CS+ compound: CS+ color & CSar;onlained CS- compound: CS-
color & CS- odor) as well as the reversed compoyrelgersed CS+ compound: CS- color
& CS+ odor; reversed CS- compound: CS+ color & 6&br). A delay between color and
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odor onset of 8 seconds allowed us to study attenelated processes after the bee was
primed with one of the colors. The reward alwayofeed 11 seconds after color, and 3
seconds after odor onset during the CS+ trainiagstr

Analysis of neuronal activity in chapter 3 and 4svegplied for defined time windows that
related to stimulus presentations during one bemavsequence. We separately analyzed
color onset, the preparatory period as the timer &ftlor onset and before odor onset, odor
onset, reward onset, and the offset of the coldrthe odor. The preparatory period lasted
for 6 seconds, while all other time windows coveaqukriod of two seconds.

Main features of the recorded neurons
Recordings were made from the primarily inhibitwecurrent pathway of PCT neurons.

These neurons form fine horizontal bands within #meerior-dorsal -lobe where they
receive modality-specific excitatory input from K@sd provide local feedback onto MBs’
EN. PCT neurons further connect the MB output, thand lobes and pedunculus, with
all sensory subcompartments of the MB calyx predamily connecting the same
modality-specific output and input layers (Sch&ied Bicker, 1986; Grinewald, 1999a).
Since most PCT neurons are GABA-ir they appeartwige selective inhibitory input to
the calyces (Bicker et al., 1985; Schafer and Bick€®86). Electron microscopy study
revealed GABA-ir profiles in the calyx documentiregiprocal synaptic contacts with PNs
und monosynaptic contacts with KCs (Ganeshina & M&n2001). Since PNs are
presynaptic to KCs and postsynaptic to PCT neurtvesr output will be indirectly
mediated via feedforward inhibition by these GABAxeurons.

Main findings

Chapter Il - Testing the odors and colors alone, we fountighbsets of the recorded PCT
neurons established visual as well as olfactoryo@asve plasticity in discrete time
windows during a recording period of up to threeysdaAssociative plasticity was
expressed by an antagonistic rate code that ctedelgith the bee’s ability to discriminate
behaviorally between the stimuli. Thus, the stronipe antagonistic rate code was the

better the read-out of PCT neurons and the bditediscrimination of the animals.
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Chapter Il - In the third chapter we specifically analyzedual modulation of olfactory
processing during the retention test of the fiesiording day. Here, we inspected the whole
recorded neuronal population, during all trialsgd aaditionally during trials in which the
animals elicited a behavioral response (PER triads3us trials in which no motor output
was observed (no PER trials). Interestingly, wentbthat during PER trials PCT neurons
perfectly integrated the sum of the learned valieboth stimuli within one compound,
which was expressed in the strength of the firiate rto the odor: The strongest odor
response was visible during the trained CS+ comgpo{@S+ color & CS+ odor), an
attenuated firing rate was observed when the Cl®r goeceded the CS+ odor (reversed
CS+ compound). While the trained CS- compoud (@&rc& CS- odor) elicited nearly no
neuronal response to the odor, the CS- odor respeas enhanced, but still considerably
lower than during the CS+ compounds, when the Gffar preceded the CS- odor.

Chapter IV - In the fourth chapter an enhanced 1-25 Hz LigRaiwas found after color

onset during all training sessions (color precaadihg and compound conditioning for

both CS+ and CS- conditions), which was predomynatiesent in trials in which a

behavior was induced and might thus reflect globalual attention upon stimulus

selection. Specifically during the CS+ compoundnirey, phase-locking of PCT spikes
and the enhanced LFP signal was observed after @yliset and before odor onset
considerably more often in learner-bees than nambx bees, suggesting the facilitation of
short-term dependent plasticity (STDP) betweenKfieand PCT synapse. Additionally,

synchrony between single unit spikes was eviderihngicompound training throughout the
whole behavioral sequence, while during CS- comgdazonditioning, it was restricted to

the preparatory phase.

