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Summary

Summary

The olfactory sense is of utmost importance for honeybees, Apis mellifera. Honeybees use
olfaction for communication within the hive, for the identification of nest mates and non-nest
mates, the localization of food sources, and in case of drones (males), for the detection of the
queen and mating. Honeybees, therefore, can serve as excellent model systems for an
integrative analysis of an elaborated olfactory system.

To efficiently filter odorants out of the air with their antennae, honeybees possess a multitude
of sensilla that contain the olfactory sensory neurons (OSN). Three types of olfactory sensilla
are known from honeybee worker antennae: Sensilla trichoidea, Sensilla basiconica and
Sensilla placodea. In the sensilla, odorant receptors that are located in the dendritic
arborizations of the OSNs transduce the odorant information into electrical information.
Approximately 60.000 OSN axons project in two parallel bundles along the antenna into the
brain. Before they enter the primary olfactory brain center, the antennal lobe (AL), they diverge
into four distinct tracts (T1-T4). OSNs relay onto ~3.000-4.000 local interneurons (LN) and
~900 projection neurons (PN), the output neurons of the AL. The axons of the OSNs together
with neurites from LNs and PNs form spheroidal neuropil units, the so-called glomeruli. OSN
axons from the four AL input tracts (T1-T4) project into four glomerular clusters. LNs
interconnect the AL glomeruli, whereas PNs relay the information to the next brain centers, the
mushroom body (MB) - associated with sensory integration, learning and memory - and the
lateral horn (LH). In honeybees, PNs project to the MBs and the LH via two separate tracts, the
medial and the lateral antennal-lobe tract (m/IALT) which run in parallel in opposing directions.
The mALT runs first to the MB and then to the LH, the IALT runs first to the LH and then to
the MB. This dual olfactory pathway represents a feature unique to Hymenoptera. Interestingly,
both tracts were shown to process information about similar sets of odorants by extracting
different features. Individual mMALT PNs are more odor specific than IALT PNs. On the other
hand, IALT PNs have higher spontaneous and higher odor response action potential (AP)
frequencies than mALT PNs. In the MBs, PNs form synapses with ~184.000 Kenyon cells
(KC), which are the MB intrinsic neurons. KCs, in contrast to PNs, show almost no spontaneous
activity and employ a spatially and temporally sparse code for odor coding.

In manuscript | of my thesis, | investigated whether the differences in specificity of odor
responses between m- and IALT are due to differences in the synaptic input. Therefore, I
investigated the axonal projection patterns of OSNs housed in S. basiconica in honeybee

workers and compared them with S. trichoidea and S. placodea using selective anterograde
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Summary

labeling with fluorescent tracers and confocal- microscopy analyses of axonal projections in
AL glomeruli. Axons of S. basiconica-associated OSNs preferentially projected into the T3
input-tract cluster in the AL, whereas the two other types of sensilla did not show a preference
for a specific glomerular cluster. T3- associated glomeruli had previously been shown to be
innervated by mALT PNs. Interestingly, S. basiconica as well as a number of T3 glomeruli lack
in drones. Therefore | set out to determine whether this was associated with the reduction of
glomeruli innervated by mALT PNs. Retrograde tracing of mALT PNs in drones and counting
of innervated glomeruli showed that the number of mALT-associated glomeruli was strongly
reduced in drones compared to workers. The preferential projections of S. basiconica-
associated OSNs into T3 glomeruli in female workers together with the reduction of mALT-
associated glomeruli in drones support the presence of a female-specific olfactory subsystem
that is partly innervated by OSNs from S. basiconica and is associated with mALT projection
neurons. As mALT PNs were shown to be more odor specific, | suppose that already the OSNs
in this subsystem are more odor specific than IALT associated OSNSs. | conclude that this
female-specific subsystem allows the worker honeybees to respond adequately to the enormous
variety of odorants they experience during their lifetime.

In manuscript 11, I investigated the ion channel composition of MALT and IALT PNs and KCs
in situ. This approach represents the first study dealing with the honeybee PN and KC ion
channel composition under standard conditions in an intact brain preparation. With these
recordings | set out to investigate the potential impact of intrinsic neuronal properties on the
differences between m- and IALT PNs and on the sparse odor coding properties of KCs. In
PNs, I identified a set of Na* currents and diverse K* currents depending on voltage and Na* or
Ca?* that support relatively high spontaneous and odor response AP frequencies. This set of
currents did not significantly differ between mALT and IALT PNs, but targets for potential
modulation of currents leading to differences in AP frequencies were found between both types
of PNs. In contrast to PNs, KCs have very prominent K* currents, which are likely to contribute
to the sparse response fashion observed in KCs. Furthermore, Ca?* dependent K* currents were
found, which may be of importance for coincidence detection, learning and memory formation.
Finally, I conclude that the differences in odor specificity between m- and IALT PNs are due
to their synaptic input from different sets of OSNs and potential processing by LNs. The
differences in spontaneous activity between the two tracts may be caused by different neuronal
modulation or, in addition, also by interaction with LNs. The temporally sparse representation
of odors in KCs is very likely based on the intrinsic KC properties, whereas general excitability

and spatial sparseness are likely to be regulated through GABAergic feedback neurons.
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Zusammenfassung

Zusammenfassung

Der Geruchssinn ist flr die Honigbiene, Apis mellifera, von groter Bedeutung. Honigbienen
kommunizieren olfaktorisch, sie kénnen Nestgenossinnen und koloniefremde Honigbienen
aufgrund des Geruchs unterscheiden, sie suchen und erkennen Nahrungsquellen olfaktorisch,
und Drohnen (mannliche Honigbienen) finden die Kénigin mit Hilfe des Geruchssinns. Deshalb
dient die Honigbiene als exzellentes Modell fur die Untersuchung hochentwickelter
olfaktorischer Systeme.

Honigbienen filtern Duftmolekule mit ihren Antennen aus der Luft. Auf diesen Antennen sitzen
Sensillen, die die olfaktorischen sensorischen Neurone (OSN) beinhalten. Drei verschiedene
olfaktorische Sensillen existieren bei Arbeiterinnen: Sensilla trichoidea, Sensilla basiconica
und Sensilla placodea. In diesen Sensillen sind olfaktorische Rezeptorproteine auf den
Dendriten der OSN lokalisiert. Diese Duftrezeptoren wandeln die Duftinformationen in
elektrische Informationen um. Die Axone von ca. 60.000 OSN ziehen in zwei Bundeln entlang
der Antenne in das Gehirn. Bevor sie das erste olfaktorische Gehirnzentrum, den Antennallobus
(AL), erreichen, spalten sie sich in vier distinkte Trakte (T1-T4) auf. Im AL verschalten sie auf
3.000-4.000 lokale Interneurone (LN) und auf etwa 900 Ausgangsneurone des AL, die
Projektionsneurone (PN). Die axonalen Endigungen der OSN bilden mit Neuriten der PN und
LN kugelférmige Strukturen, die so genannten Glomeruli. Die OSN aus den vier Trakten T1-
T4 ziehen in vier zugehorige glomerulare Cluster. LN verschalten die Information unter den
AL Glomeruli, PN leiten olfaktorische Informationen zu den nachsten Gehirnstrukturen, den
Pilzkorpern und dem lateralen Horn, weiter. Die Pilzkdrper werden als Zentrum fur sensorische
Integration, Lernen und Geddachtnis gesehen. Die PN, die den AL mit dem Pilzkorper und dem
lateralen Horn verbinden, verlaufen in Honigbienen parallel iiber zwei Bahnen, den medialen
und den lateralen Antennallobustrakt (mALT/IALT), aber in entgegengesetzter Richtung.
Dieser duale olfaktorische Signalweg wurde in dieser Auspragung bisher nur in Hymenopteren
gefunden. Interessanterweise prozessieren beide Trakte Informationen Uber die gleichen Diifte.
Dabei sind mALT PN duftspezifischer und IALT PN haben hohere spontane
Aktionspotentialfrequenzen sowie hoéhere Aktionspotentialfrequenzen in Antwort auf einen
Duftreiz. Im Pilzkorper verschalten PN auf Kenyon Zellen (KC), die intrinsischen Neurone des
Pilzkorpers. KC sind im Gegensatz zu PN fast nicht spontan aktiv und kodieren Informationen
auf raumlicher und zeitlicher Ebene mit geringer Aktivitat. Man spricht von einem so genannten

"'sparse code".
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Im ersten Manuskript meiner Doktorarbeit habe ich untersucht, ob die Unterschiede in der
Spezifitat der Duftantworten zwischen mALT und IALT PN zumindest zum Teil auf
Unterschieden im sensorischen Eingang beruhen. Ich habe die axonalen Projektionen der OSN
der S. basiconica in Honigbienen untersucht und mit den Projektionen von OSN in S. trichoidea
und S. placodea verglichen. Dazu wurden die OSN in den S. basiconica anterograd mit
Fluoreszenzmarkern gefarbt und mit mittels konfokaler Mikroskopie untersucht und
quantifiziert. Die Axone von OSN aus S. basiconica ziehen praferentiell in das T3 Glomerulus
Cluster, die Axone der anderen beiden Sensillentypen zeigen keine Préferenz fiir ein spezielles
Cluster. Es wurde bereits gezeigt, dass die Glomeruli des T3 Clusters von mALT PN innerviert
werden. Interessanterweise fehlen S. basiconica und Teile der T3 Glomeruli in Drohnen.
Deshalb habe ich untersucht, ob die T3 Reduzierung in Drohnen mit einer Reduzierung der
mALT Glomeruli einhergeht. Retrograde Farbungen der mALT PN in Drohnen zeigten, daf3
die Zahl der mALT Glomeruli in Drohnen gegeniber Arbeiterinnen deutlich reduziert ist. Die
Préaferenz der OSN der S. basiconica fur das T3 Cluster und die reduzierte Anzahl von mALT
Glomeruli in Drohnen weisen auf ein arbeiterinnenspezifisches olfaktorisches Subsystem hin,
welches aus S. basiconica, T3 Glomeruli und einer Gruppe von mALT PN besteht. Da die
mALT PN duftspezifischer als IALT PN sind, vermute ich, dass auch die OSN, die auf mALT
PN verschalten, duftspezifischer antworten als OSN die auf IALT PN verschalten. Daraus
schliele ich, dal3 dieses Subsystem den Arbeiterinnen ermdglicht, passend auf die enorme
Breite an Duftstoffen zu reagieren, die diese im Laufe ihres arbeitsteiligen Lebens wahrnehmen
mussen.

Im zweiten Manuskript meiner Doktorarbeit habe ich die lonenkanalzusammensetzung der
mALT PN, der IALT PN und der KC in situ untersucht. Mein Ansatz stellt die erste Studie dar,
die die lonenkanéle von Neuronen in der Honigbiene unter Standardbedingungen an einer
intakten Gehirnpréparation untersucht. Mit diesen Messungen versuche ich die potentiellen
bioelektrischen Grundlagen fur Unterschiede in der Informationskodierung in mALT PN, IALT
PN und Kenyon Zellen zu ergriinden. In PN konnte ich eine Gruppe von Na* lonenkanélen und
Na* abhéangigen, Ca?* abhangigen sowie spannungsabhangigen K* lonenkanalen identifizieren,
die die Grundlagen fur hohe, spontane Aktionspotentialfrequenzen und hohe
Duftantwortfrequenzen schaffen. Diese Strome unterschieden sich nicht grundsatzlich
zwischen m- und IALT PN. Jedoch wurden potentielle Ziele fir neuronale Modulation
gefunden, welche zu unterschiedlichen Aktionspotentialfrequenzen zwischen PN der beiden
Trakte fihren konnten. Im Gegensatz zu den PN wurden in Kenyon Zellen in der Relation sehr

starke K™ lonenstréme gemessen. Diese dienen sehr wahrscheinlich der schnellen Terminierung
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von Duftantworten, also dem Erzeugen des zeitlichen "sparse code”. AuRerdem wurden Ca?*
abhangige K* Kanale gefunden, die fiir Koinzidenzdetektion, Lernen und Gedéachtnis von
Bedeutung sein kdnnen.

In der Gesamtsicht folgere ich aus meinen Ergebnissen, dass die Unterschiede in der
Duftspezifizitat zwischen m- und IALT PN Uberwiegend auf deren sensorischen Eingéngen von
unterschiedlichen Populationen von OSN und der Verarbeitung tber lokale Interneuronen im
AL beruht. Die Unterschiede in der Spontanaktivitat zwischen mALT und IALT basieren sehr
wahrscheinlich auf neuronaler Modulation und/oder Interaktion mit LN. Die zeitliche
Komponente des "sparse code” in KC entsteht hdchstwahrscheinlich durch die intrinsischen
elektrischen Eigenschaften der KC, wohingegen die generelle Erregbarkeit und der raumliche
"sparse code™ mit groRer Wahrscheinlichkeit auf der Regulation durch GABAerge Neurone
beruht.

15
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General introduction - The olfactory world

General introduction

The olfactory world
“Odors have a power of persuasion stronger than that of words, appearances, emotions, or will.
The persuasive power of an odor cannot be fended off, it enters into us like breath into our

lungs, it fills us up, imbues us totally. There is no remedy for it.”
Patrick Suskind, Perfume: The Story of a Murderer

These words about odors, taken from a speech from a fictional fanatic murderer, give an
impression of how much impact an odor can have on the emotions of a human being. The
emotions happiness, disgust, and anxiety were shown to be easily described by olfactory
elicitors, whereas sadness and anger are more often described by visual cues (Croy et al. 2011).
When presented to another subject, the olfactory cues a human body produces after
experiencing a certain emotion can elicit facial expressions and even behavior appropriate to
the emotion of the person who experienced the emotion first (de Groot et al. 2012). To be able
to respond appropriately to such olfactory stimuli, the olfactory system has to be able to identify
the stimuli, to process certain stimuli innately according to their valence or to learn the valence
of the odor. Just recently, the number of different olfactory stimuli a human being can
discriminate was estimated to be above one trillion (Bushdid et al. 2014), which is much more
than the approximately 2.3 million different colors humans can distinguish (Pointer and
Attridge 1997). Some olfactory stimuli have been shown to be innately aversive for humans
(Hussain et al. 2013), whereas the valence of many odors can be influenced by either learned
experience or by the context in which they are presented (Pollatos et al. 2007, Prescott 2012).
Although the existence of human sex pheromones is highly unlikely (Petrulis 2013), non-
pheromonal olfactory cues can influence the attractiveness of faces (Dematté et al. 2007) and
thus might influence partner choice even in humans. Despite such a huge variety of usage of
olfaction, vision and hearing are often considered much more important in humans. This
evaluation becomes even more evident by considering the degree of disability attributed after
losing sensory perception after an accident: the loss of a single eye leads to a degree of disability
of 50%, the loss of hearing on one ear to a degree of 30% and the total loss of olfaction only to
a degree of 10% (Grimm 2006).

Whether these numbers correctly reflect the importance of the different senses for all humans
cannot be determined in an easy way, as the extent to which individuals from different cultures

rely on olfaction may differ (Majid and Burenhult 2014). Primates, in general, are thought to
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General introduction - The olfactory world

be mainly visually guided (Matsui et al. 2010) compared to many other animal species. This
becomes already evident by looking at the reduced pheromone-based communication in
primates. The main organ responsible for pheromone communication in mammals is the
vomeronasal organ (VNO). Adult old world monkeys including humans do not have a
functional VNO (Bhatnagar and Meisami 1998) and new world monkeys seem to have an
impaired VNO (Smith et al. 2011).

In contrast to the neglected use of olfaction in humans, a lot of impressive olfactory
performances that seem almost supernatural to humans are well known in non-primate animals:
dogs are famous for their tracking behavior of prey and are even used to identify odorants
emerging from explosive materials at airports (Kranz et al. 2014). Most humans are familiar
with the superb, but highly annoying olfactory-guided host-seeking behavior of mosquitoes
(Reddy et al. 2011), and male moths are famous for their sophisticated pheromone-source
localization abilities (see for example Vickers and Baker 1994). Last but not least honeybees
display an enormous variety of olfactory guided behaviors (reviewed for example by Slessor et
al. 2005).

Regardless of the importance of olfaction for their lifestyle, all animals using olfaction have to
deal with similar problems. The odorant space includes a huge variety of different molecules
(Haddad et al. 2008), which leads to an almost infinite number of potential stimuli. These odor
molecules can differ in many different qualitative aspects including, for example, chain length,
functional groups and even isomerization status. Compared to this multidimensional variability
in odorant quality, the quality of visual and auditory signals only vary in one dimension, which
are wavelength and, respectively frequency. Additionally, odorants are almost never present in
a pure form but always as mixtures with other odorant molecules. One major breakthrough
concerning the olfactory puzzle was the identification of a family of G-protein coupled
receptors as mammalian olfactory receptors (OR) (Buck and Axel 1991). This discovery was
awarded with the Nobel Prize in 2004. The OR gene family is highly diverse and about 400
ORs are present in the human genome (Malnic et al. 2004), and approximately 1200 can be
found in the mouse genome (Godfrey et al. 2004). At a first glance, these numbers suggest only
a limited number of molecules, which can be identified by the olfactory system. Yet different
molecules were shown to bind to the same receptor with different binding affinities. Assuming
that almost every molecule is recognized by several receptors with distinct binding
probabilities, a combinatorial odor code allowing almost infinite odor recognition properties

emerges (Malnic et al. 1999).
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The olfactory system of insects and vertebrates

Some conceptual features of olfactory chemoreception are strikingly similar in vertebrates and
insects (Ache and Young 2005). This is hardly surprising as both groups need to deal with the
same problems. Generally, in both vertebrates and insects, air-born molecules need to pass
through a fluid-filled compartment before they can bind to a receptor. This compartment
consists mainly of a variety of proteins and the most abundant ones are odorant binding proteins
(OBPs) (reviewed by Ache and Young 2005). The function of OBPs is still not finally resolved,
yet the common idea suggests that they bind odorants and then act as carriers for hydrophobic
molecules (Pelosi et al. 2006). One key feature of olfactory systems is that each olfactory
sensory neuron (OSN) expresses one type of odorant receptor (OR). This has been shown for
both mice (Malnic et al. 1999; Serizawa et al. 2000) and Drosophila (Couto et al. 2005).
Although insect ORs are proteins with seven transmembrane domains, their N-terminus is
located intracellularly. This is in contrast to vertebrates where the N-terminus is located
extracellularly (Benton 2006). Another difference to vertebrate ORs is that insect ORs have
been shown to be always coexpressed with a second OR (Larsson et al. 2004). This OR was
termed OR83b in Drosophila, yet it is conserved over a wide range of species and was named
differently in these (Krieger et al. 2003). Recently, a unifying nomenclature approach termed
this coreceptor Orco (olfactory receptor co-receptor) for all insect species (Vosshall and
Hansson 2011). The function of the Orco has been under debate since its discovery. So far, it
was clearly shown to be important for the transport of the OR-Orco complex to the dendritic
parts of the neuron (Larsson et al. 2004). Furthermore, heteromeric complexes of an OR with
Orco were shown to have an increased functionality compared to the single receptors (Neuhaus
et al. 2005). In the first studies dealing with the exact function of Orco, two different views
emerged. One group could show that the complex of an OR and Orco forms a ligand-gated ion
channel (Sato et al. 2008), whereas the other identified the OR/Orco complex as a both ligand-
gated and cyclic-nucleotide-activated cation channel (Wicher et al. 2008). The exact function
of the OR/Orco complex is still under debate, yet recent reviews described it as a
metabotropically regulated ionotropic receptor (Stengl and Funk 2013; Wicher 2013).
Regardless of the exact mechanism, OR/Orco complexes recognize odors and transmit the
chemical stimulus into electrical information which is sent along the OSNs into the brain. In
both insects and vertebrates, OSNs form synapses with the following neurons in typical
spheroidal structures termed glomeruli (general review: reviewed in Hildebrandt and Shepherd
1997; for example rat: Pinching and Powell 1971; hawkmoth: Rdssler et al. 1998; 1999a; b).
All OSNs projecting to the same glomerulus express the same OR gene (mouse: Mombaerts et
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al. 1996, Drosophila: Vosshall et al. 2000). Therefore, olfactory glomeruli represent functional
units of the AL/olfactory bulb (OB). Various imaging studies using Ca?* sensitive dyes or
intrinsic imaging of the AL/OB have been performed in the recent past and mainly show that
few glomeruli are activated during stimulation with a single odorant (for example in different
insects: Joerges et al. 1997; Lin et al. 2006; Silbering and Galizia 2007; Zube et al. 2008; for
example in vertebrates: Tabor et al. 2004; Patterson et al. 2013). These results suggest a
unifying spatial combinatorial coding hypothesis in glomerular arrays within primary olfactory
centers.

In the glomeruli, OSNs relay their information on projection neurons (PN) and local
interneurons (LN) in insects. LNs are highly diverse, for example in Drosophila, they have been
shown to be either excitatory, inhibitory or even to couple neurons electrically (Shang et al.
2007; Yaksi and Wilson 2010). In cockroaches spiking and non-spiking LNs were found (Husch
et al. 2009), and in Hymenoptera GABA as well as histamine were found as inhibitory
transmitters of LNs (Dacks et al. 2010). Additionally to the diversity of physiological and
anatomical subtypes, LNs of several insects also have multiple neuropeptides (reviewed by
Schachtner et al. 2005; for example: Heliothis virescens: Berg et al. 2007; Drosophila: Carlsson
et al. 2010; Tribolium castaneum: Binzer et al. 2014; Aedes aegypti: Siju et al. 2014). The exact
functions of the single neuropeptides are mostly unknown, yet their sheer number already
indicates that neuropeptidergic signaling is of high importance in the insect AL. The enormous
variety of LNs leaves much room for speculation about their diverse functions in AL
processing, and is likely to be a major research topic in the future. PNs can be divided into two
major types: uniglomerular and multiglomerular PNs. Uniglomerular PNs have been studied
with various methods (intracellular recordings, extracellular recordings, patch-clamp
recordings, Ca?* imaging, and multi-unit recordings) so far and were shown to relay odor
information to the next brain structure, the mushroom bodies (MB) (for example see Heinbockel
etal. 1999; Szyzska et al. 2005; Chaffiol et al. 2012; Brill et al. 2013). Only few data is available
on multiglomerular PNs and, so far, no clear function was attributed to them.

The anatomy of the mouse OB is partly similar (Hildebrandt and Shepherd 1997). Mitral cells
and tufted cells relay the olfactory information via the olfactory tract to higher brain centers,
i.e. the olfactory cortex. Granular cells interconnect mitral cells as well as tufted cells and form
inhibitory synapses which promote lateral inhibition. Additionally, periglomerular cells
mediate lateral inhibition within one glomerulus (reviewed by Ache and Young 2005 and Diaz
et al. 2013). Despite the differences between vertebrates and insects, several similarities at the

first and second odor processing level are striking. As worm like common ancestors of
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vertebrates and insects most likely did not possess primary olfactory centers with glomerular
organization, these similarities in olfactory circuits are likely to represent an impressive case of
convergent evolution (Strausfeld and Hildebrand 1999). In any case, this asks for an approach
investigating phenomena and their mechanisms in diverse species in order to discover common
principles. This approach, for example, has been performed over recent years within a Germany
wide DFG priority program on “The integrative analysis of olfaction” in a variety of animal

species. The general features of olfactory systems are summarized in fig. 1.
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Odors = B a

Odorant receptors (OR)

Olfactory sensory neurons (OSN)

Antenna/Nose
Brain

Glomerular center:
Antennal lobe (AL)
Olfactory bulb (OB)

Interneurons:
Local interneurons (LN)
Periglomerular cells

Output neurons: / —
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Olfactory cortex

Fig. 1 Schematic drawing showing a comparison of olfactory pathways of insects and
vertebrates. Odor molecules are recognized by odorant receptors (OR). Axons of olfactory
sensory neuron (OSN) expressing the same OR project into the same glomerulus in the
glomerular center (insects: antennal lobe (AL), vertebrates: olfactory bulb (OB)). Interneurons
(local interneurons (LN) in insects and periglomerular cells in vertebrates) interconnect in the
primary glomerular centers. Vertebrate granular cells were not included in this scheme. Output
neurons (insects: projection neurons (PN) vertebrates: mitral cells, tufted cells) project to higher
brain centers (insects: mushroom body (MB), lateral horn (LH), vertebrates: olfactory cortex).
Adapted from Ramdya and Benton 2010.
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The olfactory world of the honeybee

Honeybees (Apis mellifera) live in colonies consisting of one queen, on average 10.000-40.000
female worker bees and, depending on the time of year, a few hundred male drones (Page 2012).
Honeybees are typical eusocial insects fulfilling all necessary criteria: cooperative brood care,
overlapping generations and division of labor (Wilson and Holldobler 2005). The evolutionary
success of the impressive social systems in insects is largely based on diverse olfactory
capabilities that are performed over the individual life spans (reviewed by Galizia and Réssler
2010).

