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5INTRODUCTION

INTRODUCTION

“For the sense of smell, almost more than any other, has the power to recall memories and it
is a pity that you use it so little.” – Rachel Carson

General Introduction

The sense of smell, olfaction, allows the detection and perception of volatile chemicals which

enables animals to interpret their olfactory environment. We as humans often forget the

power of our sense of smell and its ecological importance. We do not blindly trust our

olfactory judgment to evaluate food conditions and we hardly recognize food or people by

their smell. We often cover our natural fragrance with perfume and in a way “paralyze” our

sense of smell by constantly facing it with strong volatile molecules (odorants). However, at

the same time, we are still highly manipulated by odors subconsciously, a strategy used by

industries to influence our behavior (Minsky, 2018). One odorant exhibiting this phenomenon

is geosmin1. The fruit fly, Drosophila melanogaster, sense geosmin at concentrations down to

picomolar (10-12) (Stensmyr et al., 2012). Geosmin for us humans is an earthy-smelling

chemical, produced by microbes (Gerber et al., 1965), which we perceive especially after rain

near meadows or the forest. In contrast to most insects, for most humans, geosmin is

associated with positive feelings (Stensmyr et al., 2012).

One reason why olfaction, more than any other sensory modality, is highly potent to

induce immediate positive (appetitive) or negative (aversive) emotions, is that odors take a

direct route to the limbic system, a brain region related to emotions and memories (Mori,

2014; Soudry et al., 2011; Wilson et al., 2006). Only two synapses separate the olfactory

periphery from the limbic system in vertebrates or, in insects, from the central

brain (mushroom body, lateral horn), a pathway initializing odor-guided behavior (de Belle et

al., 1994; Dolan et al., 2018; Liang et al., 2010; Owald et al., 2015; Shepherd, 2011; Su et al.,

2009).

From an evolutionary perspective, olfaction is one of the “firstborn” senses and is

common from bacteria to mammals (Zou et al., 2009). Insects, which include over five million

species, have successfully colonized in over 400 million years numerous niches and have

1 Greek: gê - “earth”, osmḗ - “odor”



6 Neural circuit architecture and evolutionary adaptations in the Drosophila olfactory system

evolved a highly sophisticated sensory system adjusted to their environmental conditions,

food sources, hazards and conspecifics  (Hansson et al., 2011; Stork, 2018). Their survival and

reproductive success depend to a high degree on the insect’s olfactory capability.

The insect olfactory system is highly efficient in extracting relevant signals from many

background signals while walking or flying. One cannot understand the success of evolutionary

adaptations of insects to diverse olfactory environments without understanding the

processing of complex olfactory information. In order to understand olfactory processing, it is

indispensable to understand the principles of the olfactory pathway (neural architecture) and

map neuronal networks of the nervous system (Luo, 2021; Milo et al., 2002).

The focus of my thesis lies on the neural architecture, in particular neuronal synaptic

circuits, of the primary olfactory center, the antennal lobe, in the fruit fly, Drosophila

melanogaster, and how the circuitries changes with distinct computational demands or on the

macroscale level how the olfactory system adapts to evolutionary changes. The small size of

Drosopholids should not fool one into thinking that the neuronal architecture of the olfactory

system is rather simple and easy to understand. Scientists are just beginning to build up a

comprehensive picture of the olfactory neuronal network.

Why studying olfaction in Drosophila species?

Unraveling the structure of neuronal circuits is not an easy task without setting landmarks for

orientation in the “wild forest” of entangled neuronal fibers. Thanks to Thomas H. Morgan

and his group, the pioneers in Drosophila genetic research, Drosophila became the foremost

model for genetics (Jennings, 2011), and provided the basics to mark cells of interest in the

Drosophila brain. In the early decade of the 20th century, Morgan and colleagues identified for

the first time associative factors (genes) located in Drosophila (Morgan, 1910) and received

the Nobel Prize in 1933 in Physiology or Medicine for their investigations. Their work laid the

foundation for a long successful relationship between scientists and Drosophila (Jennings,

2011).