Synthesis of findings

Circuit model of learning and memory processes in t he mushroom
body

Possible sites of associative plasticity in the MBut and output are depicted in the circuit
model below (fig. 1). Conceivable roles of PCT rgi in mediating learning and memory

processes, that were discussed throughout this, woeldescribed.
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Figure 1. Circuit model of learning and memory pro@sses in the mushroom body
(MB). Pathway connectivities were adopted from Menzeale{2011), and Okada et al.
(2007). An odor signal from the antennal lobe (Adtpjection neurons (PNs) or a color
signal is conveyed to the MB input, the calyx, upgeey box. Olfactory information
arrives in the lip, visual information in the callanixed input in the basal ring of the calyx.
For simplicity, the model depicts only the MB inpag all subcompartments of the calyx.
A3 neurons of the PCT neuron group connect the MtBuwt (lower grey box) with the MB
input. They reciprocally connect with PNs, and bBfs and PCTs contact KCs. These
connections support both feedback and feedforwantbition. Combination of these two
types of regulatory mechanisms may provide stgbiihd effective external control.
Possible sites of associative plasticity are sugged. Synaptic plasticity was described
between the PN-KC synapse (Szyszka et al., 2008grént secenarios are conceiveable.
a) Only PCT neurons that reduce their responsbedearned stimuli could feedback into

the calyx. Decreased inhibition could enhance theRN synapse. b) Through feedforward
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inhibition, PCTs could precisely time the occurreraf PN spikes onto KCs which could
be both, in favor of LTP and LTD, depending on gmlkequence from the neurons. Delayed
inhibition of PN firing could also facilitate KC fegration of synchronized PN input, as
described (Assisi et al., 2007)2. During training the VUMmx1 innervates the calyxdan
signals the presence of reward. KCs convey visalfdctory, and gustatory information
onto PCT neurons at the MB output. Phase-lockin@®©T neurons to the enhanced LFP
oscillation, presumably reflecting attention, tinggske occurrence of PCTs right after the
trough of the oscillatory cycle (chapter 4, greex,bgraphic adopted and modified from
Cassenaer & Laurent, 2007). Occurrence of KCs ghbefore the trough would induce
LTP by short-term dependent plasticity (STDP). Tihgerse spike sequence would
promote LTD. After learning, subsets of PCT neuroeed-out the antagonistc rate code
from KC-PCT synapses und feedbback to the MB irfplaépter 2). Runaway changes of
synaptic strength could be prevented by the recgiréeedback between the PN-PCT
synapse after learning (Steele & Mauk, 1999). Ath lmifactory and visual stimulus values
might be encoded between KC-PCT synapses, the P@&gate the sum of both color and
odor value, in the odor response (chapteB3iigh values are signalled by high discharge
firing of the PCT ensemble, which in turn lowerg ttesponse of the PE1 neuron to the
learned stimulus (Okada et al., 2007). As MenzelD&ada suggested, low discharge
frequencies of the PE1 might decrease inhibitiemfiocal neurons (LNs) onto premotor
descending neurons, such that the excitation franPAIs could excite premotor neurons
in the lateral horn and a behavioral responseasw@ed. The direct sensory-motor pathway

might thus be relaxed for high value stimuli (indiwith Menzel et al., 2011).

As decribed in the genral introduction and as dedidy the circuit model above, memory
traces in both vertebrate and invertebrate braiasdestributed in time and space. In the
honeybee brain, neural and cellular correlateslfattry learningwere described for the
molecular,neural network and single neuron level, taking @lacthe AL, MB intrinsic
and extrinsic neurons, as well as in the rewardoredUMmx1.

Associative plasticity in the MB input could fatdte processing of learned stimulus

combinations, when detected in the environmentogéissive plasticty at the MB output

155



could initiate goal-directed behavior, and by meahsecurrent inhibition adjust synaptic
weights between PNs and KCs in correspondencethétenvironmental constraints.
Hence, through a complex inhibitory network, thak$ sensory input areas with motor
output structures, memories might be regulated ugtention, and by the relevance of
incoming stimuli for behavior, constantly updatidgstributed storage entities with the
everchanging conditions of the environment.

These environmental conditions differ concerningirthbiological significance for an
animal. In the present work, the visual modulateffects of olfactory processing and the
strong reduction in reaction time to an odor aftelor onset strongly pleads for a high
biological significance for color processing in leghees. Colors might help to focus the
attention and improve orientation toward the soédritowers during foraging flights.

Thus, the value of incoming odor stimuli needs ¢oupdated constantly in the context of
visual cues.

Despite the fact that learned visual stimuli do @latit a behavior in harnessed honeybees,
this work evidences associative plasticity to celtinrough the same neuronal coding
strategies also used for olfactory stimuli.

In sum, the PCTs inform the MB input and output wblearned stimulus values in an
experience-dependent way. Recurrent feedback tMBhénput might selectively enhance
PN-KC synapses upon attention, which might fadditanformation processing to high
value stimuli in the future. Local feedback to M8 output might select the appropriate
motor pattern based on the combined value of siafyleuli that emerge together in the

environment.
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