One odorant often associated with honeybees is the alarm pheromone with its typical banana-
like smell originating from the principal active component isoamyl acetate (Boch et al. 1962).
This pheromone is emitted by honeybees when they sting and recruits other workers to perform
hive-defending tasks (reviewed by Breed et al. 2004). However, honeybees use pheromones to
a similar extent for 'peaceful’ tasks: the Nasanov pheromone, for example, induces swarming
behavior and drastically reduces the aggressiveness of honeybees (Williams et al. 1981). The
gueen emits the so-called queen retinue pheromone (or queen mandibular pheromone, QMP),
which consists of at least 9 components. The pheromone emitted by the queen signals her
presence and inhibits worker reproduction (reviewed by Slessor et al. 2005). Additionally, one
component of the queen retinue pheromone, 9-ODA, is used as a sex pheromone and attracts
drones during the mating flight (Gary 1962). Furthermore, a whole range of fatty acid esters is
employed by larvae, workers and queens to act as either primer or releaser pheromones that can
be sensed by olfaction (Muenz et al. 2012) and thereby regulate a variety of tasks (for a
comprehensive review, see Slessor et al. 2005). Besides communication and regulation of
division of labor honeybees need their olfactory system also for the identification of nest mates.
The guards sitting at the entrance of the hive smell the cuticular hydrocarbon profile of bees
entering the hive. If the profile does not match to the hive's profile, the intruder is attacked
(Downs and Ratnieks 2000).

Olfaction also plays a crucial role during the foraging behavior of honeybees. Foragers use
scent marks to navigate to food sources (Arenas et al. 2007), where they take up nectar or pollen.
Along with the nectar/pollen, also odor molecules corresponding to the food source are taken
up. During recruitment of other honeybees to the food source with the waggle dance, dancers
emit four specific substances into the hive, which were shown to elicit foraging behavior in
other honeybees (Thom et al. 2007). Followers of the recruiting dancers also smell the odor
typical for the food source and thus have an additional cue, which allows them to navigate to
the food source (Diaz et al. 2007). Additionally, the forager which originally found the food
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source established an olfactory associative memory with the smell of the source (reviewed by
Giurfa 2007). Then, the pure smell of flowers blown into the hive can already recruit
experienced foragers: they will fly to the food source, where they experienced this odor
(Reinhard et al. 2004). This demonstrates the importance of olfactory associative learning in
honeybees. The learning abilities of honeybees are immense and have studied intensively over
the past years (reviewed by Giurfa 2007). The standardized paradigm used in the laboratory to
investigate for example influence of pharmacological agents on learning and memory is the
proboscis extension response (PER, described in detail by Matsumoto et al. 2012). The
relevance of this essay becomes evident as flower odors transmitted to the hive by foragers
elicit memory formation in followers that can even be tested with the PER (Farina et al. 2005).
The majority of the olfactory tasks mentioned above needs to be fulfilled by honeybee workers.
In contrast, honeybee drones mainly need to find the queen as fast as possible, which already
predicts potential differences of their olfactory systems. Nevertheless, the combination of all
these impressive olfactory tasks makes it obvious that honeybees require a sophisticated

olfactory system.

The anatomy of the olfactory system of the honeybee

The peripheral olfactory organs of honeybees are their antennae. These antennae are used to
filter odor molecules out of the air. They contain small sensory organs, the so-called sensilla,
which partly increase the surface of the antenna and thus maximize odor molecule reception.
On honeybee antennae, olfactory, hygro-sensitive, mechano-sensitive and thermo-sensitive
sensilla have been found (Esslen and Kaissling 1976). Three different types of olfactory sensilla
are present on honeybee antennae: Sensilla trichoidea, Sensilla basiconica and Sensilla
placodea. S. placodea contain 7-23 OSNs (Kelber et al. 2006) and were shown to respond to a
broad spectrum of odorants (Getz and Akers 1993) and thus were proven to be olfactory. Both
S. trichoidea and S. basiconica are hair-like sensilla, which were classified as olfactory due to
pores found in electron-microscopic studies (Slifer and Slekhorn 1961). Both of them are thin-
walled sensilla, yet S. basiconica are thicker and shorter and have a blunt profile. Interestingly,
honeybee drones were shown to lack S. basiconica implying that these sensilla are responsible
for honeybee-worker specific tasks (Lacher 1964; Esslen and Kaissling 1976; Nishino et al.
2009).

To activate a neuron, odorant molecules need to be filtered out of the air and to travel through
the pores of the sensilla. Odorant molecules pass the sensillum lymph and afterwards bind to

24



General introduction - The anatomy of the olfactory system of the honeybee

ORs situated at the membrane of OSN dendrites. How exactly odorants pass through the lymph
IS unknown, yet nine odorant binding proteins were found in the honeybee antenna and are
thought to participate in this transfer (Foret and Maleszka 2006). Honeybees have
approximately 163 ORs (Robertson and Wanner 2006), which is a high number compared to
~60 in Drosophila (Vosshall et al. 2000), yet a low number compared to 300-400 in the fire ant,
Solenopsis invicta (Wurm et al. 2011). As in all other insects studied so far, honeybees also
express an Orco additionally to the ORs (Krieger et al. 2003).

One antenna contains approximately 65.000 OSNs. As the majority of sensilla are olfactory in
nature, about 60.000 OSNs are supposedly situated in one antenna (Esslen and Kaissling 1976).
These OSNs run in two bundles along the antenna into the brain of the honeybee. In the brain,
they diverge in 4 tracts into the first olfactory relay center in the brain, the AL. The four tracts
terminate in four glomerular clusters containing about 163 glomeruli in total (Kirschner et al.
2006). This number fits well with the number of ORs identified by Robertson and Wanner
(2006) and supports the one OR, one OSN, one glomerulus dogma. Similar to sensillum
repertoire, honeybee drones have less glomeruli than workers (see for example Nishino et al.
2009). This hints that OSNs from S. basiconica terminate in the AL glomeruli that appear to be
missing in drones compared to workers.

Inside of each glomerulus, OSNs form synapses with LNs and PNs. The honeybee AL contains
about 3.000-4.000 LNs, which can be broadly divided into homogenous LNs branching
similarly in almost all glomeruli and heterogeneous LNs innervating one glomerulus densely
and a few other glomeruli sparsely (Fonta et al. 1993). About 800 LNs are GABAergic in nature
(Schafer and Bicker 1986) and ~35 LNs were shown to use histamine as a neurotransmitter
(Bornhauser and Meyer 1997). The neurotransmitters of the remaining LNs are not known to
date. Additionally, LNs were shown to contain a variety of neuropeptides (reviewed by Galizia
and Kreissl 2012).

The output neurons of the honeybee AL, the PNs, connect the AL with the MB and the lateral
horn (LH) (for a review, see Galizia and Rossler 2010). Two different types of PNs exist,
namely uniglomerular PNs (described for example by Bicker et al. 1993) and multiglomerular
PNs (Fonta et al. 1993). In the honeybee approximately 900 uniglomerular PNs project to the
MB via two distinct tracts receiving input from two separate sets of glomeruli (Abel et al. 2001).
One of the two tracts passes the vertical lobe medially and innervates first the MB and then the
LH. The other runs laterally to the vertical lobe and innervates firstly the LH and then the MB
(described in detail by Kirschner et al. 2006). According to their position, these two tracts were

named medial and lateral antenno-cerebral tract (Kirschner et al. 2006). A recent unifying
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nomenclature approach termed the two tracts medial and lateral antennal-lobe tract (m- and
IALT) (Ito et al. 2014). These two tracts represent a dual olfactory pathway, which is a unique
feature of Hymenoptera (Galizia and Rossler 2010; Rossler and Zube 2011). The mALT was
shown to be cholinergic, whereas the transmitter of the IALT is not known to date (Kreissl and
Bicker 1989). Multiglomerular PNs do not project to the MB but run directly via the
mediolateral antennal-lobe tract (mIALT) to the LH (Fonta et al. 1993). Exact pre- and
postsynaptic profiles, electrophysiological recordings or the transmitter composition are not
available for multiglomerular PNs to date, therefore their function remains to be investigated.

In the MBs, m- and IALT PNs form distinct synaptic complexes, so called microglomeruli
(Homberg et al. 1989; Groh et al. 2004; Groh and Réssler 2011), with about 184.000 intrinsic
MB neurons, the Kenyon cells (KCs). The MB are well known as centers for learning and
memory in insects (see for example Hammer and Menzel 1995; Heisenberg 2003; Keene and
Waddell 2007). This could also be confirmed for long-term memory formation in the honeybee,
in which the synaptic density, but not the volume of the MBs changes after long-term memory
formation (Hourcade et al. 2010). The output of the MBs is mediated by extrinsic MB neurons
(EN), which receive synaptic input from the KCs in the vertical lobe of the MB (Rybak and
Menzel 1993). A comprehensive summary of most neurons involved in the olfactory pathway

is depicted in fig. 2.
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184.000 KCs
900 PNs
3.000-4.000 LNs
60.000 OSNs

Fig. 2 The olfactory pathway of the honeybee. About 60.000 olfactory sensory neurons (OSNs)
project into the antennal lobe (AL). In the glomeruli their axons terminate on the dendrites of
approximately 900 projection neurons (PNs) (Galizia and Rgssler 2010) and 3.000-4.000 local
interneurons (LNs) (Galizia and Kreissl 2012). PNs of the mediolateral antennal-lobe tract
(mIALT) directly project from the AL to the lateral horn (LH). PNs belonging to the medial or
the lateral antennal-lobe tract (mALT/IALT) innervate both the mushroom body (MB) and the
LH. In the MB, PN axons terminate on the dendrites of ~184.000 Kenyon cells (KC) (Witthoeft
1967; Strausfeld 2002). Combined and adapted from Kirschner et al. 2006; Galizia and Réssler
2010; Rossler and Brill 2013.

Coding of information in the olfactory pathway of the honeybee

The anatomy of the olfactory system of the honeybee has been intensively studied, yet precise
functional data is not available for all neuronal components of the olfactory pathway. Antennal
potentials can be recorded with electroantennography (EAG) recordings rather easily (see for
example Muenz et al. 2012). But as EAG recordings sum up all activity from antennal neurons,
they are merely a measure for the quality and the time of the antennal response to a certain
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olfactory stimulus. Single sensillum recording is a method well established in a several insects
(see for example Drosophila melanogaster, Ibba et al. 2010 and Spodoptera littoralis, Pézier et
al. 2007), and is well suited to identify responses of single or a few OSNs to odor stimulation.
As a matter of fact, honeybee S. placodea are rather small, situated under the cuticle, and
contain between 7 and 23 OSNs (Kelber et al. 2006). Therefore, electrophysiological recordings
are fairly difficult. Nevertheless, S. placodea were shown to respond to a broad range of
odorants (Getz and Akers 1993; Akers and Getz 1993), although the responses of individual
neurons could not be resolved. The spontaneous action potential (AP) frequencies as well as
the response frequencies were above the frequencies observed in cockroaches (Getz and Akers
1993), yet the recorded cockroach sensilla contain only up to four OSNs. Therefore, the higher
frequencies in honeybee single sensillum recordings are most likely due to the recording of
more neurons at the same time. Similar to cockroaches, honeybee OSNs also exhibit low
spontaneous AP frequencies and phasic tonic odor responses. Both in recordings of S.
trichoidea and S. basiconica only spontaneous activity and no odor responses were observed
(Lacher, 1964). This is likely due to the fact that individual neurons could not be recorded and
the majority of OSNs in one sensillum did not respond to an odor stimulus and thus masked
single responses.

The next classes of neurons in the olfactory pathway, PNs and LNs, were studied with a variety
of methods including intracellular, extracellular electrophysiology, and Ca?* imaging
recordings. LNs were shown to respond to a variety of odorants in also varying response
patterns (Galizia and Kimmerle 2004; Krofczik et al. 2008; Meyer et al. 2013). However, this
did not allow to cluster them into distinct subtypes. The responses of uniglomerular PNs were
studied more frequently, and some distinct parameters could be observed. Ca?* imaging of the
sensory input and PN responses showed that both the m- and the IALT respond to a similar sets
of odorants (Carcaud et al. 2012; Galizia et al. 2012; Brill et al. 2013). Multi-unit recordings of
a large sets of PNs conformed these parallel processing properties by PNs of both tracts and
showed that IALT PNs respond faster and less specific to odorants compared to more narrow
odorant tuning and slower temporal response profiles in mALT PNs (Brill et al. 2013; Rossler
and Brill 2013). Additionally, IALT PNs have higher response rates and spontaneous
frequencies (Brill et al. 2013). Generally, PNs of both tracts normally respond in a phasic tonic
fashion. With increasing stimulus concentration, PNs also show AP-bursts with follow-up
inhibition responses and rarely purely inhibitory responses (Mdller et al. 2002; Krofczik et al.
2008; Brill et al. 2013). In contrast to these complex odor response patterns of PNs, KCs encode

odors in spatially and temporally sparse fashion. This means that only a few of the 184.000 KCs
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respond with only a few APs to odorant stimulation (Szyszka et al. 2005). Besides this sparse
temporal response patterns, most KCs are mainly silent when they do not receive strong
synaptic input, resulting in spatial sparseness of KC responses (Szyszka et al. 2005). ENs
receiving synaptic input directly from KCs respond to odor stimulation with relatively high
spiking frequencies, slightly higher than PN response frequencies (Strube-Bloss et al. 2011;
2012; Brill et al. 2013). Compared to PNs, ENs show less diverse odor responses and mostly

respond in a strict phasic-tonic fashion (Strube-Bloss et al. 2011; 2012).

Differences in coding of olfactory information between different neuronal

populations

Olfactory information needs to pass through the different neuronal building blocks of the
olfactory pathway. The key players of this system have been shown to differ in anatomy and
physiology as described above, yet the origin and the functional implications of these
differences remain uninvestigated to date. By looking only at the numbers of OSNs, PNs, KCs
and ENs, some necessary neuronal properties become obvious. About 60.000 OSNs terminate
on 900 PNs, which diverge onto 184.000 KCs. These 184.000 KCs then converge on 400 ENs
(reviewed by Galizia and Rossler 2010). To ensure reliable information transfer within these
neurons, it is necessary that neurons, which are outnumbered by their preceding neurons, need
to have higher spiking frequencies and/or specific coding properties to overcome this
bottleneck. Indeed, this principle can be seen in the honeybee olfactory system. OSNs have
lower spiking frequencies than PNs, KCs are almost silent and ENs again have relatively high
spiking frequencies. Whether the differences in AP frequencies between these neurons are only
based on their synaptic connections or are also due to intrinsic neuronal properties needs to be
investigated.

Yet, principle differences between coding of information between distinct neuronal classes is
expected. In contrast, also m- and IALT PNs display different coding properties for information
(Brill et al. 2013; Rossler and Brill 2013), which leads to the question dealing with the
mechanism involved in this.

1. Are the differences in specificity of odor responses due to differences in the synaptic input?
As the overall set of odorants recognized between m- and IALT does not fundamentally differ,
this implies that OSNs projecting to the mALT glomeruli may be more odor specific, yet still

cover the whole range of odor molecules used in the recordings (Carcaud et al. 2012; Brill et
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al. 2013). Glomeruli belonging to the IALT likely receive input from more generalist OSNs or
show a difference in the specificity of OSN projections into glomeruli.

| therefore assume that the OSNs arborizing in the mALT glomeruli differ from OSNs
arborizing in the IALT glomeruli.

2. What is the basis of the differences in spontaneous and maximal frequencies between m- and
IALT PNs? In contrast to the odor specificity these differences are less likely to be caused by
difference in the OSNSs projecting to the glomeruli of the two tracts. | assume that the difference
are rather due to either inhibition of the mALT via LNSs, to different neuronal modulation of the
two tracts or to different intrinsic properties of the neurons of the two tracts.

3. How can KCs encode olfactory information in such a sparse way, which promotes
coincidence detection? As PNs have relatively high AP frequencies, KCs must receive regular
synaptic input. Nevertheless, they encode odors in a sparse fashion and odor responses do not
seem to last over the entire stimulation duration (Szyszka et al. 2005). These brief responses
demand a negative feedback circuit in KCs, either by GABAergic neurons or by intrinsic,
strongly hyperpolarizing ion channels that activate right after neuron activation.
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Thesis outline

The questions and hypothesis explained above can be formulated in two most important

questions:

1. What are the differences in the connectivity of sensory input that may promote differences
in the m- and IALT PNs?

2. How different are the intrinsic neuronal properties of the distinct neuronal classes (I/mALT
PNs, KCs), and how do these properties affect neuronal coding?

These two principal questions inspired two major experimental approaches for this thesis:

1. In a first step, | set out to investigate the synaptic targets of OSNs from S. basiconica and
their relation to sex specific differences. Therefore, the projection patterns of individual S.
basiconica were investigated in honeybee (female) workers and compared with missing aspects
in (male) drones. As drones lack S. basiconica, it can be predicted that some parts of the AL
glomeruli are missing as well. This approach was expected to give hints regarding the potential
origin of differences in odor specificity and parallel processing capabilities of the honeybee

dual olfactory system.

This approach and the results are detailed in publication I:
Olfactory subsystems in the honeybee: sensory supply and sex specificity.

2. The second approach comprises investigations on the electrical properties, in particular ion
channel compositions in mMALT/IALT PNs and in KCs. We expect that differences between m-
and IALT PNs are not likely to be prominent, yet they may explain differences between AP
frequencies in the two populations. Conversely, KCs should exhibit a completely different set

of ion channels compared to PNs.

This approach and its results are detailed in manuscript I1:
Complex and sparse coding along the honeybee's olfactory pathway: potential contribution of

ionic currents in medial and lateral projection neurons and Kenyon cells
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Manuscript |

Olfactory subsystems in the honeybee: sensory supply and sex specificity

Jan Kropf, Christina Kelber, Kathrin Bieringer, Wolfgang Rdssler
Cell and Tissue Research (2014) 357: 583-595

The antennae of honeybee (Apis mellifera) workers and drones differ in various aspects. One
striking difference is the presence of Sensilla basiconica in (female) workers and their absence
in (male) drones. We investigate the axonal projection patterns of olfactory receptor neurons
(ORNS) housed in S. basiconica in honeybee workers by using selective anterograde labeling
with fluorescent tracers and confocal- microscopy analysis of axonal projections in antennal
lobe glomeruli. Axons of S. basiconica-associated ORNSs preferentially projected into a specific
glomerular cluster in the antennal lobe, namely the sensory input-tract three (T3) cluster. T3-
associated glomeruli had previously been shown to be innervated by uniglomerular projection
(output) neurons of the medial antennal lobe tract (MALT). As the number of T3 glomeruli is
reduced in drones, we wished to determine whether this was associated with the reduction of
glomeruli innervated by medial-tract projection neurons. We retrogradely traced mALT
projection neurons in drones and counted the innervated glomeruli. The number of mALT-
associated glomeruli was strongly reduced in drones compared with workers. The preferential
projections of S. basiconica-associated ORNSs in T3 glomeruli together with the reduction of
mALT-associated glomeruli support the presence of a female (worker)-specific olfactory
subsystem that is partly innervated by ORNs from S. basiconica and is associated with the T3
cluster of glomeruli and mALT PNs. We propose that this olfactory subsystem supports parallel
olfactory processing related to worker-specific olfactory tasks such as the coding of colony

odors, colony pheromones and/or odorants associated with foraging on floral resources.
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Manuscript Il

Complex and sparse coding along the honeybee's olfactory pathway:
potential contribution of ionic currents of medial and lateral projection
neurons and Kenyon cells

Jan Kropf, Wolfgang Rossler

In the olfactory system of the honeybee an intriguing pattern of convergence and divergence
between the individual neuronal types within the olfactory pathway exists: approximately
60.000 olfactory sensory neurons (OSN) convey olfactory information on 900 projection
neurons (PN) in the antennal lobe. In order to transmit all information from the OSNs reliably,
PNs need to employ relatively high spiking frequencies. PNs then project via a dual olfactory
pathway to the mushroom bodies (MB) . This pathway comprises two tracts, the medial (MALT)
and the lateral antennal lobe tract (IALT). Although both tracts receive input from different
OSNs, they were shown to transmit information from a similar set of odors, yet with slight
differences. LALT PNs respond faster but mALT PNs are more odor specific (Brill et al. 2013).
In the MBs, PNs form synaptic complexes with ~184.000 Kenyon cells (KC), the MB intrinsic
neurons. Generally, insect MBs are regarded as the centers for sensory integration and learning
and memory. As KCs drastically outnumber PNs, they are likely to employ much lower spiking
frequencies than PNs. Indeed, they were shown to respond in a very phasic and sparse fashion
to odor stimulation using Ca?*-imaging (Szyszka et al. 2005). In the present study, we aim to
identify the neuronal properties leading to the differences between m- and IALT PNs and KCs.
In PNs, we could identify a set of Na* currents and diverse K* currents depending on voltage
and Na* or Ca**relatively similar to currents observed in locust DUM (dorsal unpaired median)
neurons that support spiking activity (Wicher et al. 2006). Conversely in KCs, we found very
prominent K* currents, which are likely to contribute to the sparse response fashion observed
in KCs.
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Abstract The antennae of honeybee (Apis mellifera) workers and drones differ in various aspects. One striking
difference is the presence of Sensilla basiconica in (female) workers and their absence in (male) drones. We
investigate the axonal projection patterns of olfactory receptor neurons (ORNS) housed inS. basiconica in
honeybee workers by using selective anterograde labeling with fluorescent tracers and confocal- microscopy
analysis of axonal projections in antennal lobe glomeruli. Axons of S. basiconica-associated ORNs preferen-
tially projected into a specific glomerular cluster in the antennal lobe, namely the sensory input-tract three (T3)
cluster. T3- associated glomeruli had previously been shown to be inner- vated by uniglomerular projection
(output) neurons of the medial antennal lobe tract (MALT). As the number of T3 glomeruli is reduced in
drones, we wished to determine wheth- er this was associated with the reduction of glomeruli innervat- ed by medial-
tract projection neurons. We retrogradely traced mALT projection neurons in drones and counted the innervated
glomeruli. The number of mALT-associated glomeruli was strongly reduced in drones compared with workers.
The pref- erential projections of S. basiconica-associated ORNs in T3 glomeruli together with the reduction of
mALT-associated glomeruli support the presence of a female (worker)-specific olfactory subsystem that is partly
innervated by ORNs from S. basiconica and is associated with the T3 cluster of glomeruli and mALT projection
neurons. We propose that this olfactory subsystem supports parallel olfactory processing related to worker-
specific olfactory tasks such as the coding of colony odors, colony pheromones and/or odorants associated with
foraging on floral resources.
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Introduction

Olfaction is an ancient sensory modality and plays a crucial role in most animals for
approaching or avoiding various odor sources and for judging their quality in a variety of
behavioral contexts. Whereas odorant reception at the molecular level exhibits distinct
differences between vertebrates and insects, the basic wiring pattern of receptor neurons with
second-order neurons within the primary olfactory centers, the vertebrate olfactory bulb and
the insect antennal lobe (AL) shows several striking similarities. These have been the subject
of intense research over recent years (for reviews, see Hildebrand and Shepherd 1997; Ache
and Young 2005; Touhara and VVosshall 2009; Martin et al. 2011). Insect antennae are covered
with various types of sensory sensilla; most of them being specialized for chemoreception but
also for hygro-, mechano- and thermoreception (Esslen and Kaissling 1976; Maronde 1991;
Ai et al. 2007). Olfactory sensilla house the olfactory receptor neurons (ORNS) that extend
axons into spheroidal structures termed glomeruli to form synaptic connections with local
interneurons and projection neurons (PNs). Glomeruli represent the functional unitsof the AL
(e.g., Anton and Homberg 1999). In the honeybee, Sensilla placodea, Sensilla trichoidea and
Sensilla basiconica have been classified as olfactory sensilla, either according to their odor-
response profiles in single-sensillum recordings (S. placodea) or based on specific anatomical
features (S. trichoidea, S. basiconica; Lacher 1964; Esslen and Kaissling 1976; Akers and
Getz 1993; Getz and Akers 1993). ORN axons from olfactory sensilla project via four distinct
AL sensory-input tracts to four clusters of glomeruli in the AL termed the T1-T4 cluster
(Mobbs 1982; Galizia et al. 1999; Abel et al. 2001; Kirschner et al. 2006). Axons from ORNs
in S. placodea project to all four clusters of glomeruli T1-T4 (Brockmann and Briickner 1995;
Kelber et al. 2006) and single-sensillum recordings from S. placodea have revealed responses
to a broad range of odorants (Getz and Akers 1993). This might be either caused by the broad
tuning of ORNSs or attributable to the finding that S. placodea house many individual ORNs
(between 7 and 23; Kelber et al. 2006), each covering a certain spectrum of molecular
receptive ranges. In insects, PNs convey the olfactory information to the mushroom bodies
(MBs), higher sensory association centers and sites associated with learning and memory
(Gerber et al. 2004; Davis 2005; Giurfa 2007; Hourcade et al. 2010; Cervantes-Sandoval et al.
2013). Uniglomerular PNs in the honeybee and other Hymenoptera have been shown to project
to the MBs and lateral horn (LH) via two parallel tracts: the medial and the lateral AL tracts
(mALT and IALT) forming a dual olfactory pathway (Abel et al. 2001; Kirschner et al. 2006;
Galizia and Rossler 2010; Rossler and Brill 2013; tract terminology according to Ito et al.
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2014). Comparative anatomical studies indicate that a dual olfactory pathway probably
emerged in the basal Hymenoptera (Dacks and Nighorn 2011; Réssler and Zube 2011; Rossler
and Brill 2013). However, the selective pressure that promoted the evolution of a dual
olfactory pathway within this group of insects remains to be further investigated (Rdssler and
Brill 2013). Female honeybee workers show complex social behavior that is largely influenced
by pheromonal communication (Slessor et al. 2005; Le Conte and Hefetz 2008). This is
different in male drones, which mainly perform reproductive tasks, do not forage actively for
food and might not need to distinguish minor changes in colony pheromone concentrations.
On the other hand, drones are highly sensitive to the queen sex-pheromone (Gary 1962).
Therefore, differences in the olfactory system reflecting these behavioral specializations are
likely to exist between honeybee workers and drones. One striking sex-specific difference is
the absence of S. basiconica on drone antennae (Esslen and Kaissling 1976; Nishino et al.
2009). Furthermore, drone ALs contain a smaller number of glomeruli compared with both
female castes (workers and queens) but comprise several enlarged macroglomeruli (Arnold et
al. 1985; Sandoz 2006; Groh and Rossler 2008; Nishino et al. 2009). The largest
macroglomerulus has been shown to respond to the major component of the queen mandibular
pheromone (Sandoz 2006; Wanner et al. 2007). The reduction of AL glomeruli is mostly
associated with the T3 cluster (Nishino et al. 2009), which has been demonstrated to be mainly
innervated by medial tract PNs in honeybee workers (Kirschner et al. 2006). Comparative
studies in other Hymenoptera indicate that the lack of S. basiconica in males is a characteristic
trait across both social and solitary Hymenoptera (Agren 1977, 1978; Wcislo 1995; Agren and
Hallberg 1996; Nakanishi et al. 2009, 2010; Mysore et al. 2010; Nishikawa et al. 2012;
Streinzer et al. 2013). In the leaf-cutting ant Atta vollenweideri, S. basiconica have been found
exclusively to innervate a specific (T6) cluster of AL glomeruli (Kelber et al. 2010). The
absence of S. basiconica, together with the reduction of glomeruli in the T3 cluster, in
honeybee drones suggests that ORNs from S. basiconica preferentially innervate glo- meruli
in the T3 cluster and are associated with medial-tract PNs. To test this hypothesis, we
investigated the axonal pro- jections of ORNs in the hair-like olfactory antennal sensilla of
female worker bees, with a special focus on S. basiconica and, in particular, their glomerular
innervation patterns and their association with PN output tracts. Furthermore, we retrogradely
labeled the mALT in drones to analyze whether glomeruli associated with this tract are
reduced.
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Materials and methods

Animals

Honeybee workers and drones (Apis mellifera carnica) were collected from bee hives of the
institutional bee station at the University of Wirzburg. Workers were taken from the entrance
of the hive and drones were caught directly in the hive. In both cases we did not control for
age. The animals were cooled in a refrigerator (4 °C), fixed in custom made plastic holders
and provided with sugar solution (40 %) ad libitum.