The Drosophila genome (∼180 Mb) was one of the first genomes mapped in March

2000 (Adams, 2000; Myers et al., 2000). The rather small genome of Drosophila, compared to

humans (3 billion base pairs), is 60% homologous to the human genome (Ugur et al., 2016).

The development of genetic tools, such as the binary expression system (e.g.: GAL4/UAS

system), expressing transgenes in cells of interest (Duffy, 2002; Elliott et al., 2008; Lai et al.,
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2006; Potter et al., 2010), was unstoppable. In combination, with the discovery of the green

fluorescent protein (GFP), a reporter to mark proteins and thus cells of interest in vitro or in

vivo, and awarded with the Nobel Prize in Chemistry 2008, Drosophila provides almost infinite

opportunities for understanding brain and body function (Chalfie et al., 1994). Along with the

advantages of early genome sequencing and genetic tractability, Drosophila has a short

generation period (12 days life cycle), and is easy to rear in the laboratory. Many mutants and

transgenic flies are available from stock centers 2 , and all the information on previous

experiments and discoveries is well documented (Matthews et al., 2005).

These groundbreaking discoveries have motivated research in almost every field of

biology, ranging from molecular to evolutionary studies (Yamaguchi et al., 2018). One of the

scientific fields with vivid interest in Drosophila research is neuroscience (Bellen et al., 2010;

Venken et al., 2005). Particularly in olfaction, Drosophila has proven to be a great model to

study molecular mechanisms of olfaction e.g. (Carlson, 1991; Ernst et al., 1977; Grabe et al.,

2018; Sass, 1976; Stocker et al., 1983; Vareschi, 1971; Wicher, 2018; Wicher et al., 2021)

olfaction driven-behaviors (Bartelt et al., 1985; Becher et al., 2010; Van Breugel & Dickinson,

2014), olfactory learning (Mohamed et al., 2019) and evolution of host specialization (Auer et

al., 2020; Stensmyr et al., 2003) as well as evolutionary aspects (Ache et al., 2005; Auer et al.,

2020; Hansson et al., 2011).

The Drosophila brain comprises 150,000-200,000 neurons (Davie et al., 2018; Raji et

al., 2021) in contrast to the human or mouse brain, with around 100 billion neurons and 70

million neurons, respectively (Erö et al., 2018; Herculano-Houzel, 2009; Herculano-Houzel et

al., 2006). As a consequence of reduced complexity, with perspective to the low number of

neurons, Drosophila nervous system attracted massive attention for the study of neuronal

networks and whole brain connectomes (see last paragraph below) (Meinertzhagen, 2016;

Meinertzhagen, 2018).

In the last two decades, the genus Drosophila gained further attention in the

perspective of the scientific field of “evolutionary neuroecology” (Auer et al., 2020; Prieto-

Godino et al., 2017; Singh et al., 2019; Zhao et al., 2020), encouraged by novel genetic

techniques, such as CRISAPR-CAS9 genome editing (Fandino et al., 2019), and the growing

global interest in our fragile ecological equilibrium. The genus Drosophila comprises 1,200 to

2 https://flybase.org/

https://flybase.org/
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1,500 species, spanning through nearly every imaginable ecological niche and host choice,

from deserts to forests, from islands to mountains (Dekker et al., 2006; Jezovit et al., 2017;

Markow et al., 2005; Stensmyr et al., 2008). It provides, therefore, the opportunity to study

closely related species and their diversity of specialization to distinct habitats and food sources

from an evolutionary perspective.

Odor perception at the peripheral olfactory organs

Volatile molecules are detected by receptors located on the insect “nose”, which is comprised

of the olfactory appendages present at the Drosophila head, the distal antennae (the funiculi)

and the maxillary palps. There several porous hair-like structures are located, which house

dendrites of 1-4 olfactory sensory neurons (OSNs) (Couto et al., 2005; de Bruyne et al., 2001;

Shanbhag et al., 2000; Shanbhag et al., 1995). Around 400 sensilla at the funiculus and the

palps are categorized by shape and length into four groups, the club-shaped basiconic, long

pointed shaped trichoid, intermediate sensilla with an in-between morphology and the short

peg-like coeloconic sensilla (Nava Gonzales et al., 2021; Shanbhag et al., 1999) (Figure 1).