Staining of axonal projections

ORNs from hair-like sensilla on defined antennal segments were labeled by using a method
previously described by Kelber et al. (2010). Cut glass microelectrodes were placed close to
a defined segment of the antenna under visual control (280x) by using a photo-microscope (M
400, Wild, Heerbrugg, Germany) or an Olympus imaging system (200x-400x, upright
microscope: BX51WI, filter set: U- MF2 excitation 395/440 FT 460 emission 540/50,
objective: XLUMP, NA 0.95, light source: MT20, software: Cell R v2.5 [all Olympus Imaging
Europa], camera: model 8484-03G [Hamamatsu Photonics]) and a micromanipulator (Junior
Unit, Luigs & Neumann, Ratingen, Germany). This setup allowed the identification of
individual sensilla (Fig. 1a, b). The electrode was mounted on a piezo element (Element, EPZ-
Serie, Conrad Electronic, Hirschau, Germany) connected to a function generator (PM 5133,
Fluke/Philips, Kassel, Germany). Vibration (2-13 kHz) of the piezo element and therefore also
of the pipette was used to cut the hair-like sensilla and to expose the dendrites of the ORNs
within sensilla of a defined antennal segment. Subsequently, a droplet of Biotin Dextran
(Molecular Probes, D-7135, Leiden, Netherland) or Microruby (tetramethylrhodamine
dextran with biotin, 3,000 MW, lysine-fixable, D-7162; Molecular Probes, Eugene, Ore.,
USA), 3-5 % in distilled water, was applied onto the remaining sensilla stumps to enable the
dye to enter the ORN dendrites. This method allowed selective staining of hair-like sensilla
(S. trichoidea, S. basiconica) and excluded the staining of S. placodea, as these sensilla are
located beneath a plate-like structure of the antennal cuticle (Esslen and Kaissling 1976;
Kelber et al. 2006). Animals were then kept in the dark for 24 h before the brains were
dissected. For the staining of single sensilla, a microelectrode was placed close to one
sensillum to cut only a single sensillum hair. Because of their small size, the cutting of
individual basiconic sensilla was extremely difficult and the success rate for staining was
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extremely low (only one staining after the approved cut of only one S. basiconicum).
Therefore, in most cases, we moved the electrode, in particular in S. basiconica-rich regions
close to the borders of antennal segments, to cut small groups of hair-like sensilla
preferentially including S. basiconica (Fig. 1a, b). Larger numbers of S. basiconica could be
found in ring-like arrangements in the distal region of the antennal segments 3-10, close to the
transition to the next segment (Fig. 1; Esslen and Kaissling 1976; Nishino et al. 2009). These
axonal projections in this staining technique were compared with the staining of ORN axons
from S. trichoidea only. Larger groups of S. trichoidea in the middle of antennal segments that
lacked any S. basiconica (Fig. 1) were cut with a sharp tungsten wire (diameter: 200 um)
attached to the piezo element. Microelectrodes used in all experiments (including mALT
staining; see below) were pulled from thin-walled glass pipettes (1B100F-3, WPI, Sarasota,
USA) with a DMZ-Universal Puller (Zeitz- Instruments, Martinsried, Germany).

Staining of medial tract projection neurons in drones

PNs of the mALT were retrogradely stained by using methods described in detail by Kirschner
et al. (2006), Zube et al. (2008) and Rossler and Zube (2011). Head capsules were opened and
glands and tracheae covering the brain were removed. The tissue between the vertical lobe of
the MB and the AL was punctured with a fine glass electrode on the medial side, where mALT
fibers run relatively close to the surface of the brain. A few crystals of either Microruby or
Biotin Dextran were gently applied to the punctured tissue by means of a broken micropipette.
Mass-staining of all AL output tracts was achieved by using a similar technique and
application of dye crystals into the center of the AL. Mass- staining of AL glomeruli was
performed by the cutting of the antennae and the application of a droplet of Microruby (about
3-5 % in distilled water) to the antennal nerve stump. In all cases, animals were kept for 4-6
h in the dark under moist conditions to allow the dye to be transported intracellularly.

Single PN staining

For single PN staining, the glial sheath was gently removed from the AL with fine forceps.
PN cell bodies were approached with a patch-clamp pipette under visual control by using an
upright microscope (BX51WI, Olympus Imaging Europa) and a micromanipulator (Junior
Unit, Luigs & Neumann). We employed the intracellular [(K-gluconate (110 mM), HEPES
(25 mM), KCI (10 mM), MgCI2 (5 mM), Mg-ATP (3 mM), Na-GTP (0.5 mM), EGTA (0.5
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mM), pH 7.2, 284 mOsm)] and extracellular [(NaCl) (140 mM), KCI (5 mM), MgCI2 (1 mM),
CaCl2 (2.5 mM), NaHCO3 (4 mM), NaH2PO4 (1.2 mM), HEPES (6 mM), glucose (14 mM),
pH 7.4, 326 mOsm)] solutions of Palmeret al. (2013). For staining, 0.5-1 % Lucifer Yellow
(L0259, Sigma-Aldrich Chemie, Steinheim, Germany) was added to the intracellular solution.
Whole cell patch clamp recordings were established by using an Axon system (Axopatch
200B, Digidata 1440A, ClampEx, Molecular Devices, Oregon, USA) and the membrane
voltage was kept at -60 mV.

Fig. 1 Light microscopic images of Sensilla basiconica (Sb), Sensilla placodea (Sp) and
Sensilla trichoidea (St., St) on a honeybee worker antenna. a Overview of the ninth segment.

Bar 100 um. b Detailed view of the S. basiconica-rich region on the ninth segment (white
asterisks bases of two identifiable S. basiconica). Bar 25 um.

Neuranatomical analyses

Brains were placed in fixative solution (4 % formaldehyde) overnight, following the staining
procedure and then rinsed five times for 10 min in PBS (phosphate-buffered saline, pH 7.2).
Biotin-Dextran-injected brains were stained with Alexa- 488-conjugated Streptavidin (S-
11226, Molecular Probes, Eugene, Ore., USA) in PBS with 0.2% Triton X (1:125) for 48 h.
Subsequently, brains were again rinsed five times for 10 min in PBS. Microruby- and Biotin-
Dextran-labeled brains were dehydrated in an ascending ethanol series (50, 70, 90, 95, 2x 100
%, each 10 min) and cleared and mounted in methyl salicylate (M2047, Sigma-Aldrich
Chemie) for confocal microscopy. Afterwards, brains were scanned with a con- focal laser-
scanning microscope (Leica TCS SP2; Leica Microsystems, Wetzlar, Germany). Images were
processed with AMIRA 3.1.1 and 5.4 software (Mercury Computer Systems, Berlin,
Germany) and AL glomeruli in one prepara- tion were reconstructed by using the AMIRA
wrapping tool. Image stacks were further processed with ImageJ 1.46j (Wayne Rasband,
National Institutes of Health, Befesta, Md., USA). To count the glomeruli in all other
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successful mALT stainings (that were not three-dimensionally recon- structed in detail), we
marked glomeruli in image stacks by using the segmentation editor implemented in ImageJ.
Contrast and brightness were adjusted with GIMP 2.8.2 (GNU Image Manipulation Program,
http://www.gimp.org) and images in figures were arranged with CorelDrawX6 (Corel,
Ottawa, ON, Canada).

Identification of glomeruli

After the successful staining of axonal projections, AL reconstructions in workers were
mapped onto a template AL by using the VOI (volume of interest) method described in Kelber
et al. (2006). The antennal nerve, the T1 tract and a specific glomerulus (A17; after Galizia et
al. 1999) were used as landmarks. Additionally, one AL reconstruction of a mass- staining of
ORN axons of the whole antennal nerve was mapped onto the same template AL. This
reconstruction allowed the identification of the AL input tracts in the template AL. With the
identified glomeruli and the input tracts in the template AL, the matching of sensilla-stained
ALs allowed the assignment of axonal projections of ORNs to a specific input tract and to

particular glomeruli.

Statistics

Relative innervation frequencies of the input clusters (T1-T4) were analyzed with a Friedman
analysis of variance (ANOVA) and a post-hoc Wilcoxon rank sum test with Bonferroni cor-
rection for multiple comparisons. The distribution of ORN axons in the various glomerular
clusters originating from the staining of S. basiconica-rich regions was compared with a
hypothetical distribution in the glomerular input clusters based on the natural distribution by
using Fisher’s exact test. All statistic tests were performed with R 2.10.1 (R Foundation for

Statistical Computing, Vienna, Austria
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Results

ORN axon projections from many S. trichoidea and S. basiconica are broadly

distributed into AL glomeruli

In the honeybee, ORN axons from S. placodea are broadly distributed across glomeruli of the
AL and do not preferentially terminate in a specific sensory input cluster (Kelber et al. 2006).
To determine whether this also held true for hair-like sensilla, we started with unselective
mass-stainings of hair- like sensilla (S. trichoidea and S. basiconica) on a proximal (4th) and
a distal (9th) segment of the same antenna by using two fluoresecent tracers. With this mass-
staining method, no specific tract preferences of axons from ORNSs housed in hair- like sensilla
was found. However, the trajectories of axonal projections revealed a conspicuous axon-
sorting-zone-like region at the AL entrance in which axons from the two stained axon bundles
in the antennal nerve intermingled (Fig. 2a). Similarly, at the end of the antennal sensory input
tracts, ORN axons showed a typical crossing pattern before they diverged to form terminal

arborizations in specific subcompartments of individual glomeruli (Fig. 2a).

Fig. 2 a Z-projection of a double-mass-staining of hair-like sensilla on segment 9 (magenta)
and segment 4 (green) of honey bee antenna. The input tracts T1 and T3 are indicated. Note
the two sorting zones (SZ1, SZ2). Bar 100 pum. Insets Detailed views of two glomeruli that are
innervated by axons from olfactory receptor neurons from both the distal and the proximal
parts of segment 9 in a layered fashion. Bar 25 um. b Z- projection of an antennal lobe with
an intracellularly stained projection neuron innervating a single glomerulus. Bar 100 um. Inset
Stained glomerulus in more detail; the dendritic arborizations of a projection neuron ramify
throughout the entire glomerulus. Bar 25 um
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Several glomeruli were innervated by ORN axons from the distal and the proximal segments.
Interestingly, ORN axons from different antennal segments arborized in different layers within
the same glomerulus (Fig. 2a, b). The dendritic arborizations of a single PN, in contrast to

ORN axons, ramified across the entire volume of a glomerulus (Fig. 2b).

Axons from ORNSs in S. trichoidea of a single antennal segment arborize in the

T1, T2 and T3 cluster of glomeruli

As we found no specific preference of ORN projections for a certain glomerular cluster with
unselective mass-staining of hair-like sensilla on different antennal segments, we set out to
focus on the staining of ORNs from S. trichoidea only. Selective mass-labeling of axons from
ORNs in S. trichoidea in honeybee workers was performed by cutting sensilla only at the
middle region of the fifth antennal segment (Fig. 1). This mass-labeling technique excludes S.
basiconia, which are located at the segment borders only but might well contain some
mechanosensitive S. trichoidea (Lacher 1964) in addition to the olfactory sensilla. This
staining (n=13) revealed bundles of ORN axons terminating in the AL; a typical example is
shown in Fig. 3. The trajectories of labeled ORN axons clearly changed from a more or less
parallel organization into sorting-zone-like crossing patterns close to the entrance to the AL.
From there, axonal projections proceeded into three tracts (T1, T2, T3) leading to the
associated glomerular clusters of the AL. The T4 input tract and the associated glomerular
cluster were not stained in any of the 13 preparations (Fig. 3d). A few axons proceeded into
the dorsal lobe indicating that some of the stained sensilla stained were mechanosensory in

nature (data not shown).

Axons from ORNSs in S. basiconica preferentially innervate the T3 cluster of

glomeruli

As S. basiconica are far less numerous compared with S. trichoidea, a preference of axons
from ORNSs housed in S. basiconica for a certain input cluster might be masked in the mass-
staining of hair-like sensilla. We therefore selectively stained sensilla in S. basiconica-rich
regions; this was successful in 15 worker bees. In all cases, axonal branches of stained ORN
axons were mainly restricted to the outer regions of individual glomeruli (Fig. 4). Glomerular
borders were visualized by autofluorescence. Between 3 and 29 glomeruli per bee were stained

in the different preparations. All stained glomeruli were mapped into the template AL and
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assigned to their input-tract glomerular clusters. In 13 out of 15 bees, T3-associated glomeruli
were the most frequently stained glomeruli. In total, 180 ORN axons were stained in 15 bees;
57 projected to T1, four to T2, 111 to T3 and eight to T4 (Fig. 5; exact numbers of stained
glomeruli can be found in supplementary Table 1). In one case, we were able to determine, by

visual inspection, that the staining was from only a single S. basiconicum that had been cut
(Fig. 4g-1).

Fig. 3 Images of a representative mass-staining of the axons of olfactory receptor neurons in
Sensilla trichoidea of segment 5 of the honeybee worker antenna. Axons of olfactory receptor
neurons are shown in magenta; the background was visualized via autofluorescence of the
tissue and is shown in green. a Z- projection of 20 um of the dorsal part of the stained antennal
lobe; the glomeruli innervated from T1 input tract (T1) are clearly visible. b Z-projection of
20 um of the dorsal middle part of the stained antennal lobe. Glomeruli innervated from the
T3 input tract (T3) and the T1 input tract (T1) are clearly visible. ¢ Z-projection of 20 pm of
the ventral middle part of the stained antennal lobe. Glomeruli innervated from the T3 input
tract (T3) and the T2 input tract (T2) are clearly visible. d Z- projection of 20 um of the ventral
part of the stained antennal lobe. Glomeruli innervated from the T3 input tract (T3) are clearly
visible; the only non-innervated glomeruli (probably associated with T4 input tract) are
indicated by the dashed circle. Bar 200 um

44



Manuscript I: Olfactory subsystems in the honeybee: sensory supply and sex specificity

In this case, a single glomerulus was labeled in the T1 cluster and nine glomeruli were
innervated in the T3 cluster. As S. trichoidea were also present in the segmental border regions
of the antennae enriched with S. basiconica, we could not completely exclude that some S.
trichoidea were also stained in most of the other group stainings of sensilla in the S.
basiconica-enriched regions. To test this statistically, we calculated the relative innervation
frequencies for each specimen. We compared these frequencies with a Friedman ANOVA
(P=5.28*10-8, chi2 =36.72, n=15) and observed differences between at least two groups

within the data.

Fig. 4 Confocal image stacks from two antennal lobes after staining of Sensilla basiconica-
rich regions of the antenna (a—f) and image stacks of a single-sensillum staining of a S.
basiconicum (g-i). Stained glomeruli (asterisks). a, d, g Complete stacks of antennal lobes
with the antennal nerves (AN) and olfactory receptor neuron (ORN) arborizations in single
glomeruli can hardly be identified in the complete image stacks. Bar 100 um. b, e, h Substacks
of the antennal lobes with identifiable ORN innervation in individual glomeruli in the T1
glomerular cluster. c, f, i Substacks of the antennal lobe with identifiable ORN innervation in
individual glomeruli in the T3 glomerular cluster region. Bar 100 um
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A post-hoc Wilcoxon rank sum test with Bonferroni correction for multiple comparisons
revealed T3 as the most frequently stained cluster of glomeruli. Significant differences were
found between all clusters, except between T2 and T4 (Fig. 5, exact P-values: T1:T2 4.9 x 10-
4 T1:T36.3x10-4 T1:T42.3x10-3 T2:T39.5% 10-6 T2:T4 1.0 T3:T4 1.5 x 10-5). As the
distribution of glomeruli among the input clusters is not homogenous (Flanagan and Mercer
1989; Galizia et al. 1999), we calculated a hypothetical distribution of glomeruli (T1: 79, T2:
8, T3: 85, T4: 8) by using the total number of glomeruli (180) stained in our experiments. Use
of Fisher’s exact test between the hypothetical distribution of glomeruli and the observed
distribution revealed a significant difference between the two distributions (P=0.032). When
we tested only the two major glomerular clusters (T1 and T3), the difference between the
expected and the observed distribution had an even higher significance level (P = 0.0076). The
projection patterns of sensilla in S. basiconica-enriched zones of the antenna, therefore, further
indicate that axons of ORNSs housed in S. basiconica preferentially, although not exclusively,

project to the T3 cluster of olfactory glomeruli in the AL of worker bees.

Fig. 5 Numbers of glomeruli containing
axonal projections from selective staining
of ORNs in multiple Sensilla basiconica.
Antennal lobe input tract T3 glomeruli
were stained significantly more often
compared with T1 glomeruli and T1
_— glomeruli were stained more often than T2
| and T4 glomeruli (Friedman ANOVA,
post-hoc Wilcoxon rank sum test with
B — B Bonferroni  correction  for  multiple

comparisons, n=15, A-C significant
: differences between clusters)
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Number of glomeruli innervated by mALT projection neurons is reduced in

honeybee drones

We have shown that ORNs from S. basiconica preferentially project to the T3 glomerular
cluster in honeybee workers. This glomerular cluster is however reduced in honeybee drones
(Nishino et al. 2009) and is associated with the mALT in honeybee workers (Kirschner et al.
2006). Thus, we assumed that the mALT should also be reduced in drones. Anterograde
fluorescent staining of the output tracts of the AL did not reveal any obvious differences in
tract diameters between the mALT and IALT in confocal images (Fig. 6a). In drones, as in
workers, mALT PNs project via the MBs to the LH, whereas IALT PNs project first to the LH
and then to the MBs (Fig. 6a). One preparation with a mass-staining of ORN axons in drones
was used to reconstruct all glomeruli of the AL (Fig. 6¢). This revealed a total of 109 glomeruli
(107 glomeruli were counted in a second mass-staining). Specific staining of the mALT was
used to determine the number of mALT glomeruli. One backfill of the mALT PNs (Fig. 6b)
was reconstructed (Fig. 6d) and revealed a total of 45 glomeruli innervated by mALT PNSs. In
the remaining successful mALT labelings, a similar or even smaller number of glomeruli was
counted (numbers from all successful mALT stainings: specimen 1: 39, specimen 2: 45,
specimen 3: 45, specimen 4: 39, specimen 5: 43, n=5). For further calculations, we used the
highest number of labeled glomeruli, as some glomeruli might not have been stained by
retrogradely labeling the PN arborizations in the AL. In honeybee workers, ~920 PNs
innervate ~161 glomeruli (Rybak 2012), resulting in a hypothetical ratio of 5-6 PNs per

glomerulus.
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Fig. 6 a Z-projection of a mass-staining of antennal lobe (AL) projection neurons in the
honeybee drone; the AL, the medial and the lateral AL tract (mALT, IALT) and arborizations
in the mushroom bodies (MB) and the lateral horn (LH) are visible. Bar 200 um. b Z-projection
of MALT staining in a honeybee drone. The axons, cell bodies (CB) and dendritic glomerular
(GL) innervation are visible. Bar 100 um. ¢ Three-dimensional reconstruction of a drone AL
with the antennal nerve (AN) after staining of all olfactory receptor neuron axons. Two
macroglomeruli (MGL) are indicated. d Reconstruction of the mALT proportion of glomeruli
and two macroglomeruli (MGL) within the T1 glomerular cluster (T1) as landmarks in a drone
AL. The two IALT-associated MGL are shown in green, whereas mALT glomeruli in the T3
glomerular cluster (T3) are shown in shades of magenta. Bar 100 um

No data on the number of PNs in drones are available but by assuming multiple PNs per
glomerulus and by considering the fact that only one PN needs to be stained to identify a
glomerulus, we assumed that the highest numbers of glomeruli counted in our results were
representative of the total number of MALT innervated glomeruli. Subtraction of the average
number of maximally counted mALT-associated glomeruli (45) from the total number of 109
glomeruli revealed an estimated number of 64 |ALT-associated glomeruli (numbers in Fig. 7).
Compared with the situation in females (~161 glomeruli in total; Kirschner et al. 2006), this
indicates that most of the glomeruli missing in drones can be assigned to the mALT hemilobe
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of the AL. In total, 24 % of the IALT glomeruli and 42 % of the mALT glomeruli were absent
in drones compared with workers. Whereas the mALT to IALT ratio of the AL in females is
roughly 1:1, only ~39 % of all AL glomeruli in drones were associated with the mALT
compared with ~61 % glomeruli associated with the IALT. The combination of our present
results with the data from Kirschner et al. (2006) indicates that ORNs from S. basiconica in
female worker bees preferentially innervate the T3 cluster of glomeruli and that this mALT-
innervated cluster of glomeruli is reduced in drones (Fig. 7).

Discussion

This study shows that axons of ORNSs from S. basiconica, which are absent on drone antennae,
mainly project into the T3 cluster of glomeruli in the AL of worker bees (Fig. 7). The T3
cluster of glomeruli has been demonstrated to be reduced in drones (Nishino et al. 2009) and
our results reveal that mALT PNs (which, in the female AL, receive input from the T3 cluster)
innervate fewer glomeruli in drones compared with workers. This indicates that information
from the S. basiconica is associated with the mALT pathway in females and further suggests
that this part of the mALT pathway is reduced in drones compared with workers. A similar
reduction of the mALT- associated portion of AL glomeruli has been shown in males of the

ant Camponotus floridanus (Zube and Réssler 2008).

General features and sorting of axonal projections of ORNs

The trajectories of individual axons in the mass-stainings indicate that ORN axons are guided
to their glomerular targets via a two-step sorting process, one at the segregation into T1- T4 at
the entrance of the antennal nerve and a second one at the end of the tracts, just before the
axons diverge to their glomerular targets. We show that ORN axons from the various antennal
segments run in parallel along the antennal nerve until they reach the AL entrance. This is
analogous to the ORN axon-sorting zone in the moth Manduca sexta (Rossler et al. 1999).
After the initial rearrangements at the AL entrance, however, axonal projections in the
honeybee proceed again in parallel along the tracts (T1-T4) until they reach the glomerular
clusters. At these glomerular clusters, ORN axons appear to be rearranged in another crossing

pattern until they terminate in distinct layers within individual glomeruli.
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Fig. 7 Representations of a honeybee worker (left) and drone (right) antennal lobe (AL).
Olfactory receptor neuron axons housed in S. basiconica are only present in workers and
project via the antennal nerve mainly to the T3 glomerular cluster (T3) in the AL (light blue
projections). The T1 glomerular cluster (T1) is drawn in shades of green, the T2 in shades of
yellow (T2) and the T4 cluster in shades of blue (T4). The medial AL tract (mALT) innervates
mainly T3 glomeruli and the lateral AL tract (IALT) mainly T1 glomeruli. The T3 glomerular
cluster and the mALT output tract are reduced in drones. The estimated numbers of glomeruli
innervated by mALT and IALT projection neurons and the total numbers of glomeruli in the
female (from Kirschner et al. 2006) and male AL are indicated (ORNSs olfactory receptor
neurons)

This indicates that the organization in the four olfactory sensory tracts in the honeybee
involves a more complex sorting process compared with the single sorting zone at the AL
entrance shown in moths (Radssler et al. 1999). This process requires further clarification in
future developmental studies. Within individual glomeruli, ORN axons of sensilla from the
distal and proximal segments of the antenna terminate in different layers (Fig. 2). These
projection patterns indicate a change from the topographic position of sensilla on the antenna
to the spatial organization of ORN target fields within single AL glomeruli. In contrast to the

ORN projections, PN dendrites might arborize throughout the entire glomerulus (Fig. 2c, d;
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see also Muller et al. 2002; Krofczik et al. 2008) indicating that individual PNs receive
convergent input from ORNSs from widely separated topographical locations that innervate the

same glomerulus.

Glomerular targets of ORN axons from S. trichoidea

Selective mass-staining of S. trichoidea labels bundles of ORN axons projecting to the AL
(Fig. 3). The trajectories of ORN axons can be followed along three tracts (T1, T2, T3; Fig.
3). In none of the 13 preparations have we found staining of T4 glomeruli (Fig. 3d).
Interestingly, despite a wide distribution of axons in almost all glomeruli of the AL, slightly
brighter staining has been detected in T3 glomeruli compared with T1 glomeruli. Whether this
Is attributable to a higher density and/or brighter labeling of individual axons cannot be
resolved with our method. ORN axons from S. placodea have also been shown to project into
all four glomerular clusters in the honeybee (Kelber et al. 2006). For a more detailed analysis,
single fills of S. trichoidea ORNs would be necessary. Our staining demonstrates that ORN
projections from S. trichoidea from only one antennal segment are widely distributed across
three glomerular clusters (T1-T3) that contain >95 % of all AL glomeruli in the honeybee
(Kirschner et al. 2006). Assuming that this is true for all antennal segments (we found similar
results for segments 3, 5, 6, 7 and 8), this implies a high redundancy of the antennal segments
within individual glomeruli. This ensures that the antenna efficiently captures sufficient odor
molecules for odor identification but rather excludes a topographical resolution of odor
reception (e.g., ORNs at the proximal or distal part of the antenna). In contrast to ORNSs, PNs
have dendritic arborizations across entire glomeruli (Fig. 2c, d). Whether the position of ORN
projections in a distinct layer of the glomerulus (and its position on the antenna) in the
honeybee has any physiological impact on PN responses, however, needs to be investigated
in physiological recordings.

Projection patterns of ORN axons from S. basiconica

Mass-staining techniques of hair-like sensilla on entire antennal segments have not allowed
us to resolve glomerular cluster preferences of S. basiconica-associated ORN axons, as even
the S. basiconica-rich segment 9 contains over 10x more S. trichoidea than S. basiconica
(Esslen and Kaissling 1976). To increase the proportion of S. basiconica-associated ORNS,

we selectively stained hair-like sensilla in the distal regions of individual antennal segments
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that show a ring-like arrangement of S. basiconica (Fig. 1). These experiments revealed that
ORN axons from these sensilla terminate to a significantly higher proportion in glomeruli of
the T3 cluster of AL glomeruli (Figs. 5, 7). In these staining experiments, we have
preferentially aimed to cut S. basiconica but because of the small size of these sensilla in the
honeybee, staining of S. trichoidea, in most cases, cannot be completely excluded. Therefore,
we used a statistical method to analyze cluster preference in these selective stainings.
Furthermore, the approved staining (by visual inspection) of a single S. basiconicum has
shown that nine of the T3 glomeruli and only one T1 glomerulus are innervated thereby
supporting the multiple sensilla staining results. The single S. basiconicum stained in our
experiments comprised 10 ORNSs. This is in agreement with results from histological
investigations showing that S. basiconica in the honeybee contain 8-12 ORN dendrites
(Nishino et al. 2009). In other Hymenoptera, ORN numbers in S. basiconica have been
demonstrated to range between 30-40 ORNs in wasps (Lacher 1964) and 3-53 ORNSs in ants
(Kelber et al. 2010). Until now, the notion that S. basiconica are indeed olfactory sensilla is
mainly based on morphological criteria. Whereas the morphological evidence is strong,
however, clear physiological evidence is still lacking. Recordings from S. basiconica have
only been mentioned as unpublished results in Akers and Getz (1993). Our anterograde
staining of the axonal projections of ORNs housed in S. basiconica has revealed innervations
of relatively high numbers of preferentially T3 glomeruli in the AL. This adds further evidence
to the assertion that S. basiconica are olfactory sensilla (Slifer and Sekhon 1961; Lacher 1964).
Our results suggest that axons of S. basiconica-associated ORNs preferentially project to

glomeruli of the T3 cluster and only partially to glomeruli of the T1 cluster.

Differences between honeybee drones and workers and potential functional

consequences

Interestingly, S. basiconica are present in honeybee workers and queens but not in drones
(Esslen and Kaissling 1976). The absence of S. basiconica in males seems to be a typical
feature in Hymenoptera including the honeybee, bumblebees, solitary bees and ants (Agren
1977; 1978; Wcislo 1995; Agren and Hallberg 1996; Nakanishi et al. 2009, 2010; Mysore et
al. 2010; Nishikawa et al. 2012; Streinzer et al. 2013). Wcislo (1995) argued that drones have
reduced the number of a certain type of olfactory sensilla to increase their capabilities for
pheromone detection and thereby to increase their probability for encountering a queen faster

than other drones. The finding that drones have extremely high numbers of pore plates (S.
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placodea), which also house the pheromone- specific sensilla (Kaissling and Renner 1968),
supports this view. Three of the enlarged glomeruli (macroglomeruli) are located in the T1
cluster of glomeruli (Nishino et al. 2009) and calcium-imaging studies have shown that
components of the queen mandibular pheromone are processed in one of these enlarged
glomeruli (Sandoz 2006). The processing of pheromone information in macroglomeruli is well
known from sex pheromone communication in various species of moths (e.g., Christensen and
Hildebrand 1987; Anton and Hansson 1994; Greiner et al. 2004) and has also been shown for
an enlarged glomerulus which processes components of the trail pheromone in large leaf-
cutting ant workers (Kleineidam et al. 2005; Kelber et al 2009; Kuebler et al 2010). The
reduced number of S. trichoidea and the complete absence of S. basiconica and the associated
neuronal pathway in the AL of drones might allow higher capacities for queen-pheromone-

specific sensilla and a larger sex-pheromone-processing neuronal circuitry in the AL (Fig. 7).

Female-specific olfactory subsystems and their possible function

We have been able to demonstrate that the reduction of glomeruli in the AL of honeybee
drones is higher in the mALT- compared to the IALT-innervated hemilobe of the AL. ORN
axons in the glomeruli of the T3 cluster are innervated by mALT PNs in females (Kirschner
et al. 2006). This cluster is reduced in drones, whereas the T1 cluster is less reduced compared
with that in the female AL. As drones lack S. basiconica, the reduction of the mALT-
associated parts of the T3 glomeruli is likely to be related to the absence of ORNs from the S.
basiconica. As three enlarged glomeruli (macroglomeruli, as indicated in Fig. 7) are present
in the T1 cluster in drones (Sandoz 2006; Nishino et al. 2009), the slight reduction in the
number of T1 glomeruli in drones might favor the macroglomeruli. Several physiological
studies, so far, have shown that no part of the honeybee AL and therefore neither the mALT
or the IALT, is selectively specialized for either only social or floral odorants (Abel et al. 2001,
Brill et al. 2013; Carcaud et al. 2012; Galizia et al. 2012; Krofczik et al. 2008; Mdiller et al.
2002; Rassler and Brill 2013; Yamagata et al. 2009). However, as honeybees are exposed to
an enormous odor space in their natural environments, more odorants, in particular social
(colony) cues and pheromones, remain to be tested in more detail and might give further
indications concerning selective physiological properties and the molecular receptive range of
S. basiconica ORNSs. The ants Camponotus floridanus (Zube and Rossler 2008), Camponotus
japonicus (Nishikawa et al. 2012) and A. vollenweideri (Kelber et al. 2010) have similarly

been demonstrated to have a reduced number of glomeruli in males compared with females.
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Kelber et al. (2010) investigated projection patterns of S. trichoidea and S. basiconica ORNs
in A. vollenweideri. Here, the ants possess six AL glomerular clusters (T1-T6) and S.
trichoidea ORNs have been shown to project to all of them. Up to five different glomerular
clusters have been found to be innervated by ORNs from a single S. trichoideum. In contrast,
S. basiconica ORNs only projected to the T6 cluster (Kelber et al. 2010). In honeybee workers,
we were able to reveal that S. basiconica preferentially project into the T3 cluster. C. japonicus
ALs comprise seven glomerular clusters (T1-T7) and the glomerular cluster T6 is also worker-
specific, similar to the T6 cluster in A. vollenweideri (Kelber et al. 2010; Nishikawa et al.
2012). Furthermore, here the T6 output neurons were demonstrated to project to specific
subregions within the MBs and the LH and the authors speculate that the input to these
glomeruli origins from S. basiconica-associated ORNs (Nishikawa et al. 2012). Nishikawa et
al. (2012) argued that these brain regions are likely to be involved in social tasks in C.
japonicus, as drones do not need to fulfil extensive social duties within the colony. Another
important aspect is that in several solitary bee species, the males also lack S. basiconica (Agren
1977, 1978; Agren and Hallberg 1996; Galvani 2012; Streinzer et al. 2013). In parasitoid
wasps, cuticular hydrocarbon pro- files have been shown to vary between closely related
species, between sexes and according to the developmental environment (Khidr et al. 2013).
Better detection abilities for cuticular hydrocarbons could serve females in kin detection and
thus help them to avoid insemination by related males or even by males from other species.
Another major distinction between drones and workers in both ants and social bees is that
drones do not forage. This implies the involvement of S. basiconica in the detection of floral
odorants. These studies show that various hymenopteran species possess female-specific
olfactory subsystems consisting in specific sensilla, their respective ORNs and downstream
odor-processing brain structures. The separation of these subsystems from the sexual
isomorphic structures can be more (A. vollenweideri, C. japonicus) or less (A. mellifera)
pronounced. Thus, variations in olfactory tasks and structures between males and females
might differ across species. Based on these differences described so far with regard to
behaviors between male and female honeybees, we conclude that the S. basiconica might
equally well be specialized for flower odorant detection or the detection of social olfactory

cues or might even be generalistic.
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Concluding remarks

Honeybee workers possess a specific olfactory subsystem comprising S. basiconica, parts of
the T3 cluster of glomeruli and a significant proportion of mALT PNs. Drones completely
lack this olfactory subsystem (Fig. 7) and, additionally, have far fewer S. trichoidea, all
features that might favor a more elaborated queen-pheromone-processing system and the
associated higher numbers of S. placodea present in drones (Brockmann et al. 2006; Kaissling
and Renner 1968; Sandoz 2006). At the behavioral level, drones, therefore, are likely to have
more limited odor discrimination and recognition abilities compared with females. This
limitation is likely to be associated with social (colony) odors and/or floral odors. The
adaptation in drones for improved queen-pheromone detection including high numbers of S.
placodea and pheromone-processing macroglomeruli is likely to increase mating
probabilities. Honeybee workers, in contrast, are ex- posed to high selective pressure to
identify and locate correct- ly a wide variety of odorants, including floral odorant mixtures, a
large variety of pheromones and colony (social) cues. The different types of sensilla and the
associated olfactory subsystems of glomeruli and output tracts in the AL appear to be well

adapted for these tasks.
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Abstract

In the olfactory system of the honeybee an intriguing pattern of convergence and divergence
between the individual neuronal types within the olfactory pathway exists: approximately
60.000 olfactory sensory neurons (OSN) convey olfactory information on 900 projection
neurons (PN) in the antennal lobe. In order to transmit all information from the OSNs reliably,
PNs need to employ relatively high spiking frequencies. PNs then project via a dual olfactory
pathway to the mushroom bodies (MB) .This pathway comprises two tracts, the medial (mALT)
and the lateral antennal lobe tract (IALT). Although both tracts receive input from different
OSNs, they were shown to transmit information from a similar set of odors, yet with slight
differences. LALT PNs respond faster but mALT PNs are more odor specific (Brill et al. 2013).
In the MBs, PNs form synaptic complexes with ~184.000 Kenyon cells (KC), the MB intrinsic
neurons. Generally, insect MBs are regarded as the centers for sensory integration and learning
and memory. As KCs drastically outnumber PNs, they are likely to employ much lower spiking
frequencies than PNs. Indeed, they were shown to respond in a very phasic and sparse fashion
to odor stimulation using Ca?*-imaging (Szyszka et al. 2005). In the present study, we aim to
identify the neuronal properties leading to the differences between m- and IALT PNs and KCs.
In PNs, we could identify a set of Na* currents and diverse K* currents depending on voltage
and Na* or Ca®*relatively similar to currents observed in locust DUM (dorsal unpaired median)
neurons that support spiking activity (Wicher et al. 2006). Conversely in KCs, we found very
prominent K* currents, which are likely to contribute to the sparse response fashion observed
in KCs.
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Introduction

Olfaction is a crucial sense for honeybees needed for the location and evaluation of food
sources, for communication with other colony members, for the identification of nestmates and
non-nestmates, and for finding mating partners (reviewed for example by Slessor et al. 2005).
The olfactory system in honeybees has been under investigation for at least 50 years, and many
details of its anatomy and physiology have been worked out (reviewed for example by Galizia
and Rassler 2010 and Sandoz 2011).

Odorants are received by olfactory receptors, which are located in olfactory sensory neurons
(OSNs) of different types of sensilla on the antennae. Approximately 60.000 OSNs project their
axons to the antennal lobe (AL) (Esslen and Kaissling 1976). In the AL, they form synapses
with projection neurons (PNs) and local interneurons (LNs). The OSN axons form two bundles
running along the antenna to the AL entrance. Here, they diverge into four distinct tracts (T1-
T4) that proceed further into the AL (Kirschner et al. 2006). In the AL, OSN axons synapsing
on PNs and LNs form spheroidal structures commonly termed glomeruli (Hildebrand and
Shepherd 1997). Each glomerulus was shown to receive information from OSNs expressing the
same odorant receptor gene (Gao et al. 2000; Vosshall et al. 2000). This principle is broadly
accepted for vertebrates and invertebrates (reviewed by Ache and Young 2005) and receives
support from studies which analyzed the number of olfactory receptor genes (OR) and of
olfactory glomeruli (honeybee: 163 ORs Robertson and Wanner 2006; 163 glomeruli Kirschner
et al. 2006). Accordingly, the glomeruli represent functional units of the AL and encode odor
information in a combinatorial fashion, which, theoretically, allows for coding almost infinite
numbers and combinations of odors (for example Galizia et al. 1999; Sachse et al. 1999).
Numerous synaptic interactions across glomeruli can then influence the separation of odors by
the array of glomeruli (Deisig et al. 2010). This interaction is likely mediated by LNs (~3.000-
4.000 around the honeybee AL; reviewed by Galizia and Rgssler 2010; Galizia and Kreissl
2012), which were shown to have a variety of anatomical features and response properties
(Galizia and Kimmerle 2004; Meyer et al. 2013). The exact synaptic connectivity in the
honeybee AL between OSNs, LNs and PNs is not known. There are three tracts of PNs, which
convey the information to the mushroom bodies (MBs) and the lateral horn (LH) in the
honeybee: the medial antennal lobe tract (MALT), the lateral antennal lobe tract (IALT), and
the medio-lateral antennal lobe tract (mIALT) (after the unified nomenclature of Ito et al. 2014,
the ALTs were formerly termed antenno-cerebral tract ACT; e.g. Kirschner et al. 2006 and
antenno-protocerebral tract APT; e.g. Galizia and Roéssler 2010). The mALT exits the AL
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medially and proceeds medially from the vertical lobe to the MBs and finally reaches the LH,
whereas the IALT runs in the opposite direction and reaches the LH before the MBs. Both m-
and IALT PNs have axonal arborizations in the LH and the MBs, where they form distinct
synaptic complexes, so called microglomeruli, with the MB intrinsic neurons, the Kenyon cells
(KC) (Homberg et al. 1989; Groh et al. 2004). PNs belonging to the mIALT do not innervate
the MBs and project directly to the LH. MIALT PNs and IALT PNs can be found in various
insects including Drosophila melanogaster (Tanaka et al. 2012) and Manduca sexta (Homberg
et al. 1988). The two parallel tracts of PNs projecting in opposing directions to the MBs and
LH form a dual olfactory pathway, which represents a typical feature in Hymenoptera (Rdssler
and Zube 2011). The detailed function of the dual olfactory pathway still remains uncertain.
However, the baseline is that both tracts seem to convey information about largely similar odors
(Mdller et al. 2002; Krofczik et al. 2008; Carcaud et al. 2012; Galizia et al. 2012; Brill et al.
2013). Individual mALT PNs were shown to be more narrowly tuned than IALT PNs with a
broad response spectrum. Furthermore, the mean spontaneous as well as the response action
potential (AP) frequencies are higher in IALT than in mALT PNs, and IALT PNs, on average,
have shorter response latencies (Brill et al. 2013). Differences in odor response complexity
between both tracts are not completely consistent, as both tracts exhibit tonic response patterns,
phasic-tonic response patterns, burst with a post burst hyperpolarization phase response patterns
and even inhibitory responses (Abel et al. 2001; Mdiller et al. 2002). The reason for this
complexity of response patterns may be that a relatively small number of PNs needs to convey
a lot of information (bottleneck). Approximately 60.000 OSNs (Esslen and Kaissling 1976)
synapse on only ~900 PNs (Rybak 2012), which have to transmit the odor information reliably
to the KCs. In contrast to PNs, KCs are far more numerous (~184.000, after Witthoeft 1967
combined with Strausfeld 2002). Thus KCs should not employ such complex response
dynamics and, indeed, KCs in honeybees were shown to exhibit temporal as well as spatial
sparse coding of information (Szyzska et al. 2005). Locust KCs also employ strict temporal
sparse coding, Drosophila KCs have a slightly less pronounced sparse code, but are also silent
until stimulation (Turner et al. 2008; Murthy and Turner 2013). From the calyces of the MBs,
KC axons project further via the peduncle to the vertical lobe, where they form synapses with
the extrinsic mushroom body neurons (EN) (Rybak and Menzel 1993). Again, KCs are far more
numerous than ENs (~400 after Rybak and Menzel 1993). In the same line, ENs have
spontaneous and odor response spiking frequencies, which are even slightly higher than PN
response frequencies (Strube-Bloss et al. 2011; 2012; Brill et al. 2013). In summary, the number

of neurons per population and the connectivity between OSNs, PNs, KCs and ENs demands
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that PNs and ENs have relatively high spiking frequencies with complex odor coding properties,
whereas KCs have to employ a sparse information code. The differences in information coding
between these neuronal populations may be caused by the sensory input, the synaptic
connections between them, by intrinsic properties of these neurons, or by a combination of
these parameters.

Intrinsic properties of PNs and KCs have been mostly studied in primary cell cultures of
honeybee neurons. PNs were shown to possess Na*, K* and Ca?* currents, which are commonly
known to be involved in AP generation and to contain Ca?* dependent K* channels providing
an intrinsic self-inhibitory mechanism (Griinewald 2003; Perk and Mercer 2005). The whole
cell currents of KCs in primary cultures differ drastically from the ones found in PNs: KCs have
very prominent A-type K* channels, which are likely to be involved in sparse coding (Schafer
et al. 1994; Pelz et al. 1999; Griinewald 2003; Wiistenberg et al. 2004). However, the studies
on KCs are not completely consistent. In some studies Ca?* dependent K* currents, which cause
an N-shape in the current voltage (1V) plot, were observed (in vitro: Schafer et al. 1994; in situ
in isolated brain preparations: Palmer et al. 2013). In contrast, Grinewald (2003) did not find
an N-shaped I-V plot in pupal honeybee KCs maintained in primary cultures. Due to these
differences found between different cell-cultured KCs together with the fact that m- and IALT
PNs could not be distinguished in primary cultures, we set out to perform in situ whole cell
recordings from honeybee mALT PNs, IALT PNs and KCs using a novel head preparation and
combined staining and recording techniques.

In the present study, we aim to identify neuronal properties supporting the complex odor
response patterns of PNs and the sparse coding properties of KCs. Additionally we set out to
investigate whether the differences in AP frequencies and latencies between m- and IALT (Brill
et al. 2013) are caused by differences in intrinsic properties or different synaptic interactions of

the two populations of PNs.
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Material and methods

Animals

All honeybees (Apis mellifera carnica) were taken from colonies of our departmental bee
station at the University of Wirzburg. Only adult bees were used, but we did not control for the
exact age of the bees. The bees were cooled in a refrigerator (4°C) and harnessed in custom-
built plastic holders. Immediately after the bees had recovered from cooling, they were fed with

a ~50% sucrose solution in aqua dest.

Pre-experimental PN staining

To distinguish PN cell bodies from LN cell bodies in the AL, we stained PNs 10 to 20 hours
before recording. A small window above the MB calyces was cut into the cuticle, and glands
and trachea covering the calyces were removed manually using fine forceps. Thin-walled glass
micropipettes (1B100F-3, WPI, Sarasota, USA) were pulled with a Zeitz Puller (Zeitz-
Instruments, Martinsried, Germany) and coated with Microruby™ (tetramethylrhodamine
dextran with biotin, 3.000 MW, lysine-fixable, D-7162; Molecular Probes, Eugene, Oregon,
USA) dissolved (3-5%) in aqua dest. The dye loaded micropipettes were used to punctuate both
calyces of both MBs, to have the dye subsequently taken up by the neurons. After the staining
procedure, a two component tissue glue (Kwik-Sil™ World Precision Instruments, Sarasota,

USA) was used to seal the window and to prevent dessication of the brain.

Preparation for IALT PN and KC recordings

The mandibles were put into gently heated dental wax (Flexaponal white, Dentaurum,
Ispringen, Germany) in an upright fashion to avoid movements. We used a soldering iron with
a fine soldering head controlled with an adjustable power source (ouput: ~3.2V, 1.5A, Voltcraft
PS-1152A, Conrad Electronics, Hirschau, Germany) to melt the dental wax. Once the
mandibles were covered with wax, the preparation was put in a refrigerator for approximately
10 seconds to harden the dental wax. All cuticle covering the ALs and the MBs as well as the
Kwik-Sil™ was removed. The cuticle below the brain as well as the eyes were left intact to
stabilize the brain. All glands and trachea covering the brain were manually removed using fine
forceps. Then, the heads were severed from the thorax. The brain was fixed in the recording

chamber (RC-22C, Warner Instruments, LLC, Hamden, Connecticut, USA) by pressing the
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hardened dental wax surrounding the mandibles into slightly softer peripheral wax (Surgident,
Heraeus Kulzer GmbH, Hanau, Germany) in the recording chamber. As the head was orientated
in an upright fashion, this preparation allowed access to mALT and KC cell bodies. An
Olympus imaging system (200x-400x, upright microscope: BX51WI, filter set: excitation
560/40 DCTX 590 emission 610 LP, objective: XLUMP, NA 0.95, light source: MT20,
software: Cell R v2.5, all Olympus Imaging Europa, camera: model 8484-03G Hamamatsu
Photonics) was used to identify stained neuronal cell bodies. The only neurons connecting the
MBs with the AL are PNs, therefore stained cell bodies in the AL could be clearly identified as
PNs. KC cell bodies are numerous and can be easily identified. Differentiation between clawed
and spiny KCs is possible according to their anatomical location. Only type 1l (clawed) KCs
with cell bodies outside the calyx cup (Strausfeld 2002) were recorded in our experiments.

Preparation for mALT PN recordings

The cell bodies of mMALT PNs are located on the dorsal site of the AL, therefore slight
adjustments of the preparation were necessary. The complete preparation was turned upside
down, and the mandibles were fixed with dental wax in an approximate angle of 45°. The
proboscis and the cuticle beneath the brain were removed using microscissors. Glands, muscles
and tracheae covering the brain were gently removed. Additionally, the subesophageal ganglion
(SEG) was removed by pushing it in the direction of the MBs. Afterwards, the brain was
mounted in the recording chamber as described above. Two large mALT PN cell body clusters

were visible and accessible after this procedure.