Drosophila species revealed a high diversity of different sensilla types, ranging from 400 -1200

(Chapter III). The palps contain around 60 basiconic sensilla housing two OSNs each and

mediate short- and long-range attraction (de Bruyne et al., 1999; Dweck et al., 2016; Singh et

al., 1985).

Once an olfactory molecule has passed the pore of a sensillum it encounters the

aqueous sensillum lymph surrounding the OSN dendritic branches (Nava Gonzales et al., 2021;

Shanbhag et al., 2000). Olfactory support cells (tecogen, trichogen and tormogen cells)

surround the OSN dendrites and separate the inner from the outer dendritic region (Keil, 1999;

Nava Gonzales et al., 2021; Shanbhag et al., 2000). Different protein types, such as the odor

binding proteins (OBPs), or sensory membrane protein I (SNMP1) facilitate the odorant

transport and binding of olfactory molecules to the chemoreceptors, located in the OSN

dendritic membrane (Benton et al., 2007; Fan et al., 2011; Gomez-Diaz et al., 2016; Rihani et

al., 2021; Wicher et al., 2021).

Three types of chemoreceptors in Drosophila are involved in olfaction. The most

abundant type are odorant receptors (Ors) (Clyne et al., 1999; Getahun et al., 2013; Missbach

et al., 2014; Vosshall et al., 1999). Some receptors are ionotropic receptors family (Irs) (Benton

et al., 2009). Gustatory receptors (Grs) are mainly involved in gustation (taste), and some GRs
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mediate the detection of carbon dioxide (Jones et al., 2007; Kwon et al., 2007) or pheromones

(Kohl et al., 2015).

ORs in insects form a ligand gated cation channel with its ubiquitously expressed co-

receptor protein, Orco (Benton et al., 2006; Butterwick et al., 2018; Larsson et al., 2004;

Vosshall et al., 2011) permeable to Na+; K+ and CA2+ (Sato et al., 2008; Wicher, 2010; Wicher,

2018). In addition to the ionotropic pathway, insect Ors have a complementary metabotropic

pathway (Chatterjee et al., 2009; Deng et al., 2011; Getahun et al., 2013; Kain et al., 2008;

Miazzi et al., 2016). Therefore, Ors could be characterized as metabotropically regulated

ionotropic receptors, enabling a double strategy for odor detection (Wicher, 2010; Wicher et

al., 2021), different from the vertebrate ORs, which are GPCRs (Breer et al., 2019). This duality,

in combination with sensitization, described in insects ORs, might be extremely important for

tracking odor plumes encountered during flight (Getahun et al., 2013; Halty-deLeon et al.,

2018; Halty-deLeon et al., 2021). In general, one receptor type is expressed in one OSN type

(Malnic et al., 1999; Serizawa et al., 2000), but also polymodal expression of two types of

receptors in the same OSN has been recently described in the fruit fly and the mosquito (Task

et al., 2022; Younger et al., 2022).

The chemoreceptors show a continuum of odor tuning, ranging from being highly

specific or broadly tuned to many odorants. Examples for specialized receptors, as

investigated in manuscript I, are the pheromone receptor (Or47b) that binds the pheromone

methyl laurate (Dweck, H. K. M. et al., 2015) or the receptor Or56a binding exclusively

geosmin, an earthy smelling odorant (for humans), which is an aversive signal for Drosophila

(Stensmyr et al., 2012). An example of a broadly tuned receptor is the Or7a activated by

amines, acids, ammonia and other odorants (Hallem et al., 2006; Münch et al., 2016; Pelz et

al., 2006).