Patch Clamp recordings

Patch clamp electrodes were pulled from thick-walled borosilicate glass with filament
(GB150F-8P, Science Products, Hofheim, Germany) with a Zeitz Puller. Electrodes had tip
resistances of 4-6 MOhm (PN-recording) and 6-8 MOhm (KC-recording) measured in the
extracellular solution. The patch clamp electrodes were moved to the cell bodies by using an
electrical micormanipulator (Junior Unit, Luigs & Neumann, Ratingen, Germany). We used an
Axopatch 200b amplifier, a Digidata 1440A acquisition board and the ClampEXx software (all
Molecular devices, Sunnyvale, California, USA). The extracellular solution comprised in
mmol: NaCl (140), KCI (5), MgCl: (1), CaCl: (2.5), NaHCO3 (4), NaH2PO4 (1.2), HEPES (6)

and glucose (14), adjusted to pH 7.4 with NaOH. The intracellular solution contained in mmol:
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K- gluconate (110), HEPES (25), KCI (10), MgCl2 (5), Mg-ATP (3), Na-GTP (0.5) and EGTA
(0.5), pH 7.2. Currents were isolated by blocking Na* currents and Na* dependent currents with
Tetrodotoxin (TTX, 107 mmol) and by blocking Ca?* currents and Ca?* dependent currents
with CdCl (5x107° mmol) in the extracellular solution. For staining of neurons via the patch-
clamp electrode, 0.5-1 % Lucifer Yellow (L0259, Sigma-Aldrich Chemie, Steinheim,
Germany) was added to the intracellular solution. All chemicals were purchased at Sigma-
Aldrich Chemie Gmbh (Munich, Germany) or at Carl Roth GmbH + Co. KG (Karlsruhe,

Germany).

Data analysis and statistics

All patch clamp raw data traces were analyzed with the "statistics™ function implemented in
pClamp (Molecular devices, Sunnyvale, California, USA). The positive and negative maximal
values at the transient peak and during the persistent phase were determined. Membrane
voltages were directly measured with the digital meter on the amplifier and corrected by
subtracting the liquid junction potential of our solutions (-13mV). Cell capacitances were
obtained with the electrode test function implemented in ClampEx. The obtained data sets were
further processed with Excel (Microsoft Corporation Redmond, Washington, USA), I-V plots
were also generated with Excel. All statistics as well as box plots were made with R (R
Foundation for Statistical Computing, Vienna, Austria). Conductance values for a specific ion
were calculated by using the equilibrium potentials of Na* (143.26 mV), Ca?* (23.15mV) and
K* (-78.1mV) ions for our given intra-and extracellular solutions. The conductance/maximal
conductance values (G/Gmax) were plotted as a function of the increasing voltage and were
fitted with a first-order Boltzmann fit. G/Gmax plots, fitting of G/Gmax plots with first-order
Boltzman equations and the determination of half maximal activation voltages was done with

OriginLab (OriginLab Corporation, Northampton, Massachusetts, USA).

Neuranatomical analyses and image composition

Both, brains stained with MicrorubyTM and brains with single cell staining with lucifer yellow
(L0259, Sigma-Aldrich Chemie Gmbh, Munich, Germany) were put into fixative solution (4 %
formaldehyde) overnight and rinsed five times for 10 min in PBS (phosphate-buffered saline,
pH 7.2) the next day. Afterwards, the brains were dehydrated in an ascending ethanol series
(50, 70, 90, 95, 2x 100 %, each 10 min) and cleared in methyl salicylate (M2047, Sigma-Aldrich
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Chemie Gmbh, Munich, Germany). The brains were then mounted in methyl salicyate in
custom made microscopy slides and scanned with a confocal laser-scanning microscope (Leica
TCS SP2; Leica Microsystems, Wetzlar, Germany). Further on, the image stacks were
processed with ImageJ 1.46j (Wayne Rasband, National Institutes of Health, Befesta, Md.,
USA) to using the Z-project function. All images were finally arranged with CorelDrawX6
(Corel, Ottawa, ON, Canada).
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Results

Pre-experimental identification of neurons

One important prerequisite for selectively recording from |- or mALT PNs was the
identification of the neuronal cell bodies in the AL tissue, as they are embedded in many cell
bodies of AL local interneurons. The injection of dextran coupled dyes into the brain leads to
the uptake of the dye in neurons with either pre- or post-synaptic profiles in the area where the
dye was injected. The dye then is transported retrogradely as well as anterogradely along the
respective neurites.

Confocal light microscopic analyses after the injection of Microruby™ into the MBs, revealed
that the dye was taken up by KCs, visual, gustatory and olfactory PNs. In a broad overview,
KCs proceeding from the MBs to the vertical lobe, visual commisures connecting the optic
lobes, gustatory PNs ascending from the SEG to the MBs and olfactory PNs ascending from
the AL to the MBs can be distinguished (Fig. 1a).

However, the only cells with axonal arborizations in the MBs and cell bodies in the AL are
olfactory PNs. Therefore, cell bodies in the AL stained after dye injection into the MBs could
be identified as PNs. By focusing on the AL, the two tracts leaving the AL could be easily
identified (Fig. 1c). PN ramifications in the glomeruli as well as stained cell bodies clustered
around the AL are visible (Fig. 1b, ¢). AL reconstructions from Kirschner et al. (2006) show
the location of the PN cell-body clusters color coded in red and green for the m- and the IALT
(Fig. 1d). By comparing these with the Microruby™ stainings of both tracts, it was possible to
identify the individual soma clusters (Fig. 1b, c, d). These cell bodies can also be identified in
situ using a fluorescence light microscope (Fig. 2a, b). By comparing the location of the cell
bodies with the reconstructions from Kirschner et al. (2006), it was possible to distinguish
between m- and IALT cell bodies in situ. To avoid false identification of a cell body, mALT
PNs were only recorded when the whole brain was turned upside down and the SEG was cut
away. The only region where mALT cell bodies can be approached with a patch pipette in an
upright preparation is lateral to the region where the antennal nerve enters the AL (Fig. 1d).
This part of the AL was excluded from recording to avoid the wrong tract association of a cell
body. In contrast, KCs are far more numerous than PNs, and their cell bodies can be found all
over the MBs. We recorded exclusively from Class 1l KCs, also termed clawed KCs, which are

located around the outer border of the MB calyx, outside the calyx cups (Strausfeld 2002).
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Fig. 1 Pre-experimental identification of projection neurons. a Confocal microscopy stack
showing the neurons stained in the mushroom body (MB) with Microruby™ prior to patch
clamp recordings. The medial and the lateral antennal-lobe tract (mMALT/IALT) as well as their
arborizations in the lateral horn (LH) are clearly visible. Furthermore, the tritocerebral tract, the
visual commisure and KC axons were stained. Bar 100 um. b Substack of the ventral part of
the antennal lobe (AL), IALT cell bodies and glomerular branching are clearly visible. ¢
Substack of the dorsal part of the AL, mALT cell bodies, mALT and IALT axons are clearly
visible. Bar 100 um. d Reconstruction of the honeybee AL, the IALT cell bodies (green) and
mALT cell bodies (magenta) can be matched to the cell bodies visible in b and c. The PN axons
of mALT and IALT are indicated. Bar 100 um. Adapted from Kirschner et al. 2006.
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electrode

Action potentials recorded in current clamp

Fig. 2 Patch-clamp recording of visually identified dye-labeled projection neurons (PN). a A
cluster of stained and not stained cell bodies (CBs) viewed with a fluorescence microscope.
Only stained cell bodies were used for PN recordings. b Patch-clamp electrode attached to a
stained PN cell body. ¢ Action potentials (AP) of a honeybee PN elicited in current-clamp mode
- the PN started to generate APs at ~ -40mV. d PN stained with Lucifer Yellow via the patch-
clamp electrode. The CB and the dendritic arborizations in the glomerulus are clearly visible.
Bar 100 pum

Recording under standard conditions

As this represents the first study, which investigates the ion channel composition of honeybee
PNs and KCs in situ, we started by analyzing and comparing basic neuronal properties of the
three neuronal classes under standard conditions. The membrane voltages of IALT PNs in our
recordings ranged from -30 to -50mV, the mean membrane voltage of all cells was -41.5mV
(N=9). Similarly, membrane voltages of mMALT PNs ranged from -33 to -45mV with a mean of
-39.4mV (N=4). In contrast, KC membrane voltages were slightly more negative and ranged
from -42 to- 58mV (mean=-50.5mV, N=6). As the whole cell patch clamp technique can induce
slight leakage currents, which potentially depolarize the cells, we assume even lower membrane
voltages in intact cells. Therefore, during current clamp recordings, a minimal negative current

was injected to achieve resting potentials of around -60mV. PNs recorded in current clamp
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started to fire action potentials at membrane voltages from -50 to -40mV (Fig. 2 c¢). Staining of
whole cells with a neuronal tracer via the patch pipette proved to be extremely difficult and is
shown for a single case in Fig. 2d. The cell body of a IALT PN is visible, as well as dense
dendritic branches within the gomerulus and the first part of the axon. Additionally, two
varicosities of the neuron are visible, one at the branching point of the axon, the primary neurite
and dendritic neurite and the other at the branching point of the dendritic ramifications within
the glomerulus (Fig. 2d).

I-V plots obtained under standard conditions

As introduction of an olfactory stimulation devise would have complicated the experimental
setup drastically, we decided to perform in situ voltage clamp recordings with pharmacological
isolation of currents to identify basic electrical properties of the three neuronal classes. In
voltage-clamp recordings under standard conditions, all three types of recorded neurons (IALT
PNs, mALT PNs and KCs) showed transient inward, transient outward and persistent outward
currents (Fig. 3a). Based on the ion concentrations used for recording under standard conditions,
we conclude that the inward currents were mainly Na* currents and only partly Ca?* currents,
whereas all outward currents were likely K™ currents. The currents which were activated first
during the voltage step protocol (-70 to 70mV in PNs, -90 to 70mV in KCs) were inward
currents. The inward currents of m- and IALT PNs were activated at approximately -50mV, the
inward currents of KCs at -30mV (Fig. 3b). The transient K* currents were activated right after
the inwards currents at -40mV in PNs and KCs (Fig. 3b). These currents deactivated very fast
in PNs and were only slightly higher than the persistent K* currents. In contrast, KCs exhibited
a very prominent transient outward current with about twice the amplitude of the persistent KC
current. This current activated and deactivated significantly slower than the transient current in
PNs (Fig. 3a). Persistent currents activated at -30mV in all three neuron types, yet they showed
different 1V relations in PNs and KCs. PN persistent currents increased with increasing
membrane voltages in a linear IV relationship (Fig. 3b). Conversely, the persistent K current
of KCs shows a nonlinear, distinct N-form in the 1-V plot which increases until 30mV,
decreases slightly until 50mV and increases again at higher membrane voltages (Fig. 3b). This
N-form hints at the presence of purely Ca?*-dependent K* currents, which deactivate once the

Ca?* reversal potential is reached (see for example: Demmer and Kloppenburg 2009).
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I-V plots under standard conditions
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Fig. 3 Current-voltage (I-V) plots showing relations in lateral and medial antennal-lobe tract
(IALT/mALT) projection neurons (PN) and Kenyon cells (KC). a Representative voltage clamp
recordings of IALT and mALT PNs and KCs. The time points at which the transient Na* and
Ca?* currents (I(Na*,Ca?")), the transient K* (1(K*t)) and the persistent K* currents (1(K*p))
were measured are indicated. IALT and mALT PNs have similar currents, KCs differ drastically
as they have only small I(Na*,Ca?*) and a prominent I(K*t) with about twice the size as the
I(K*p). PNs were kept at -70mV, KCs at -90mV. In both PNs and KCs, a quick hyperpolarizing
step of -20mV was used, then the membrane voltage was increased in 10mV increments. b I-V
plots of the three neuronal types (IALT: N=9, mALT: N=4, KC: N=6). Note the N-form hinting
Ca?* dependent K* currents in the 1(K*p) in KCs.
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Capacitance and current densities

Generally, PNs exhibited significantly larger currents than KCs (Fig 3a, b). As, theoretically,
the current flow over all ion channels in the neuron's membrane is measured in whole-cell
voltage-clamp experiments, the number and conductance of ion channels directly influences
the amplitude of the measured current. The number of ion channels itself depends on the ion
channel density and the size of the surface of the neuron. Therefore, larger neurons with an
increased surface will have larger currents. One measure of the size of a cell is its capacitance.
KCs (mean: 6.51pF) had significantly lower capacitances than IALT PNs (mean: 14.25pF) and
showed a trend to have lower capacitances than mALT PNs (mean: 17.27pF). L- and mALT
PNs did not differ from each other regarding these properties (Kruskal Wallis test: p=0.00611,
post hoc Wilcoxon tests with bonferroni correction: IALT vs mALT: p=0.780300, IALT vs KC:
p=0.008391, mALT vs KC: p=0.057150, Fig. 4a). To compensate for the size of the cell, we
calculated the current density by dividing the mean maximal currents by the capacitance of the
cell. Both I- and mALT PNs showed similar current densities, whereas in KCs the Na* current

density is especially low and the transient K* current density relatively high (Fig. 4b).
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Fig. 4 a Mean cell capacitances of lateral and medial antennal-lobe tract (IALT/mALT)
projection neurons (PN) and Kenyon cells (KC). The mean capacitance of the IALT neurons is
significantly larger than the mean KC capacitance (Kruskal Wallis test: p=0.00611, post hoc
Wilcoxon tests with bonferroni correction: IALT vs mALT: p=0.780300, IALT vs KC:
p=0.008391, mALT vs KC: p=0.057150, IALT: N=9, mALT: N=4, KC: N=6). b Mean current
densities of IALT and mALT PNs and KCs. Note the high current density of the transient K*
current and the low current densities of the Na*, Ca?* currents (IALT: N=9, mALT: N=4, KC:
N=6).
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Mean maximal currents and their relation

In the current density measurements, PNs had a higher ratio of Na* to K* currents than KCs,
and KCs had an especially high transient K* to persistent K* current ratio. To calculate the exact
ratios, we determined the mean maximal currents of all cells (fig. 5a). Na* and Ca?* mean
maximal currents were determined at membrane voltages ranging from -50 to 40 mV, K* mean
maximal currents were determined from -40 to 50 mV. The mean maximal Na* and Ca?*
currents in PNs are much larger than in KCs, and the ratio of the transient Na* and Ca?* current
to the transient K* current was significantly larger in m- and IALT PNs than in KCs (Kruskal
Wallis test: p=0.002526, post hoc Wilcoxon tests with bonferroni correction: IALT vs mALT:
p=1, IALT vs KC: p=0.005268, mALT vs KC: p=0.041760, Fig. 5b). Additionally, KCs showed
a pronounced mean transient K* current much larger than the persistent K* current (Fig. 5a).
The ratio of transient K to persistent K* currents is significantly larger in KCs than in I- or
mMALT PNs (Kruskal Wallis test: p=0.005506, post hoc Wilcoxon tests with bonferroni
correction: IALT vs mALT: p=0.780300, IALT vs KC: p=0.023862, mALT vs KC:
p=0.041760, Fig. 5b).
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Fig. 5 a Mean maximal currents of lateral and medial antennal-lobe tract (IALT/mALT)
projection neurons (PN) and Kenyon cells (KC) (IALT: N=9, mALT: N=4, KC: N=6). b The
ratios of the transient Na*, Ca?" currents / transient K* currents is significantly smaller in KCs
than in IALT and mALT PNs (Kruskal Wallis test: p=0.002526, post hoc Wilcoxon tests with
bonferroni correction: IALT vs mALT: p=1, IALT vs KC: p=0.005268, mALT vs KC:
p=0.041760). The ratios of transient K* currents / persistent K* currents is significantly higher
in KCs than in PNs (Kruskal Wallis test: p=0.005506, post hoc Wilcoxon tests with bonferroni
correction: IALT vs mALT: p=0.780300, IALT vs KC: p=0.023862, mALT vs KC:
p=0.041760, IALT: N=9, mALT: N=4, KC: N=6).
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Transient currents

A detailed analysis of the transient K* currents revealed that the PN and KC transient K*
currents do not only differ in their amplitudes, but in their activation and in the time courses
(Fig. 6a). To be able to analyze the exact form of the activation of PN and KC currents, we
plotted G/Gmax values, which were obtained by using the equilibrium potentials for Na* and
K*, although Ca?* and CI- currents might also be present under standard conditions (Fig. 6b).
As much more Na* and K* ions are present in the solutions, we assume that this analysis is
relatively precise. The activation voltage of the transient K* current did not differ between PNs
and KCs and was approximately at -40 mV (Fig. 6b). In the conductance analyses, the PN
conductance was rising faster than the conductance of KCs. The half-maximal activation of the
transient currents was reached at -30mV in IALT PNs, at -15 mV in mALT PNs and at -17 mV
in KCs (half-maxima are obtained from Boltzmann fits to the G/Gmax plots of the peak
currents, Fig. 6b). Additionally, PN transient K* currents were maximal at much lower voltages
than KC transient K* currents. This indicates that these transient currents are partly Na* or Ca?*
dependent and partly voltage dependent in PNs, as they do not increase linearly, and, at the
same time, do not decrease at higher voltages. In contrast, the relatively linear rising phase in
KCs hints at mostly voltage-dependent transient K* currents. By looking at an expanded time
scale, it becomes obvious that PN transient K* currents deactivate much faster than KC transient
K™ currents and appear to activate faster (Fig 6a). To analyze the timing of the activation of the
transient K* current, we determined its latency, which is significantly shorter in IALT PNs than
in KCs (Fig. 6¢, Kruskal Wallis test: p=0.014385, post hoc Wilcoxon tests with bonferroni
correction: IALT vs mALT: p=0.649200, IALT vs KC: p=0.014385, mALT vs KC:
p=0.598500). As the transient K* currents are likely to be Na* or Ca?* dependent, we also
analyzed the latency of the inwards currents’ maxima. No differences in the latencies to the
inwards current maxima (Kruskal Wallis test: p=0.9523 Fig. 6d) could be found. We conclude
that the difference in the latency of the transient K* current does not depend on differences of

preceding inward currents, but rather on differences in the types of K* currents.
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Fig. 6 Transient current analyses under standard conditions. a Representative voltage clamp
recordings of IALT and mALT PNs and KC. The resolution of the time-axis was adjusted for
better visibility of the transient currents. b Conductance/maximal conductance (G/Gmax) plots
for the transient currents of IALT and mALT PNs and KCs. A first-order Boltzman fit was used
to model the data, the equations are given above the plots (IALT: N=9, mALT: N=4, KC: N=6).
¢ The transient K" current activates faster in IALT PNs than in KCs (Kruskal Wallis test:
p=0.014385, post hoc Wilcoxon tests with bonferroni correction: IALT vs mALT: p=0.649200,
IALT vs KC: p=0.014385, mALT vs KC: p=0.598500, IALT: N=9, mALT: N=4, KC: N=6). d
The time delay to the transient Na*, Ca?* currents is not significantly different for IALT and
mALT PNs and KCs. (Kruskal Wallis test: p=0.9523, IALT: N=9, mALT: N=4, KC: N=6).

Pharmacological isolation of currents

In the analysis we conducted so far, the distinction between currents carried by different ions
was based only on the distinction of outward and inward currents. This analysis, therefore,
mainly helped to identify the predominant currents under standard conditions, but cannot be
used to further determine the exact activation thresholds, half-maximal activations, maximal
currents, and the conductance of specific ionic currents. As the 1V relations we observed under
standard conditions indicated Na* currents and a variety of K* currents in PNs, and Na* currents
as well as Ca®* sensitive K* currents in KCs, we decided to use TTX and CdCI2 as primary
pharmacological agents. TTX (10~ mmol), a toxin which is well known from pufferfish, blocks
voltage dependent Na* channels and Na* dependent K* channels (Narahashi et al. 1964). CdCl.
(5x107° mmol) blocks Ca?* channels and, therefore, also Ca?* dependent K* channels (Wicher
and Penzlin 1997). After pharmacological isolation of currents, we did not observe any obvious
differences in the quality of currents between m- and IALT PNs. Therefore, in the following
we do not further distinguish the influences of pharmacological blocking separately for m- and
IALT. The only slightly varying parameters of mALT and IALT PN currents can be taken from
table 1.
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Table 1 Parameters of ionic currents of medial antennal-lobe tract and lateral antennal-lobe
tract projection neurons (MALT/IALT) obtained from raw data and first-order Boltzman fits of
G/Gmax plots.

Na* KNat KNa p Kcat Kca p

mALT  IALT mALT IALT mALT |ALT mALT IALT mALT IALT

threshold -50 -50 -40 -40 -30 -30 -30 -40 -30 -40
mV

V0.5act -275 -29.0 -32.7 -28.7 9.1 3.7 -25.6  -33.9 -7.4 -22.8
mV
~V max -10 -20 -10 -10 50 60 10 -10 70 70
mV
| max 770 1276 930 1536 932 1143 737 1537 555 1160
pA
G max 4.9 7.6 7.7 13.8 6.7 8.2 7.1 13.7 3.8 7.8
nS

m-and IALT currents under the influence of TTX and CdCl,

In the I-V plots obtained after adding TTX to the extracellular solution, the fast inward currents
were almost completely abolished in PNs (Fig. 7a, Fig 8a). Thus, we conclude that the inwards
currents from both types of PNs are dominated by Na* inward currents. Additionally, both the
transient and the persistent K* current were strongly reduced in both PN types after adding
TTX, which leads to the conclusion that the outward current partly consists of Na* dependent
K™ currents (Kna).
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Fig. 7 Pharmacological blocking of Na*, Ca®*, Na* dependent and Ca?* dependent currents in
lateral antennal-lobe tract (IALT) PNs. a Representative voltage clamp recordings of IALT PNs
under standard conditions, TTX and TTX, CdCl, conditions. Most of the transient inward
current is already blocked by TTX, the outward current is also partly blocked. All inward
currents are blocked under TTX, CdCl> conditions, large parts of the outward currents are also
blocked. b Mean current-voltage (I-V) plots of the IALT PNs. The inward currents are
completely blocked with TTX, CdCl>, both small transient as well as small persistent outward
currents remain (N=3).
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mALT PN pharmacology
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Fig. 8 Pharmacological blocking of Na*, Ca?*, Na" dependent and Ca?* dependent currents in
medial antennal-lobe tract (mALT) PNs. a Representative voltage clamp recordings of mALT
PNs under standard conditions, TTX and TTX, CdCl, conditions. Most of the transient inward
current is already blocked by TTX, the outward current is also partly blocked. All inward
currents are blocked under TTX, CdCl conditions, large parts of the outward currents are also
blocked. b Mean current-voltage (I-V) plots of the mALT PNs. The inward currents are
completely blocked with TTX, CdClz, both small transient as well as small persistent outward
currents remain (N=3).

Although the amplitude of the K™ currents was reduced after TTX treatment, the basic shape
remained relatively intact, leaving a fast peak outward current and a sustained K* current (Fig.
7a, Fig. 8a). Both m- and IALT PNs did not differ significantly in this. In a further step, CdClI>
was added to the extracellular solution in order to block all Ca?* currents and, therefore, also
the Ca?* dependent K* currents (Kca). No direct influence on inward currents could be observed,
most likely because under standard conditions Ca?* currents were masked by Na* and K*
currents, which have much higher current amplitudes. However, Kca currents were affected by
the block of the Ca?* channels resulting in decreased K* currents. Very fast and transient K*
peak currents were completely abolished (Fig. 7a, Fig 8a). In some cases, a slower K™ peak

81



Manuscript Il1: Complex and sparse coding along the honeybee's olfactory pathway: potential
contribution of ionic currents of medial and lateral projection neurons and Kenyon cells

current resembling the A-type current observed in KCs could be observed (Fig. 7a). The onset
of the K peak current was significantly slower than under standard conditions (Fig.9, Wilcoxon
test, p= 0.009452) and, qualitatively, the deactivation lasted much longer (Fig. 7a, not
quantified). Additionally, the amplitude of the sustained K* current was reduced. In summary,
PNs contain transient Na* currents (Nay), persistent Na+ currents (Nap), transient Na* dependent
K* currents (Knat) and persistent Na* dependent K* currents (Knap), Ca?* currents, transient
Ca2* dependent K* currents (Kca+), persistent Ca?* dependent K* currents (Kcap), and purely

voltage-dependent K* currents (Kv).

IALT: delay to peak of the transient |(K")

ms . Fig 9 The transient K* current (1(K™)) of
5 lateral antennal-lobe tract neurons (IALT)
is significantly delayed under TTX, CdCl>
4 — conditions (Wilcoxon test, p= 0.009452,
— T N=8).
3 —
o e/
_ 1
1 —
0 —
I |
std TTX, CdCl,

TTX sensitive currents in m- and IALT PNs

As the amplitude of K* currents exceeds the amplitude of Na* currents drastically (Fig. 7 A,
Fig 8 a), the Na* currents are masked by K* currents when they are in the same time and voltage
frame. To compensate for this and thus be able to identify purely TTX sensitive currents, we
subtracted the IV curves obtained with TTX in the extracellular solution as a control from the
curves obtained under standard conditions (Fig. 10a, 11a). In both m- and IALT PNs we found
a very fast voltage dependent Na* current, a sustained Na* current, a very fast peak Kna and a
sustained Kna. The sustained Na* current is relatively small and is also masked by Kna currents,
therefore it can only be observed at membrane voltage of -50 to -30mV, as persistent K* currents
are not pronounced at these low voltages. The two TTX sensitive K* currents, the very fast

transient and the persistent K* current, are both Kna currents which are activated by the fast Na*
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inwards current and the sustained Na* current. To analyze these currents in detail, we plotted
the conductance/maximal conductance values, fitted them with a first-order Boltzmann fit
(Fig.12). With the parameters of the Boltzmann fit and the raw data, we obtained activation
thresholds, half-maximal activation values, maximal voltages, maximal currents and the
conductance. Both m- and IALT PNs did not differ drastically regarding these parameters (table
1). From these data, it is obvious that the peak Kna exhibits a direct relation to the fast Na*
current, as it activates at voltages slightly above the Na* current and reaches its maximum at
approximately -10mV, which is the voltage range where the Na* current is maximal (Table 1,
Fig. 10b, Fig 11b). The sustained Kna current rises linearly in a voltage-dependent manner and
activates at -30mV right after the sustained Na* current, which activates at -50mV. Thus, we

assume that it is mainly voltage dependent but requires minimal Na* ions for activation.

CdCl; sensitive currents in m- and IALT PNs

Ca?* currents are not only masked by K* currents but also by Na* currents, therefore Ca®* and
Ca?* dependent K* (Kca) currents were analyzed by subtracting the IV traces obtained after
adding CdCl> to the extracellular solution from the traces obtained under standard + TTX
conditions (Fig. 10, Fig 11). The current subtraction revealed a slight peak of inward currents
between -30 and -20mV indicating the presence of Ca?* currents. Furthermore, two Kca
currents, namely a transient current (Kcat) and a persistent current (Kcap) can be observed. All
parameters concerning theses currents obtained from raw data and the Boltzmann fits (Fig. 12)
are summarized in table 1. Both Kcat current and Kcap current activated between -40 and -
30mV (tablel) and did not deactivate with increasing voltage (Fig. 10, 11), which indicates that

both are Ca?* and voltage dependent.
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Fig. 10 Isolation of currents in lateral antennal-lobe tract (IALT) PNs. a TTX (std-TTX)
(respectively CdCl (std, TTX-CdCly)) sensitive currents were isolated by subtracting the current
trace obtained under TTX (respectively CdCly) conditions from the current trace obtained under
standard conditions (respectively TTX conditions). Two representative recordings are shown.
For better visibility, the current traces obtained after 30mV difference in membrane voltage are
depicted. In the std-TTX trace, a persistent Na* current can be identified. In the std, TTX-CdCl.
trace, Ca?* tail currents can be observed. b Mean current-voltage (I-V) plots of the isolated
currents. Transient Na*, Ca?" and K* currents as well as persistent Na*, Ca?* and K* currents
can be observed (N=3).
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MALT current isolation
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Fig. 11 Isolation of currents in medial antennal-lobe tract (mALT) PNs. a TTX (std-TTX)
(respectively CdCl (std, TTX-CdCly)) sensitive currents were isolated by subtracting the current
trace obtained under TTX (respectively CdCl) conditions from the current trace obtained under
standard conditions (respectively TTX conditions). Two representative recordings are shown.
For better visibility, the current traces obtained after 30mV difference in membrane voltage are
depicted. b Mean current-voltage (I-V) plots of the isolated currents. Transient Na*, Ca?* and
K* currents as well as persistent Na*, Ca?* and K* currents can be observed (N=3).
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Fig. 12 Conductance/maximal conductance (G/Gmax) plots for the transient Na* and Ca?*
dependent K* currents (Knat, Kna p) and persistent Na* and Ca?* dependent K* currents (Kcat,
Kca p) Of several individual lateral antennal-lobe tract (a, IALT, N=4 for Knat, Kna, N=3 for Kca
t, Kca p) and medial antennal-lobe tract (b, mALT, N=3) projection neurons. A first-order
Boltzman fit was used to model the data, the equations are given above the plots.
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Pharmacological isolation of currents in KCs

KCs exhibited clearly different ionic current properties compared PNs (Fig. 3, table 2). A single
KC was investigated by adding TTX and CdCl: to the extracellular medium (Fig. 13a). All
inward currents were completely abolished, the transient K* current was slightly reduced, and
the persistent K* current was drastically reduced (Fig. 13). The basic shape of the transient K*
current remained the same, displaying an A-shaped form in the I-V plot. Conversely, the N-
form of the persistent K* current was completely lost. The subtraction of the TTX plus CdCl,
IV trace from the trace obtained under standard conditions revealed a little TTX and CdCl:
sensitive inward current, a sustained and a peak K* current (Fig. 14). The transient K* current
blocked by TTX and CdCl. increased linearly in a voltage dependent fashion, whereas the
persistent K* current increased until 20-30 V and decreased at higher voltages (Fig 14b). This
adds evidence to the assumption that this is a purely Ca?* dependent channel, as the reversal
potential for Ca* ions is at 23.1mV with our recording solutions.

Table 2 Parameters of ionic currents of Kenyon cells obtained from raw data and first-order

Boltzman fits of G/Gmax plots.

Na* K* transient K* persistent
threshold (mV) -30 -40 -35
V 0.5act (mV) -21.0 -17.3 -20.8
~V max (mV) 0 60 30
V 0.5 deact (mV) - - 37.7
I max (pA) 161 2737 1278
G max (nS) 1.1 20.3 115
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Kenyon Cell pharmacology
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Fig. 13 Pharmacological blocking of Na*, Ca®*, Na* dependent and Ca®* dependent currents in
a single Kenyon cell. a Exemplary voltage clamp recordings of the Kenyon cell under standard
conditions and TTX, CdCl2 conditions. All inward currents are blocked by TTX, CdCl,. The
transient outward current remains largely unaffected. One part of the persistent outward current
is blocked. b Current-voltage (I-V) plots of the mALT PNs. The inward currents are completely
blocked with TTX, CdCl. the transient K* current is not affected and the N-form of the

persistent K* current vanishes.
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Fig. 14 Isolation of currents in a single Kenyon cell. a TTX, CdCl; sensitive currents were
isolated by subtracting the current trace obtained under TTX, CdCl; conditions from the current
trace obtained under standard conditions. For better visibility, the current traces obtained after
30mV difference in membrane voltage are depicted. b Current-voltage (I-V) plots of the
isolated currents. Transient Na*, Ca?* currents, a transient K* current and a persistent K* current
deactivating which is maximal at 20-30mV were observed.
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Discussion

In this study we selectively recorded in situ from KCs, m- and IALT PNs in whole-cell voltage
clamp configuration. We were able, for the first time, to distinguish between |- and mALT PNs
using a combined staining and recording technique. This revealed no significant differences
between m- and IALT PN currents. However, the differences between KCs and both
populations of PNs were prominent: PNs exhibit strong transient and small persistent Na*
currents as well as Na* dependent transient and persistent K* currents as well as Ca?* dependent
transient and persistent K* currents. KCs, in contrast, have a relatively small transient Na*
current, a prominent A-type K* current, which is not regulated by Na* or Ca?*, and a Ca?"
dependent persistent N-shaped K* current. Generally, our data fit quite well with whole cell
recordings from cultured or isolated brain preparations (Schéfer et al. 1994; Griinewald 2003;
Perk and Mercer 2005). Distinct differences between our in-situ recordings from adult brains
and recordings from pupal neurons in primary cell culture are likely due to differential

expression of ion channels in the in-situ preparation and in the cell culture situation.

Pre- and post-experimental staining techniques

By staining of PNs in the MBs, we were able to localize and record exclusively AL PNs. We
discriminated between m- and IALT PNs by matching their anatomical location with previous
reconstructions of the AL with differentially labelled m- and IALT PN cell bodies (Kirschner
et al. 2006). By using an upside-down preparation introduced by Ca?* imaging experiments by
Carcaud et al. (2012), we were able to selectively access mALT associated PN cell bodies for
in-situ patch-clamp recordings. The most crucial step here was to remove the SEG. As both in-
situ Ca?* imaging (Carcaud et al. 2012) and in-situ voltage clamp recordings of mALT PNs did
not differ drastically from recordings of the IALT PNs, we assume that the recorded neurons
were still functionally intact although the microdissection of the brain was more severe
compared to mALT PN recordings. Microruby™, the dye used in our experiments, is a dextran
coupled biotin dye and was reported to have no influence on physiological properties of cultured
neurons, for example in turtles (Fadool et al. 2001). Micoruby™ was successfully used in
several studies to identify neurons prior to in situ recording or in vitro prior to the generation
of primary cell cultures (Honeybee AN motoneurons in situ and in vitro: Kloppenburg et al.
1999; Locust DUM (dorsal unpaired median) neurons in situ: Heidel and Pfliger 2006;
honeybee PNs in vitro: Griinewald 2003). Therefore, it appears very unlikely that Microruby™
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as an in-situ marker prior to voltage clamp recordings of the stained neurons does interfere with
current recordings. The standard method used in patch clamp recordings for the anatomical
identification of neurons is staining of the neurons with an intracellular marker via the patch
pipette. However, unfortunately the success rate of this method is minimal in honeybees. More
successful staining experiments via whole-cell patch clamp in honeybees were achieved with
antennal nerve motoneurons (Kloppenburg et al. 1999), which could be due to a larger neurite
diameter. In cockroaches, staining of AL neurons via the patch pipette is well established
(Husch et al. 2009; Fusca et al. 2013). Therefore improving the staining protocol by for example
changing the intracellular marker or by pulsed current injection might improve staining
efficiency. Consequently, it was not possible to confirm the selective recording of PNs by
double labelling of all cells with pre-experimentally injected Microcruby™ and counterstaining
with Lucifer Yellow™ (LY) injected via the electrode. However, the distinct localization of m-
and IALT cell body clusters did not necessarily require this. Furthermore, the addition of
another dye (LY) may as well increase the chance of interference with the neuronal physiology.
One difficulty, however, that may hinder staining via the patch clamp electrode might be the
occurrence of very thin neuron parts and varicosities in PNs (see Fig. 2d), which can lead to

series resistance against the flow of the charged dye molecules.

Electrophysiological properties of PNs

General PN properties

In our recordings, PNs were shown to fire action potentials starting at membrane voltages of
around -40mV, and no frequency adaptation was observed. PNs had cell capacitances of about
15pF and a mean membrane resting potential of around -40mV. The capacitances indicate that
the cells measured in situ are slightly larger than cultured PNs, which were described to have a
capacitance of around 11pF (Griinewald 2003). This could also be due to the fact that cultured
neurons were from pupal stages. Although the PNs in primary cultures did grow dendritic
processes, we assume that the difference is at least partly due to the fact that in situ measured
PNs have dendritic and axonal arborizations, which are missing in cell culture. A resting
membrane potential of -40 mV appears rather depolarized. We assume that the resting potential
of PNs is approximately at -50 to -60mV, which resembles the lowest measured resting
potentials. The difference is likely due to damage that the cell received either during the

preparation, during staining or during rupturing of the cell membrane patch. No significant
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differences between m- and IALT PNs regarding their capacitances or their resting membrane

potentials were found.

lonic currents of PNs under standard conditions

PNs were shown to possess prominent Na* currents, Kna, Kca and Ky currents. The 1-V relations
observed under standard conditions partly resemble the ones recorded in cell culture
(Grinewald 2003; Perk and Mercer 2005). Both in in situ and in vitro studies, PNs exhibit a
fast transient Na* current, a fast activating and deactivating transient K* current and a persistent
K™ current. However, Griinewald (2003) describes a non-linear |-V relation for the persistent
K* current leading to an N-form of the |-V plot for cultured PNs. Perk and Mercer (2005)
recorded two types of cultured AL neurons and one of the two types displays the same shape
of I-V relation as in our recordings. The other type does not have a fast transient K* current, but
has a non-linear N-shaped persistent K* current. We conclude from our recordings that the first
type measured by Perk and Mercer in 2005 is a PN type, whereas the second type may be a LN
type. So far, the only explanation for the differences between our recordings and the PN
recordings from Griinewald (2003) are differences between in situ and in vitro ion channel
expression. The basic shape of the I-V plots observed in PN recordings resembles 1-V curves
in honeybee AN motoneurons (Kloppenburg et al. 1999) and I-V curves in dorsal unpaired
median (DUM) neurons recorded in cockroaches (Grolleau and Lapied 1995). The physiology
of DUM neurons has been studied extensively, therefore we will compare currents of honeybee
PNs with currents measured in DUM neurons to gain knowledge about current identities.

Na* currents

The fast Na* current is the typical Na* current necessary for the fast depolarization during action
potential generation (Hille 2001). It activates at -50mV, increases until -10mV, and decreases
from there on. This current is sensitive to TTX, which blocks a wide range of Na* channels
(Hille 2001) and prohibits action potential generation. Additionally, we found a second TTX
sensitive current with a low current amplitude representing a persistent Na* current that
activates around -50mV, but does not deactivate. Due to the very prominent K* currents, the
persistent Na* current can only be observed at membrane voltages below the activation
threshold of the persistent K* currents. Persistent Na* currents have also been described in AN

motoneurons (Kloppenburg et al. 1999) and DUM neurons in cockroaches and locusts
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(Grolleau and Lapied 1994; Brone et al. 2003). Additionally, persistent Na*™ currents have been
investigated in a variety of mammalian neurons, including rat motoneurons (Li and Bennett
2003; Li et al. 2004), rat dorsal root ganglion neurons (Kiernan et al. 2003), rat neostriatum
cells (Chao and Alzheimer 1995), human temporal lobe cells (Vreugdenhil et al. 2004) and
mouse Purkinje cells (Carter et al. 2012). In all these mammalian cells, the persistent Na*
currents were activated subthreshold to action potential generation at membrane voltages
ranging from -70 to -50mV. The Na" currents in insects showed similar activation voltages, yet
it is unclear whether the channels are similar. Nevertheless, Crill (1996) presented three
hypotheses on the mechanisms for non-inactivating Na* channels that could also be valid for
insect neurons: the window hypotheses suggests that only a few Na* channels are activated and
the subset of Na* channels keep changing over the time, leading to a non-inactivating Na*
current which would be consistent with the Hodgkin-Huxley model (Hodgkin and Huxley
1952). The second hypotheses suggests a rare and different type of Na* channel as described in
Purkinje cells (Llinas and Sugimori 1980). Finally, it is possible that the same channel displays
different inactivation modalities (Alzheimer et al. 1993) and switches between fast and slow
inactivation. Whether one of these theories applies for honeybee PNs has to be investigated in
further detail. Apart from its still unclear mechanism, the persistent Na* current is present in
honeybee PNs, AN motoneurons and cockroach DUM neurons leaving room for speculation
about its potential functions. In vertebrates, it is thought to contribute slightly to action potential
generation and to slightly depolarization of neurons and thus may contribute to subthreshold
membrane oscillations (Crill 1996). Furthermore, in olfactory bulb cells of rats, persistent Na*
currents have been shown to be located in close vicinity to Kna channels to provide the
necessary Na* ions for the activation of the K™ channels (Hage and Salkoff 2012). We suggest
a similar function in honeybee PNs as we could show that these neurons have Knap currents
that open in a mainly voltage-dependent manner, but also require intracellular Na*. The
persistent, yet small Na* currents would allow opening of the Knap channels, but the number of
opened channels would depend on the membrane voltage.

Na* dependent K* currents

We observed two types of Kna currents, a fast deactivating transient current and a persistent
current. The fast transient current activates at -40mV and increases until -10mV to reach a
maximal current plateau. The voltage dependence of this current fits well with its dependence
on Na*. It activates at membrane voltages only slightly above the Na* current activation voltage.
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Additionally, the plateau value is reached at the voltage level, at which the Na* current declines.
Whether the Knat current is purely Na* dependent or also voltage dependent could not be
clarified with our recordings. Therefore, further experiments changing the ion concentrations
and thus the reversal potential of Na* ions are necessary. Knat currents have been described in
DUM neurons in cockroaches (Grolleau and Lapied 1994), and are thought to contribute to the
limitation of action potential duration (Grolleau and Lapied 2000). Manduca sexta AL neurons
(Mercer and Hildebrand 2002) as well as cricket Kenyon cells also possess Knat currents (Aoki
et al. 2008). In both Manduca and crickets the function of Knat currents is still unclear, yet the
most realistic hypothesis so far is that they modulate the shape and duration of APs.
Furthermore, these currents have been described in a variety of vertebrate neurons: in bursting
neocortical neurons, Kna t currents are mainly responsible for the postexcitatory
hyperpolarization (Franceschetti et al. 2003), whereas in weakly electric fish Knat currents
reduce AP duration and facilitate high spiking frequencies. In honeybee PNs, the Knatcurrents
make up for approximately half of the amplitude of the transient K* currents. PNs are known
for relatively high firing rates of up to 110Hz (Brill et al. 2013), but do not reach especially
high spiking frequencies. Taking this together, we conclude that Knat currents may contribute
to postexcitatory hyperpolarization as well as the limitation of AP duration in honeybees.
Persistent Kna currents in honeybees are relatively small compared to the transient currents and
activate at membrane voltages of about -30mV. In contrast to the transient currents, persistent
Kna currents show a linear I-V relation. These currents have also been found in different insect
species including cricket KCs (Inoue et al. 2014) and DUM neurons (reviewed in Grolleau and
Lapied 2000), yet their functions were not addressed so far. Kna p currents in cultured tufted
cells of the olfactory bulb of rats are thought to reliably re- or hyperpolarize neurons, as they
neither deactivate over time nor with increasing membrane voltage. They seem to achieve the
linear I-V relation by close spatial proximity, which allows activation by local Na* ion inflow,
which is not hindered by the cytosolic Na* gradient or the electrical gradient (Budelli et al.

2009). Similar functions can be imagined in the honeybee.

Ca®* currents

In our study Ca?* currents were measured after blocking Na* currents with TTX. As K* currents
were not especially blocked, the full magnitude of the Ca?* currents could not be investigated
in our studies. However, it seems that honeybee PNs possess a transient Ca?* current, which

appears at -30 to -20mV. Ca?* currents activating at voltages above -30mV are generally
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classified as high voltage activated (HVA) Ca?* channels. Yet, we also suppose that Ca?*
currents with lower activation thresholds are present in PNs, as Kca currents were shown to
activate already at lower membrane voltages. To determine activation thresholds and dynamics
of Ca?* currents, further experiments are necessary. Using tail-current analysis, we could
identify a persistent Ca?* current with similar activation voltages. Whether the two observed
Ca2* currents are two distinct currents or the inactivation of the transient Ca?* current is just a
result of the activation of the Ca** dependent transient K* current remains to be investigated.
Ca?* channels are definitely present in PNs, as a lot of Ca?* imaging studies confirm (i.e.
Carcaud et al. 2012). Various types of HVA Ca?* channels are expressed in honeybee neurons
(reviewed by Quintavalle 2013) and therefore are highly probable to be expressed in PNs. The
role of Ca2* channels has been investigated in many species including the honeybee and Ca?*
channels are especially important in memory formation (Perisse et al. 2009). Additionally, Ca*
can activate intracellular second messengers (Sah and Faber 2002) and activate a variety of
molecules including CAMKinase Il (expressed in honeybee cells Pasch et al. 2011) and Ca?*
dependent K* channels. Modulation of the intracellular Ca?* concentration is one of the most
potent way of adjusting neuronal function (see for example Ca?" dependent K* channels
reviewed by Wicher et al. 2001).

Ca?* dependent K* currents

As well as for Knacurrents, we did observe a transient and a persistent Kca current. The transient
as well as the persistent Kca current both activated at membrane voltages between -40 and -
30mV. The Kcat current rises after activation and reaches a plateau at around -10 to 10mV
membrane voltage. In contrast to the persistent Kna channel conductance, the Kcat+ channel
conductance reaches its half maximal activation value already between -20 and -10mV, which
is likely due to the reversal potential of Ca®* at 21.3 mV. Both Kcacurrents are not purely Ca?*
dependent, but also voltage dependent, as no decrease of the current above 21.3mV was
observed. The activation membrane voltage, the existence of a transient and a persistent
component as well as the plateau reached by the transient current and the linear I-V relation of
the persistent component are all properties of the pSlo subunit of the big K* conductance (BK)
channel described in cockroach DUM neurons in detail by Derst et al. (2003). A similar current
was observed in cultured AL neurons recorded by Perk and Mercer (2006). However, in
cultured honeybee PN recordings from Griinewald (2003) no such current was observed.
Instead, the Kca current exhibited a descriptive N-form in the I-V plot (Grinewald (2003),
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which is typical for small K* conductance (SK) Kca currents that are purely Ca?* dependent and
not voltage-dependent (reviewed by Adelman et al. 2012). We did not observe an N-shape of
the K* current, therefore we conclude that PNs do not or only at a minimal level express SK
currents. Apart from the general difference to the in-situ situation we have no comprehensive
explanation for these differences with recordings of cell cultured PNs by Griinewald (2003).
The transient (Kcat) and the persistent (Kcap) component indicate the presence of two different
BK channel subunits, similar to the a- and B-subunit of human cells (Zeng et al. 2007). To
finally determine the nature of the Kca channels, specific pharmacological blocking with
Apamin, a selective SK channel blocker, and Iberiotoxin, a selective BK channel blocker (Sah
and Faber 2002), are necessary. Nevertheless, our results suggest that the Kca current we
recorded in honeybee PNs is a BK current. The functional implications of the BK currents have
been studied in cockroach DUM neurons in detail. The transient component of the BK current
is involved in the shaping of APs, the total time of the AP (Wicher et al. 2006) and the
magnitude of the post AP hyperpolarization (Derst et al. 2003). Similar effects of the transient
component have been found in different mammalian cells including mouse motoneurons (Lin
et al. 2014b) and rat amygdala cells (Faber and Sah 2002). These regulatory tasks of the
transient component fit well with our data, as the transient component we recorded is very fast
and has a rather large amplitude, which could directly influence these AP properties. The
persistent component of the BK current has been reported to influence the interval between two
consecutive APs (Wicher et al. 2006).

Purely voltage-dependent K™ currents

After blocking Knaand Kca currents with TTX and CdCI2, we still observed voltage dependent
outward currents. In most of the neurons, a transient outward current activating between -50
and -40mV, which showed slower activation and inactivation than under standard conditions,
could be observed. Furthermore, we found a persistent outward current activating between -40
and -30mV. Both these currents have been observed in cultured AL neurons by Perk and Mercer
(2005), although activating at slightly higher membrane voltages. In contrast, in in-situ
measurements in cockroaches transient and persistent outward currents that activate at slightly
lower negative membrane voltages were measured (Grolleau and Lapied 1995). In both studies,
the transient outward current was classified as an A-type K current sensitive to 4-
Aminopyridin (4-AP), the persistent outward current was sensitive to quinidine (Grolleau and
Lapied 1995; Perk and Mercer 2005). We assume that honeybee PNs exhibit similar currents,
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although pharmacological blocking with 4-AP and quinidine will be necessary to definitely
clarify their presence. The slightly slower activation and inactivation of the transient A-type K*
current compared to the transient Kna and Kca currents indicates that it does not play a role in
forming the shape or regulating the duration of APs by directly hyperpolarizing the membrane.
It is more likely to contribute to re- and hyperpolarization after a longer phase of pronounced
depolarization induced by excitatory synaptic input and could therefore regulate the spiking
frequency. This function of the A-type K" current was also suggested for cockroach DUM
neurons (Grolleau and Lapied, 1995). The persistent Ky could be involved in re- and
hyperpolarizing the membrane during even more prolonged depolarization, when the A-type

current is already inactivated.

Influences of ionic currents on PN functionality

The subset of currents that we observed in PNs is relatively similar to currents observed in
cockroach DUM neurons (reviewed by Grolleau and Lapied 2000). The kinetics and activation
of all observed currents as well as their probable function was similar to either DUM neuron
currents and/or currents known from other animals, including vertebrate neurons and cell
cultured neurons. In short: honeybee PNs do have a transient Na* current, a persistent Na*
current, a transient Ca2* current, a persistent Ca?* current, a transient Kna current, a persistent
Kna current, a two-phasic BK current, an A-type K* current and a persistent Ky current (Fig.
15a). The transient Na* current should be responsible for the depolarization phase of the AP,
the persistent Na* current should counteract extreme hyperpolarization and also keep voltage
dependent Kna currents activated. The transient part of the Kna current and the BK current are
likely to reduce AP duration and re- and hyperpolarize the membrane. The persistent part of the
Kna current and the BK current, the Kna and the persistent KV are likely to hyperpolarize the
membrane between APs and to increase the time between two APs. Taken together, this
ensemble of properties makes PNs well suited as neurons with relatively high response and
spontaneous AP frequencies, which can respond reliably to synaptic input. The phasic-tonic
response pattern observed frequently in intracellular and extracellular recordings of PNs (Abel
et al. 2001; Muller et al. 2002; Krofczik et al. 2008; Strube-Bloss et al. 2011; 2012; Brill et al.
2013) can be easily explained with this set of ion channels. After odor stimulation, OSNs will
excite PNs and cause high AP frequencies, which are supported by transient Kna and Kca
currents decreasing the time of single APS. The excitation will lead to increases in the cytosolic
Na* and Ca®" levels, persistent Kna and Kca and Ky channels will open. The K* mediated
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hyperpolarization will slightly counteract the excitatory input and will thus decrease the phasic
odor response to the tonic response. Strong synaptic input will result in a high response AP
frequency, which will lead to fast increases in the cytosolic Na* and Ca?* levels and thus
afterwards a strong hyperpolarization. Pure tonic responses are likely to be caused by either low
concentration stimulation or by a low binding probability of the stimulation odor to the
receptors on the OSNs, which form synapses with the recorded PN. The AP-burst
hyperpolarization response pattern recorded by Muller et al. (2002) can also be explained with
the mechanism of hyperpolarization through persistent Kna and Kca and Ky channels. This
pattern was only found in one PN study (Muller et al. 2002), yet most other studies used lower
odor concentrations for stimulation (Krofczik et al. 2008; Strube-Bloss et al. 2011; 2012; Brill
et al. 2013). After lower concentration stimulation, less persistent excitation will also result in
the opening of less Kna and Kca and no hyperpolarization will be present in the recordings.
Similar bursting patterns have been observed in moth after pheromone stimulation (Chaffiol et
al. 2012). As moths are extremely sensitive for the pheromone, this fits well with our theory.
Strong PN activation will lead to an intrinsic hyperpolarization mechanism, which even causes
post-AP —burst inhibition in extreme cases. Although we could show the ionic basis for such a
mechanism, LNs may also be the source for the post-burst hyperpolarization. Additional
support for the intrinsic hypothesis comes from the fact that some neurons change their
spontaneous activity pattern from regular to bursting after stimulation, which indicates elevated
Na* and Ca®* levels that lead to longer hyperpolarizations and AP frequency oscillations.
Nevertheless, a combination of negative feedback via GABAergic LNs and hyperpolarization
via Kna, Kca and Ky currents is most likely. Furthermore, modulation of the firing frequency
should be possible on different modulatory channels: both phases of BK currents were shown
to be inhibited by dopamine (Perk and Mercer 2006), which could lead to a less pronounced
hyperpolarization between two APs and thus higher spiking frequencies (Fig. 15b).
Furthermore, AKH1 (adipokinetic hormone) was shown to negatively affect transient Na*
currents and to positively affect transient and persistent Ca?* channels in cockroach DUM
neurons (Wicher et al. 2006). AKH1 modulation of PNs could thus lead to increased spiking
frequencies due to shortened AP duration by a more pronounced BK channel activation. If

AKH1 influences BK channels and if it is present at all in honeybees remains to be investigated.
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Fig. 15 Comprehensive model of the currents recorded in projection neurons (PN). a Action
potential trace with membrane voltage levels. The activation voltages and major tasks of the
different ionic currents are indicated. Transient (Na;) and persistent Na* (Nap) currents
depolarize the membrane. Transient (Ca;) and persistent Ca* (Cay) currents also depolarize the
membrane, yet are more important for the activation of K* currents and modulation. The two
fast transient Ca®* dependent K* currents (Knat, BK:) hyperpolarize the neuron right after
activation and reduce action potential (AP) duration. The persistent Ca?* dependent K* currents
(Knap, BKp) generally hyperpolarize the membrane. Voltage-dependent K* currents
hyperpolarize the membrane and may increase the time between two successive APs. b Basis
of the activation of the currents implemented in a. The lightning symbols mark voltage
dependency of a current. The binding pockets show Na* dependent or Ca®* dependent
activations and possible targets for modulation (*) with, for example dopamine (DA,+).

Differences in neuronal coding between m- and IALT

Generally, we did not find major differences concerning the qualitative presence of currents,
activation thresholds of currents, resting membrane voltages and cell capacitances between the
two tracts. All currents investigated by us are probably non-synaptic currents, as reviewed by
Wicher et al. (2001). Both m- and IALT PNs were shown to spontaneously generate APs and
to respond with different AP patterns to odor stimulation (Mdiller et al. 2002; Krofczik et al.
2008; Strube-Bloss et al. 2011; Brill et al. 2013). Therefore, PNs of both tracts do need ion
channels, which support rapid de- and hyperpolarization in order to maintain high frequencies

and to be able to respond appropriately to synaptic input. The ion channels shown in our
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recordings and discussed above seem to be perfectly suited for this task, thus it fits well that
these channels are present in PNs of both tracts. In a more detailed analysis of activation
thresholds, maximal voltages and the conductance, small differences between the neurons of
the two tracts appeared. These differences in the slope of the I-V plots and the G/Gmax plots
were most prominent in BK currents: IALT PNs had lower thresholds, lower half maximal
activation and lower maximal voltages of Kca currents. Such BK currents were shown to be
negatively affected by dopamine (Perk and Mercer 2005) and were shown to positively affect
AP frequency in DUM neurons, as they shorten AP duration (Wicher et al. 2006). Taken this
together, dopaminergic modulation of BK channels might decrease BK currents in mALT PNs
and thus lead to lower AP frequencies as observed in extracellular recordings (Brill et al. 2013).
The explanation of the differences between the two tracts by neuronal modulation instead of
basic qualitative differences in ion channels between the two sets of neurons also explains
individual neuronal variance. Whether these hypotheses are indeed true, needs to be validated
by further experiments, as the quality of the recordings can also affect the different parameters
of the observed currents. Additionally, the differences between the two tracts in terms of
spontaneous activity and odor response frequencies (Brill et al. 2013) can be due to differences
in synaptic connectivity of OSNs, LNs and PNs or due to differences in the synaptic currents.
OSNss of a specific type of olfactory sensillum (Sensillum basiconicum) were already shown to
project preferentially to mALT associated glomeruli. Furthermore, axons of these OSNs seem
to be thicker than OSNs from other sensilla (Kropf et al. 2014). This shows that the connectivity
of OSNs and PNs may vary between the two tracts. Honeybee LNs vary drastically in their
shape and response pattern (Meyer and Galizia 2012) and are thus also likely to affect odor
coding in PNs and could lead to differences between the two PN tracts. The hints for differences
in wiring together with the fact that we did not find any differences in non-synaptic currents
between the two tracts let us assume that the differences between the two tracts are most likely

due to differences in the neuronal wiring and to neuronal modulation via LNs.
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Electrophysiological properties of KCs

General KC properties

The KCs in our experiments had mean membrane resting potentials ranging from -42 to -58mV
and a mean capacitance of 6.5pF. As in PNs, we suppose that the membrane potential will be
lower when the neuron is not injured, thus we expect membrane potentials of -60 to -65mV,
which would be consistent with the mean potential (-62.1mV) in other in situ recordings of
honeybee KCs (Palmer et al. 2013). Several in vitro studies with primary cultures of honeybee
KCs were conducted so far. The mean membrane resting potential was only published once
with a value of -84.7mV (Wistenberg et al. 2004), mean capacitances ranged from 2.6 to 4.1pF
(Schafer et al. 1994; Grinewald 2003; Wustenberg et al. 2004). The capacitance measured in
situ by Palmer et al. (2013) amounted 3.2pf. So far, we have no satisfying explanations for the

differences in cell capacitance.

lonic currents of KCs

Under standard conditions, KCs exhibit a fast inward current, which is likely to be a Na* current.
The outward currents can be roughly divided in a transient K* current with an A-shaped form
and a persistent current which has a non-linear I-V relation leading to an N-shaped form of the
I-V plot. The A-type K* current activates at -45mV, the Na* and the persistent K current
activate at approximately -40mV. The activation voltages of the currents as well as the basic
shape of the I-V plots is consistent with the 1-V plots obtained from KCs in cell culture (Schéfer
etal. 1994; Pelz et al. 1999; Griinewald 2003) and in situ in isolated brain preparations (Palmer
et al. 2013). The only prominent difference is that no N-shape was observed in cell cultured
KCs by Grunewald (2003).

A-type K* current in KCs

The most prominent current observed in the KC recordings was the transient A-type K* current.
This current activates at approximately -45mV and increases linearly in a voltage dependent
manner. It remains almost unaffected by blocking of Na* channels with TTX and blocking of
Ca?* channels with CdCl.. Under standard conditions, this current is about twice as large as the
persistent K* current and about 20x larger than the Na* current. The A-type K* current was

investigated in great detail in cell cultured honeybee PNs (Pelz et al. 1999). The activation
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threshold as well as the dynamics of the A-type current are relatively similar in all studies on
primary KC cultures (Schafer et al. 1994; Pelz et al. 1999; Griinewald 2003) and fit well with
our data. Although the A-type current is a fast transient activating current in honeybees, its
activation is marginally slower than the activation of the Na* and Ca®" dependent transient
currents in PNs. Especially the deactivation lasts much longer than the deactivation of the
transient currents in PNs. With its slightly slower kinetics compared to PN transient K* currents,
we think that the A-type current does not contribute as much to AP shaping but rather inhibits
the neuron after synaptic input and thus contributes to the sparse information coding in the
MBs.

Na* and Ca?* sensitive currents in KCs

After blocking Na* and Ca?* currents, no inward current was present anymore. The transient
K™ current was slightly reduced, yet the dynamics of the transient current were not affected.
Thus, we conclude that the transient current is carried only to a minor degree by either Ca®* or
Na* sensitive K™ channels. Furthermore, the persistent outward current was drastically reduced
in amplitude and did not display the typical N-shaped form in the I-V plot anymore. The N-
shape is normally caused by voltage independent Kca currents channels (Hirschberg et al. 1998),
which are mostly termed SK channels (Adelman et al. 2012). The Ca?" influx after
depolarization ends when the equilibrium potential for Ca®* ions is reached. Above this
membrane potential, the Kca current will also decrease, which will lead to an N-form in the I-
V plot. This typical shape has been reported both in honeybee KC primary cultures (Schafer et
al. 1994) as well as in situ isolated brain preparations (Palmer et al. 2013). Although this shape
did not appear in cultured KCs (Griinewald 2003), we assume that it is an important current in
honeybee KCs. SK channels have been studied in various species so far, yet their clear functions
remain uncertain (reviewed by Adelman et al. 2012). Similar Kca currents were found in
cockroaches, yet their amplitude was about twice as large as the amplitude of the A-type K*
current (Demmer and Kloppenburg 2009). Because of the huge Ca?* currents and the rather
large Kca currents they found, Demmer and Kloppenburg (2009) argue that the Kca channels
are likely to contribute to sparse odor coding in cockroach KCs. As the A-type K* current is
almost twice as large as the persistent Kca in honeybees, we suppose that in honeybees sparse
odor coding is more likely to be influenced by the A-type K" current. Other functions of SK
channels have been described in vertebrates: although the mechanism is unclear, SK channels
were shown to be inhibited after muscarinic acetylcholine receptor activation (Buchanan et al.
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2010; Giessel and Sabatini 2010). The block of the SK channels was followed by an increase
of the amplitude of synaptic potentials and therefore facilitated long term potentiation (LTP)
(Giesel and Sabatini 2010). KCs are the cell type, which is mainly associated with learning and
memory in insects (reviewed by Heisenberg 2003). Together with the modulation of muscarinic
acetylcholine receptors, which leads to more dendritic arborizations in honeybees (Dobrin et al.
2011), this gives support to the hypothesis that muscarinic modulated SK channels in honeybee
KCs mediate LTP and thus also synaptic plasticity.

Impact of ionic currents on KC functionality

Generally, KCs in insects are thought to act as coincidence detectors exhibiting synaptic
plasticity after simultaneous input from PNs, which may even convey information from
different sensory modalities (Perez-Orive et al. 2004; Gupta and Stopfer 2011; Dubnau 2012;
Rossler and Brill 2014). To achieve good coincidence detection properties and a pronounced
spatial separation of information, neurons need to encode information in a spatially and
temporally sparse fashion. After the integration of information from different sensory
modalities, specific synaptic connections can be strengthened, which than lead to the
establishment of long-term memory traces. The MBs are well known for synaptic plasticity
(Hourcade et al. 2010; Stieb et al. 2010) and therefore likely to be the major center of learning

and the formation of long-term memory.

Sparse coding

The huge A-type K current observed in honeybees can serve perfectly for the generation of
sparse stimulus representations ending already shortly after stimulus onset (Fig. 16). KCs in
honeybees have been shown to respond only to the stimulus onset (Szyszka et al. 2005, Froese
et al. 2014), even though the odor responses of PN axonal boutons lasted during the whole odor
stimulation (Szyszka et al. 2005). This change in stimulus representation can be caused by the
huge voltage dependent A-type currents in KCs. Additionally, KCs are inhibited by SK
channels. Yet SK channels have much slower activation kinetics than the A-type current,
therefore they are less likely to cause the shortening of stimulus responses. Instead, they might
contribute to the hyperpolarization at times when no APs are generated and might impede the
generation of new APs. Honeybee KCs also receive GABAergic input in the MBs, which could

also lead to self-inhibition after odor stimulation (Palmer and Harvey 2014). Yet Froese et al.
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(2014) could show that blocking of the fast ionotropic part of the GABA response did not affect
the fast termination of odor responses. Whether dominant A-type currents generally promote
sparse coding remains to be investigated. In at least one type of Drosophila KCs, the A-type K*
current is also the most prominent current (Gasque et al. 2005). In Ca®* imaging experiments,
Drosophila KCs do seem to respond less sparse than honeybee KCs (Lei et al. 2013; Li et al.
2013). Yet in whole cell patch clamp studies Drosophila KCs also exhibit temporally sparse
and fast odor responses (Turner et al. 2008; Murthy and Turner 2013). One reason for this
difference might be that the Ca?* sensor, G-CaMP, was genetically expressed (Lei et al. 2013;
Li et al. 2013) and might be too abundant in the cells, which could lead to artificially prolonged
odor responses. We therefore conclude that Drosophila KCs may also employ temporal sparse
coding, which is at least partly achieved by a prominent A-type current similar to honeybees.
The whole cell currents of a few other insects have been studied (cockroaches: Demmer and
Kloppenburg 2009; crickets: Terazima and Yoshino 2010; Inoue et al. 2014; silkmoths: Tabuchi
et al. 2012). Although only cockroach KCs have been shown to employ sparse odor coding, it
is highly likely that KCs of other insects also encode information in a sparse fashion. Besides
Drosophila, none of the other species with identified KC currents exhibits similar current-ratios
of transient K* currents to persistent K* currents to the honeybee. Under standard conditions,
the current set of cricket KCs (Terazima and Yoshino 2010; Inoue et al. 2014) resembles the
currents of honeybee PNs or cockroach DUM neurons (reviewed by Grolleau and Lapied 2000).
Silkmoth KCs do, under standard conditions, not exhibit prominent transient K* currents at all
(Tabuchi et al. 2012). In cockroaches, A-type K* currents were observed, yet they do not
dominate the I-V plots comparable to the situation in the honeybee. Instead, cockroaches
display large SK currents in KCs, which could serve the generation of a sparse code (Demmer
and Kloppenburg 2009). Nevertheless, no physiological data after odor stimulation is available
for silkmoth or cricket KCs, therefore we cannot be sure whether these insects really exhibit
such a sparse temporal code as it is the case in the honeybee. We finally conclude that honeybee
KCs and Drosophila KCs employ sparse odor coding and thus need a pronounced A-type
current, which directly hyperpolarizes the membrane after stimulation. We expect a similar
current profile in locusts, as their KCs also generate APs in an extremely sparse fashion.
Whether the other species, which do not employ such a dominant A-type current, exhibit
extremely sparse odor responses remains to be investigated. The example of sparse coding in
cockroach KCs shows that there are at least two mechanism to generate sparse coding with

intrinsic neuronal properties (Demmer and Kloppenburg 2009). The different ionic currents
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observed in crickets (Terazima and Yoshino 2010; Inoue et al. 2014) and silkmoths (Tabuchi
et al. 2012) imply that even more mechanisms might be possible.

Additionally to the temporal sparseness of stimulus representation, the spatial sparseness, which
is a measure for the number of KCs, which respond to the same stimulus, is also important.
Honeybee KCs were shown to receive GABAergic input (Palmer and Harvey 2014) via
feedback neurons. In Drosophila, blocking of feedback neurons in the MBs led to a less sparse
spatial coding in the MBs (Lin et al. 2014a). Different types of feedback neurons have been
morphologically described in the honeybee and were shown to branch over the whole calyx
(Grunewald 1999). Taking this together, we conclude that feedback neurons inhibit KCs in a
negative feedback loop and are thus responsible for creating a potentially spatially sparse
representation of stimuli in the MBs, whereas the temporally sparse code is caused by intrinsic

neuronal properties.

AP: AP: Synaptic input Ca™ dependent Synaptic input =~ Synaptic input
repolarization, depolarization — depolarization hyperpolarization —» modulation | — hyperpolarization
hyperpolarization — inhibition —> sparse coding
—» sparse coding —> LTP facilitation

Ach Ach GABA

Na* & cat ca” AR Qo
‘\ a ‘\
KV, Na, nAchR Ca GABAR
; ; ; intracellular
K K

LTP
Fig. 16 Comprehensive model of the potential influence of currents recorded in Kenyon cells

on information coding and learning and memory. The lightning symbol marks voltage
dependencies of a current, the intracellular binding pockets show Ca?* dependent activations.
The extracellular binding pockets indicate neurotransmitter receptors. Synaptic input will
depolarize the neuron through nicotinic acetylcholine receptors (NAchR), action potentials (AP)
are potentially generated by Na* channels. Voltage-dependent, transient K* currents (KVa)
hyperpolarize the neuron immediately and ensure the temporally sparse code. Ca®* dependent
K* channels (SK) hyperpolarize the neuron after the transient K* currents and prevent
excitation. Acetylcholine (Ach) may bind to muscarinic acetylcholine receptors (mAchR),
which inhibit SK channels via a G-protein coupled cascade. This allows follow-up excitation
and therefore may promote long term potentiation (LTP). GABAergic activation of GABA
receptors (GABA R) will hyperpolarize the cell and regulate its excitability to regulate spatially
sparse coding.
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lon channels and learning and memory

The most important role of the MBs according to insect literature is the formation of memory
(for example: Gerber et al. 2004; Davis 2005; Giurfa 2007; Hourcade et al. 2010; Cervantes-
Sandoval et al. 2013). The knowledge about the exact neuronal mechanisms of learning and
memory is mainly fragmental, yet it is highly likely that sufficient neuronal activation leads to
increases in the cytosolic Ca?* level, which than triggers Ca?* dependent kinases that activate
protein synthesis (for a broad overview of potential mechanisms see Kandel et al. 2014). Strong
simultaneous input from neurons transmitting information about different modalities should
depolarize the neuron sufficiently. But, as honeybee KCs possess A-type K* channels, SK
channels and GABAergic feedback neurons, which hyperpolarize the membrane, sufficient
depolarization for the induction of synaptic plasticity is probably rare. Synaptic excitatory input
to the KCs is mediated by acetylcholine and several nicotinic acetylcholine receptor subunits
are expressed in the honeybee MBs (Dupuis et al. 2011). Nevertheless, modulation of
muscarinic acetylcholine receptors has been shown to affect the volume changes in the MBs in
honeybees (Ismail et al. 2006). Furthermore, Dobrin et al. (2011) could also show that activation
or inhibition of the muscarinic acetylcholine receptor influences the dendritic growth of KCs,
which indicates that muscarinic actylcholine receptors are also involved in learning and
memory processes. In vertebrates, muscarinic acetylcholine receptors have been shown to
inhibit SK channels via a G-protein coupled cascade (Buchanan et al. 2010; Giessel and
Sabatini 2010). Inhibition of SK channels leads to LTP and can therefore help rising Ca?* levels
over a prolonged time which will finally lead to an increase of the dendritic arborizations. As
the dendrites of honeybee KCs have been shown to grow after activation of muscarinic
acetylcholine receptors (Dobrin et al. 2011) and we could show the presence of SK channels in
KCs, we suppose a mechanism similar to the one in vertebrates. This would also fit well with
data from cultured honeybee KCs, which did not exhibit ionic currents induced by muscarinic
agonists (Wustenberg and Grinewald 2004), as the mAchR-SK coupling hypotheses does not

involve muscarinic activation of ion channels (Fig. 16).
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Conclusion

Finally, we conclude that PNs of both the m- and the IALT do not differ in the quality of their
ionic currents, which support their properties as spiking neurons (Fig. 15). Whether the
differences between m- and IALT PNs are due to modulation or due to synaptic input or even
both remains to be investigated. The currents observed in KCs support sparse coding and might
provide a basis for processes involved in learning and memory (Fig. 16). To clarify these

processes, further experiments are necessary.
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Additional material and methods

Additional material and methods

One major part of my PhD project was the establishment of a preparation suitable for in situ
patch clamp recordings of m- and IALT PNs and KCs. The major points for this procedure will
be explained in this short material and methods paragraph. I will not describe tract staining with
Microruby™ in detail, as this method is well established (Kirschner et al. 2006; Zube et al.
2008).

For the success of the in situ preparation, three major goals should be pointed out:
1. accessibility of the desired cell bodies

2. stability of the preparation

3. survival rate of the preparation

1. A clear path of the patch clamp electrode to the goal cell bodies is necessary. By simply
opening the cuticle from above, it is fairly easy to approach IALT and KC cell bodies (Fig. 1a,
b). However, mALT cell bodies are located in two clusters at the dorsal side of the AL: To
access these, the preparation needed to be turned upside down (Fig. 1c), similar as it was done
in imaging experiments by Carcaud et al. (2012). The proboscis and the cuticle beneath the
brain were removed using microscissors. Glands, muscles and tracheae covering the brain were
gently removed. Additionally, the subesophageal ganglion (SEG) was removed by pushing it
in the direction of the MBs (Fig. 1c, d). Removing of the SEG turned out to be the most critical
step. After carefully cutting away the proboscis and the surrounding cuticle, the nerves
containing gustatory sensory neurons became visible. By grabbing those with foreceps, it
became possible to slightly pull the SEG in the direction of the MBs. At some point, pulling of
the SEG became no more feasible. | then closed the forceps and pushed the SEG further away
from the AL. To confirm the progress of the dissection, the brain was sometimes viewed under
the fluorescent microscope with 400x magnification. As the mALT PN cell bodies are situated
in two large clusters, they are relatively easy to identify. If these two clusters were not visible,
more of the SEG had to be removed. The SEG in the honeybee is a relatively large structure
and needs to be removed in a rather drastic fashion, which sometimes leads to severing the
antennal nerve. | discarded preparations with severed antennal nerves, as the nerve keeps the

AL in place which is necessary for correct identification of the PN cell bodies.
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2. Patch clamp recording demands a preparation which is even more stable than the preparation
for intracellular recordings or for Ca?* imaging, as even little movements will disrupt giga seal
formation. Therefore, the mandibles were put into gently heated dental wax (Flexaponal white,
Dentaurum, Ispringen, Germany) in an upright fashion to avoid movements. | used a soldering
iron with a fine soldering head controlled with an adjustable power source (ouput: ~3.2 V, 1.5A,
Voltcraft PS-1152A, Conrad Electronics, Hirschau, Germany) to melt the dental wax. Once the
mandibles were covered with wax, the preparation was put in a refrigerator for approximately
10 seconds to harden the dental wax. All of the cuticle covering the ALs and the MBs was
removed. The cuticle below the brain as well as the eyes were left intact to stabilize the brain.
All glands and trachea covering the brain were manually removed using fine forceps. Then, the
heads were severed from the thorax. The brain was fixed in the recording chamber (RC-22C,
Warner Instruments, LLC, Hamden, Connecticut, USA) by pressing the hardened dental wax
surrounding the mandibles into slightly softer peripheral wax (Surgident, Heraeus Kulzer
GmbH, Hanau, Germany) in the recording chamber. The cuticle around the eyes and beneath
the brain was left intact to stabilize the brain. In contrast, Palmer et al. (2013) isolated the brain
and used a harp to keep it in place. For stabilization purposes, both methods work. One
advantage of my method is that theoretically an olfactory stimulus device could be added and

the brain is still connected to major sensory and motor nerves.

3. The survival rate of the neuronal cell bodies directly depends on the amount of damage they
received during dissection. Therefore, fine and, most importantly, firmly closing dissecting
forceps are necessary for the preparation. Additionally, a high quality dissection microscope
(maximal magnification 60x multiplied with for example 2.5x oculars) should be used. No
stabilization tools or micromanipulators are needed for the dissection. To be able to record from
the cell bodies, the glia sheath covering them has to be removed. In my hands, manually
removing it without enzymatic treatment worked best. A thick layer of tracheae covers the
honeybee brain, which was removed in a first step. After this, fine tracheae, which may not be
visible, still remained over the brain. To remove the glia sheath, these tracheae were carefully
grabbed, distant from the target tissue. Once a secure hold on one of these tracheae was
achieved, they were pulled in direction of the target tissue and the glia sheath was slightly
elevated with the tracheae. After the glia sheath was slightly elevated from the tissue, it was
directly grabbed and removed. If the brain was still covered with the glial sheath, the procedure
was repeated. The surface of the cells was then carefully examined with the microscope and

blown up or shriveled cells were excluded from recording.
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Additional material and methods
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Fig. 1 Schematic drawing of the preparation of the honeybee brain for patch clamp recording a
Top view at a reconstruction of a honeybee brain. The optic lobes (OL), the mushroom bodies
(MBs) as well as the antennal lobes (ALs) are visible. Adapted from Rybak et al. 2010. b Side
view of the reconstruction under the conditions of lateral antennal-lobe tract recording or
Kenyon cell recording. Both the AL and the MB are easily accessible with the patch clamp
electrode. ¢ Side view of the reconstruction under the conditions of medial antennal-lobe tract
recording. The preparation is already turned around. The subesophageal ganglion (SEG) hinders
access to the AL and has to be removed. d Side view of the reconstruction under the conditions
of medial antennal-lobe tract recording with the SEG already removed. The AL then is easily
accessible for patch-clamp recordings. e Schematic drawing of the honeybee brain in the
recording and perfusion chamber. All structures with the same color or pattern are at the same
horizontal level. The mandibles are fixed in dental wax, and the dental wax is secured in the
chamber with additional dental wax with a lower melting point (mp). The patch-clamp electrode
is connected to an AL projection neuron. The reference electrode is in the bath solution.
Perfusion-IN and OUT as well as the suction reservoir are shown.
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General discussion - Differences in sensory input and neuronal connectivity in the AL: reasons and
consequences

General discussion

In my doctoral thesis I investigated the olfactory pathway of the honeybee, an important model
system for olfactory processing and behavior. The main focus was on identifying the origins of
differences in odor coding between several components of the olfactory system, projection
neurons of the medial and lateral antennal lobe output tracts (m/ALT PNs) and downstream
intrinsic neurons of the mushroom bodies, the KCs. By means of neuroanatomical tracing and
quantification by 3D confocal imaging, a female specific subsystem comprising S. basiconica
and mALT associated glomeruli could be identified. Furthermore, I investigated the ion channel
composition of mALT PNs, IALT PNs and KCs. Some of these ionic currents were already
recorded from the respective honeybee neuronal populations with the neurons maintained in
primary cell cultures (for example Schéfer et al. 1994; Griinewald 2003; Perk and Mercer 2006).
My approach is the first to investigate the whole cell currents of these neuronal populations in
situ, being able to distinguish between m/I ALT PNs and to record from intact KCs.

Using these experimental approaches, | set out to answer two major questions:

1. What are the differences in the connectivity of sensory input that may promote differences
in the m- and IALT PNs?

2. Do the intrinsic electrical neuronal properties of the different neuronal classes (I/mALT PNs,
KCs) differ, and how may differences in these properties affect neuronal coding?

I will start briefly outlining my results, then discuss their general impact in relation to recent

research to finally suggest future research approaches.

Differences in sensory input and neuronal connectivity in the AL: reasons

and consequences
Dealing with the first question, we found out that in the female AL OSNs from S. basiconica
mainly project to glomeruli, which are associated with the mALT. These glomeruli, as well as
the respective mALT PNs are missing in (male) honeybee drones (for an exact description of
the female specific subsystem, see manuscript I: Olfactory subsystems in the honeybee: sensory
supply and sex specificity). The sex specificity and the preference of S. basiconica for a certain
glomerulus cluster is a phenomenon well known from ants (Zube and Rossler 2008; Kelber et
al. 2010; Nakanishi et al. 2010; Rossler and Zube 2011). This olfactory subsystem was
discussed to be involved in nest-mate recognition in these ants. Similar functions, which are
exclusive to workers could also be imagined for the T3 and mALT associated AL subsystem in
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honeybees. One distinction to bees, however, is that all foraging ants have contact with ants
from other colonies and respond aggressively to ants belonging to other colonies (Carlin and
Holldobler 1983). The important cues are cuticular hydrocarbons that are sensed and mediated
by the olfactory system (Lahav et al. 1999; Wagner et al. 2000; Howard and Blomquist 2005;
Brandstaetter et al. 2008). In contrast to ants, nest-mate recognition in honeybees is a feature
mainly restricted to guard bees (Downs and Ratnieks 2000). In a typical honeybee colony, only
few workers perform guard duties and some workers are even genetically prone to do less
guarding than others. All other duties performed by honeybee workers also change over their
lifetime, as honeybees exhibit an age-related division of labor (reviewed by Robinson 1992).
Taken these points together, it would be relatively pointless to have an olfactory subsystem
comprising up to 20% of all AL glomeruli merely specialized for nest-mate recognition.
Although tasks such as cooperative brood care, communication with other bees and foraging
might be more abundant during the life time of a single honeybee, still a few honeybees might
not profit from a subsystem specialized for one of these tasks. This makes it unlikely that the
female specific subsystem observed in our experiments is specialized only for a certain subset
of odors.

This aspect is largely supported by the fact that recent physiological studies using multi-unit
recordings and Ca?* imaging of m/IALT PNs show that all tested odorants were transferred by
PNs of both tracts. Three recent studies challenged this question of odor coding in mALT
glomeruli and PNs. All three studies showed that all individual odorants and odorant mixtures
tested were encoded in both the m- and the IALT (Ca?* imaging: Carcaud et al. 2012; Galizia
et al. 2012; extracellular recordings: Brill et al. 2013). Yet one intriguing feature of the mALT
is that the single neurons of it respond more odorant specific than the IALT neurons (Brill et al.
2013; Rassler and Brill 2013). Transferring this information on the sensory input of the AL
may imply that OSNs arborizing in the mALT region may mediate this higher odorant
specificity. As the majority of S. basiconica housed OSNs is associated with the mALT
glomeruli, we conclude that S. basiconica OSNs may either be more odor specific than OSNs
from the other olfactory sensilla or they may exclusively transmit information about odorants
that, so far, have not been tested in all studies conducted so far. Although this hypothesis needs
to be validated, it fits well with the recordings from S. basiconica (Lacher 1964), in which it
was possible to record APs, yet no odor responses were observed. Taken potentially highly odor
specific OSNs together with a sensillum that contains multiple OSNs, the probability of
identifying odor responses, which are masked by the spontaneous activity of non-responding

OSNSs, appears very unlikely. Additionally, (male) drones lack S. basiconica but have a
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drastically increased number of S. placodea (Esslen and Kaissling 1976). S. placodea process
the sex pheromone information in drones (Kaissling and Renner 1968), thus the loss of S.
basiconica might be a compromise allowing improved pheromone detection. In the case that S.
basiconica were specialized for a certain set of odorants, the detection of especially this set
would be drastically impaired in drones. This might affect drone survival, whereas an overall
lack of sensitivity for a broad range of odors should not interfere with general olfactory tasks
of the drones.

The hypothesis described above goes in line with the hypothesis of combinatorial odor coding
(Malnic et al. 1999). A recent study shows that the AL of Drosophila is functionally divided
into glomeruli sensitive for pleasant and non-pleasant odors (Knaden et al. 2012). This division
of the AL according to odor valence has not been investigated in other insects so far. However,
mice do not exhibit a clear separation of glomeruli encoding pleasant and unpleasant odors
(reviewed by Knaden and Hansson 2013). Along with the AL division, a "labeled-line"
avoidance system through the brain of Drosophila was suggested (Stensmyr et al. 2012). This
avoidance system as well as the glomerular clusters sensitive for pleasant and non-pleasant
odors show characteristics similar to the pheromone detection system of moths. These systems
generally consist of specialized sensilla and enlarged glomeruli, so-called macroglomeruli
(reviewed for example by Stengl 2010; Hansson and Stensmyr 2011). Within these glomeruli
pheromone coding takes place and is only slightly affected by other odorants (see for example
Chaffiol et al. 2012). Such a pheromone coding system is also present in honeybee drones
(Sandoz 2006). In honeybee workers, neither a specialized pheromone coding system nor a
valence based organization of the AL was described so far (for example, reviewed in Galizia
and Rossler 2010). On the one hand, the behavioral ecology and behavioral repertoires of
honeybees are significantly different and more complex compared with Drosophila. Honeybees
need to cope with high numbers of social odors in addition to environmental and food-related
odors, in particular especially floral odors need to be learned and memaorized (for references of
the multiple olfactory tasks, see: general introduction - the olfactory world of the honeybee).
The age-related division of labor performed by honeybees demands flexible responses to
changing tasks/environments (reviewed by Robinson 1992). Therefore "labeled-lines" and a
valence based organization of the AL in honeybees might be even counterproductive and would
prevent plasticity of the olfactory system. Additionally, the enormous complexity of the local
neurons (LN) population in the honeybee AL (Meyer and Galizia 2012; Girardin et al. 2013)
may allow much more interaction between glomeruli than in fruit flies or moth. Thus, we

suspect a combinatorial and more plastic coding system in honeybees. Nevertheless, special
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odors, such as the sex pheromone are more likely to be encoded in a "labeled-line™ like fashion.
However, even responses to social pheromone are context dependent. One component of the
alarm pheromone, 2-heptanone, induces aggressive/attacking behavior in guard bees (Shearer
and Boch 1965) and avoidance behavior in foragers (Giurfa and Nunez 1992). This predicts
interaction with other odorant information making a pure labeled line system extreme unlikely.
Even in moth, which were long thought to use a "labeled-line" system in pheromone coding,
more and more studies showing interaction of pheromones and plant odors appear (see for
example Party et al. 2009; Rouyar et al. 2011; Chaffiol et al. 2012; Deisig et al. 2012; Pregitzer
etal. 2012). The lifestyle of Drosophila might not require so much interaction between different
olfactory channels. An odorant that signals harmful microbes should always overwrite fruit
odors (Stensmyr et al. 2012). Conversely in honeybees, a wide variety of social pheromones
(reviewed by Sandoz et al. 2007) may be present at the same time in the hive. For a single
worker, it is then necessary to correctly identify and evaluate the individual components out of
this variety to be able to behave adequately. Regarding the fact that honeybees react differently
to these components in an age-related fashion, a "labeled-line™ system may have problems with
extracting all necessary information. The differences in lifestyle between fruit flies and eusocial
honeybees are likely to have promoted selection of differences in odor coding. One indication
for this may be the prominence of a dual olfactory pathway (Galizia and Rdssler 2010; Rossler
and Zube 2011; Rossler and Brill 2013).

| finally conclude that m- and IALT PNs both transmit information about a similar set of
odorants, and the female specific mMALT subsystem does not appear to be specialized for a
certain class of odors. Nevertheless, given the large odor space, we cannot exclude that
particular odorants may only be processed in one of the two subsystems. The difference in odor
selectivity between m- and IALT PNs is likely due to the different sensory supply with OSNs.
S. basiconica associated OSNs are thus likely to be more odorant specific than OSNs from the
two other types of sensilla. This hypothesis remains to be investigated with single sensillum
recordings from S. basiconica and in comparison with recordings from the two other types of

sensilla under similar stimulation conditions.

lon channel composition of m- and IALT PNs
The ionic currents observed in whole-cell voltage-clamp recordings did not differ significantly
between m- and IALT PNs, meaning that both PN classes seem to express similar sets of ion

channels. Both PN classes possess ion channels typical for neurons that spontaneously generate
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APs (Wicher et al. 2006) (for an exact description and discussion of the recorded ionic currents,
see manuscript 1l: Complex and sparse coding along the honeybee's olfactory pathway:
potential contribution of ionic currents of medial and lateral projection neurons and Kenyon
cells). The extracellular recordings of the two tracts revealed that mALT PNs, generally, have
lower AP frequencies than IALT PNs, both during spontaneous activity and odor responses
(Brill et al. 2013). From my patch-clamp recordings I can conclude that differences between m-
and IALT AP frequencies are likely due to different synaptic input to different modulation of
the currents in PNs of both tracts.

One potential target of neuronal modulation leading to differences in AP frequencies is the big
K* conductance (BK) channel, a Ca?* and voltage dependent K* channel. This channel was
already observed in cultured honeybee AL neurons and shown to be positively modulated by
dopamine (Perk and Mercer 2006). In our recordings, this channel activates slightly earlier in
IALT neurons compared to mALT neurons, which gives a good hint that this may result in
generally higher activity levels in IALT PNs. BK currents hyperpolarize neurons, thus a positive
modulation of it leading to an increased AP frequency seems counterintuitive at a first glance.
Yet, BK channels were shown to decrease the duration of a single AP by fast hyperpolarization
of the neuron (Wicher et al. 2006). Therefore, the next AP can be generated faster and, in
consequence, higher AP frequencies are possible. In the cockroach DUM (dorsal unpaired
median) neurons AKH I, a neuropeptide, was shown to affect Na* and Ca®* currents. The
modulation also reduced AP duration leading to increased AP frequencies (Wicher et al. 2006).
A similar mechanism can also be imagined in the honeybee. This hypothesis needs to be tested
by evaluating the influence of dopamine and various neuropeptides on ionic currents in voltage-
clamp mode and on AP duration and frequency in current-clamp mode.

In conclusion, both m- and IALT PNs have a similar current repertoire and only differ in the
modulation of it. This is also in accordance with the fact that individual mMALT PNs may in
some cases have higher AP frequencies than individual IALT PNs (Brill et al. 2013). The
dopaminergic modulation of cell cultured AL neurons (Perk and Mercer 2006) is likely to be
also present in vivo, as dopaminergic neurons arborizing in the AL were identified by Schafer
and Rehder (1989). As a matter of fact, no data on potentially different innervation of the m-
and IALT proportion of the AL is available (Schafer and Rehder 1989). Besides dopamine,
octopamine was shown to affect activity of the AL network (Rein et al. 2013) and might thus
also affect PN activity. Furthermore, four neuropeptides have been identified in the honeybee
AL (reviewed by Galizia and Kreissl 2012), which might influence PN activity. However no

data on their function are available to date.

125



General discussion - lonic currents of KCs and their potential impact on sparse coding

lonic currents of KCs and their potential impact on sparse coding

In contrast to both m- and IALT PNs, the in-situ patch-clamp analyses show that KCs have a
completely different set of currents. The most prominent currents observed in KCs under
standard conditions are a transient A-type like voltage-dependent K* current and a persistent
Ca?* dependent K* current. The transient K* current is likely to be responsible for the generation
of the very temporally sparse odor responses in KCs observed in Ca2+ imaging experiments
(Szyszka et al. 2005). As it is purely voltage dependent, is will hyperpolarize KCs drastically
right after activation. This generates a short circuit of self-inhibition of KCs which will sharpen
the responses to synaptic input. In a slightly prolonged fashion, Ca2* dependent K* currents will
hyperpolarize KCs even after the voltage-dependent transient K* currents are already closed.
This mechanism can ensure that KCs are silent for a short time after activation. Similar
dominant currents were found in Drosophila KCs (Gasque et al. 2005), yet cockroach (Demmer
and Kloppenburg 2009), silkmoth (Tabuchi et al. 2012) and cricket KCs (Inoue et al. 2014)
exhibit different currents under standard conditions that may serve a similar function. The only
insects besides the honeybee, which were shown to employ sparse coding for odor
representation are fruit flies (Turner et al. 2008) and cockroaches (Demmer and Kloppenburg
2009). Nevertheless, insect KCs are generally thought of as sparse coding neurons (Perez-Orive
et al. 2002; Farkhooi et al. 2013; Lin et al. 2014). Combining our data with the fruit fly and
cockroach data shows that sparse coding in different insect species may be promoted by
different intrinsic mechanisms of KCs. In addition to the intrinsic generation of sparse coding
properties, GABAergic feedback neurons in the MBs are present (Bicker et al. 1985). The
feedback neurons were shown to have several subclasses that span over wide parts of the MB
(Grunewald 1999). As the whole MB is innervated, the overall excitability of KCs may be
regulated by them (Palmer and Harvey 2014). In this context, GABAergic feedback neurons
could also serve a gain-control mechanism, which helps KCs to respond adequately to high
concentration stimulation (Froese et al. 2014). Furthermore, these neurons could, over
inhibitory synapses, participate in sharpening the responses over a negative feedback circuit.
However, the intrinsic ion channels can produce a much faster negative feedback and blocking
of GABA receptors increased response intensity of KCs yet did not change the temporal pattern
in Ca?* imaging recordings (Froese et al. 2014). Taken these points together, it is likely that the
GABAergic input to KCs observed in honeybees (Palmer and Harvey 2014) rather regulates

general excitability of KCs and promotes the spatially sparse representation of stimuli in KCs.
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To achieve a spatially sparse representation of information in the MBs, the first KC responding
with APs would activate a GABAergic neuron, which would in turn inhibit other KCs. This is
supported by the fact that GABAergig feedback neurons have wide arborizations in the MB
calyx (Bicker et al. 1985; Grinewald 1999). In summary, GABAergic feedback appears more
likely to contribute to general excitability and spatial sparsenesss rather than to temporal
sparseness.

For the KCs, I conclude that in the honeybee they employ a temporally and spatially sparse way
of coding odor information. The temporal sparseness is promoted by intrinsic neuronal
properties, whereas the spatial sparseness may additionally require inhibitory synaptic
GABAergic input. The especially high number of the KC neuronal population in the honeybee
(Groh and Rossler 2011) makes it a very likely mechanism. Sparse coding in KCs is likely a
general mechanism employed in insects. Conversely, the mechanism behind sparse coding may
be different between different insect species. Nevertheless, clear differences in the ion channel
composition between neurons that are spontaneously active and between sparse neurons were
observed. In this context, the possibility of predicting AP patterns of any neuron based on its
intrinsic neuronal properties (and vice versa) emerges as an intriguing idea. This would support
the generation of models of neural circuits as presented by Farkhooi et al. (2013). To be finally
able to draw comprehensive conclusions about the consequences of the ion channel
composition on the spiking pattern of a neuron, however, more data on both AP frequencies
and ion channels of different neurons along the olfactory pathway are necessary. In a next step,
it would be most interesting to record from MB extrinsic neurons (ENSs) in voltage-clamp mode.
Based on their AP frequencies (see Strube-Bloss et al. 2011; 12), ENs should resemble PNs

more in terms of ionic currents compared to KCs.

Consequences of ion channel properties mediating sparse coding

on learning and memory

Because of their sparse coding properties, KCs are ideal coincidence detectors. Coincidences
could potentially be detected between PNs within and across both tracts, and even between PNs
conveying information from different sensual modalities. Morphological studies of KCs have
shown different morphologies in different KC subpopulations (Mobbs 1982; Strausfeld 2002),
which are likely to provide the morphological substrate for these different levels of coincidence
coding. Two major classes of KCs have been identified so far: class I (spiny) KCs and class 11
(clawed) KCs. Spiny KCs have a prominent dendritic branching pattern restricted to specific
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MB regions and the PNs connecting to them are restricted to one PN tract. In contrast, clawed
KCs receive input from both m- and IALT (Kirschner et al. 2006) and are therefore potential
detectors of coincidence between the m- and the IALT. Therefore, I only recorded from clawed
KCs. Coincidence detection, which potentially leads to learning of this coincidence, requires
exact timing of synaptic input. Just recently, Gupta and Stopfer (2014) analyzed the influence
of disruptions of the AP pattern of KCs on following neurons, namely ENs, in locusts. Even
small manipulations had a huge impact on the AP pattern recorded in ENs (Gupta and Stopfer
2014), which implies that the temporal pattern of KCs is of great importance for learning and
memory tasks.

The aspects of honeybee olfactory associative learning have been intensively studied with the
proboscis extension response to date (for a detailed description see Matsumoto et al. 2012). In
this classical conditioning paradigm, honeybees form an association between an odor and a
sucrose reward (Bitterman et al. 1983). The MB is the first brain station in which olfactory and
gustatory information converge (olfactory: for example Kirschner et al. 2006; gustatory: Farris
2008). In a potential cellular mechanism for associative learning, olfactory and gustatory PNs
converge on the same KC, which in turn is activated. Then, the cytosolic Ca* concentration
rises, kinases are activated and synaptic plasticity is induced (for potential mechanisms see
Kandel et al. 2014).

The synaptic input of KCs occurs in microcircuits in the small synaptic complexes between
PNs and KCs, the microglomeruli (Homberg et al. 1989; Groh et al. 2004). The local Na* and
Ca2* dynamics in such a microglomerulus may or may not affect membrane voltage and Ca?*
dynamics in the whole KC. Long term potentiation (LTP) leading to local synaptic plasticity in
such a microcircuit might then increase the size of a microglomerulus and the effect of local
currents on the whole KC and therefore on AP generation. To induce LTP, elevated Ca?* levels
in the cell are necessary. However, the ionic currents under standard conditions supported by
my study may work against such a mechanism. Once the neuron is activated, it will be
hyperpolarized immediately through the transient K* current. Synaptic input leading to strong
Ca?* influx would also hyperpolarize the neuron over a longer time through Ca?* dependent K*
channels. I will therefore present a potential mechanism showing how activation of a KC
through different receptors may overcome the post-activation hyperpolarization. The persistent
Ca?* dependent K* channels have been shown to be inhibited by muscarinic acetylcholine
receptors (AchR) in vertebrates (Buchanan et al. 2010; Giessel and Sabatini 2010).
Furthermore, at least mALT PNs have been shown to employ acetylcholine as a

neurotransmitter (Kreissl and Bicker 1989) and various AchR subunits have been identified in
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the honeybee MB (Thany et al. 2003). | therefore conclude that the majority of MB input
neurons are cholinergic. Additionally, it was shown that activation of muscarinic receptors
induces MB volume increase and KC outgrowth in honeybees, although the muscarinic agonists
and antagonists were fed to the honeybees in these studies and not directly injected into the
MBs (Ismail et al. 2006; Dobrin et al. 2011). Therefore, the effect on KCs might also originate
from modulation of the sensory pathways. It was already shown for KCs that they do not contain
muscarinic activated ion channels in cell culture (Wistenberg and Griinewald 2004). Even
though the in vivo expression of muscarinic AchRs might be different, currents directly
activated by muscarinic stimulation are not necessary for a mechanism leading to long term
potentiation described in rat and human cells (Buchanan et al. 2010; Giessel and Sabatini 2010).
Taken all these points together, a potential mechanism emerges: nicotinic AchR activation leads
to KC depolarization via ionic currents, whereas muscarinic AchR activation may prevent the
post-activation hyperpolarization of KCs through Ca?* dependent K* channels. Normally, KCs
are only briefly activated during odor stimulation (Szyszka et al. 2005; Froese et al. 2014)
therefore the time window for coincidence detection should be relatively small. By activating
the muscarinic AchR and thus blocking of Ca?* dependent K* channel activity, the time window
for coincidence detection may be increased. In case of coincidental input within this time
window, LTP may be promoted. An increased time window cannot be caused by reduced
GABAEergic feedback as GABA does not affect the temporal pattern of KC responses (Froese
et al. 2014). To investigate this hypothesis, the Ca?* dependent K* current needs to be recorded
under influence of muscarinic agonists/antagonists, to confirm that this current is also
muscarinic modulated in honeybee KCs. The effect demonstrated by Dobrin et al. (2011) would
then be highly likely caused by muscarinic modulation of KCs. In case of a successful
modulation of this current by muscarinic agonists, in a next step one could directly investigate
KC outgrowth induced by muscarinic stimulation, for example under a multi-photon laser-

scanning microscope setup.
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Final conclusions

In the course of this dissertation, it became evident that the coding of olfactory information in
the honeybee brain is a complex process. This process does not only involve differential
synaptic connectivity between at least two subsystems, but is also influenced by intrinsic neuron
properties and neuronal modulation. The investigation of the intrinsic properties of two classes
of PNs revealed an impressively sophisticated set of ion channels. A potential cellular
mechanism for coincidence detection and long term potentiation in KCs was found, yet the
exact mechanism remains to be determined. Regarding the fact that in addition to the variety of
ion channels, metabotropic signaling, gene expression metabolism and much more details affect

the influences of a single neuron, I will finish my thesis with a quote from David Eagleman:
"Your brain is built of cells called neurons and glia - hundreds of billions of them. Each one of

these cells is as complicated as a city."

David Eagleman — Incognito: The Secret Lives of the Brain
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OR
OSN
ORN

St
Sh
Sp
AN
AL

Sz
SEG
oL
OB
VNO
ACT
APT
ALT

ml
PN
CB
LN
LH
MB
KC
EN
QMP
PER

odorant recepor
olfactory sensory neuron
olfactory receptor neuron
Sensilla

Sensillum trichoideum
Sensillum basiconicum
Sensillum placodeum
antennal nerve

antennal lobe

tract

sorting zone
subesophageal ganglion
optic lobe

olfactory bulb
vomeronasal organ
antenno-cerebral tract
antenno-protocerebral tract
antennal-lobe tract
medial

lateral

mediolateral

projection neurons

cell body

local interneuron

lateral horn

mushroom body

Kenyon cell

extrinsic neuron

queen mandibular pheromone

proboscis extension response

EAG
mp
LY
-V
std
TTX
4-Ap
I(Na*,Ca?")
I(K")
I(K*t)
I(K*p)
Kv
KVa
Kna
Kca
KNat
KNa p
KCat
KCap
BK
SK
HVA
AP
DUM
AKH
DA
LTP
Ach

m

electro-antennography
melting point

lucifer yellow
current-voltage

standard

Tetrodotoxin
4-Aminopyridin

Na*/Ca?* current

K* current

transient K* current
persistent K* current
voltage dependent K*
A-type K*

Na* dependent K*

Ca?" dependent K*
transient Na* dependent K*
persistent Na* dependent K*
transient Ca** dependent K*
persistent Ca?* dependent K*
big K* conductance

big K* conductance
high-voltage activated
action potential

dorsal unpaired median
adipokinetic hormone
dopamine

long term potentiation
acetylcholine

muscarinic

nicotinic
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