OSNs, receive an olfactory signal (perception), convert it into an electrical signal, and

convey therefore olfactory  information to second-order neurons in the primary olfactory

relay station, the antennal lobe (AL). The AL is an analog to the olfactory lobe in crustaceans

or the olfactory bulb in vertebrates (Ache et al., 2005; Harzsch et al., 2018; Homberg et al.,

1989; Shepherd, 2011; Wilson et al., 2006).
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Figure 1  The sensory organs of Drosophila. The olfactory appendages at the Drosophila head are one
pair of antennae and maxillary palps (A). They are covered with many hair-like structures, the sensilla
(A and B), which have different shapes, classified in basiconic (orange), trichoid sensilla (magenta) and
coeloconic (blue) sensilla. B: Scanning electron microscopic images of the third antenna segment, the
funiculus, and a maxillary pulp with diverse sensilla types, the basiconic (1), trichoid (2) and coeloconic
(3) sensilla.

The olfactory pathway

In most insects, OSNs expressing the same receptor converge onto the same glomeruli,

spherical structures in the AL (Couto et al., 2005; Gao et al., 2000; Silbering et al., 2008;

Vosshall et al., 2000; Wilson, 2013). The number of OSN axon terminals projecting to each

glomerulus varies from 8-60 and correlates with the glomerular volume (Grabe et al., 2016).

The 58 glomeruli, including 51 olfactory and 7 thermo- and hygrosensitive glomeruli (Bates et

al., 2020; Rodrigues, 1988), are different in their stereotypic location, size and form. These

criteria can be used to easily identify the same glomerulus across different individuals (Couto

et al., 2005; Grabe et al., 2015; Laissue et al., 2008).

In Drosophila, most glomeruli are innervated by OSNs originating at the ipsilateral and

contralateral antenna, which cross via the AL commissure (Gaudry et al., 2013; Stocker et al.,

1990; Tanaka et al., 2012) (Figure 2). In total around 1300 OSNs converge in the Drosophila AL

onto around 300 projection neurons (PNs)(convergence: 1:6; (Bates et al., 2020; Bhandawat

et al., 2007; Kazama et al., 2009; Masse et al., 2009; Stocker, 2001; Stocker et al., 1990)).
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Two morphologically distinct types of PNs exist in the AL: the uniglomerular PNs (uPNs)

that innervate one glomerulus and the multiglomerular projection neuron (mPNs) that

innervate many glomeruli (Bates et al., 2020; Liang et al., 2013; Strutz et al., 2014; Tanaka et

al., 2012; Yu et al., 2010). OSNs and the majority of uPNs are excitatory (ePNs), forming

cholinergic synapses (Croset et al., 2018; Davie et al., 2018; Stocker, 1994; Wilson et al., 2006;

Yasuyama et al., 2003). mPNs, were previously described to be composed of mainly inhibitory

PNs (iPNs) (Jefferis et al., 2007; Liang et al., 2013; Okada et al., 2009). However, new mPNs

have been disclosed recently and now the group of mPNs can be split equally into iPNs and

ePNs (Bates et al., 2020).

From the AL, iPNs and ePNs project via three separate tracts (Schultzhaus et al., 2017;

Tanaka et al., 2012) (Figure 2), to higher brain centers of the protocerebrum, the lateral horn

(LH) and the mushroom body (MB) calyx (Bates et al., 2020; Dolan et al., 2019; Gruntman et

al., 2013; Heimbeck et al., 2001; Heisenberg, 2003; Marin et al., 2002; Schultzhaus et al., 2017;

Wong et al., 2002). The LH, innervated by iPNS and ePNs (Figure 2) (Ito et al., 1997), is described

to be involved in the odor valance, intensity coding and implementation of innate behavior

(Badel et al., 2016; Das Chakraborty et al., 2021; Li, J. et al., 2020; Schultzhaus et al., 2017;

Strutz et al., 2014). The stereotypic arborization and zonal clustering of the PN axon terminals

in the LH provide a spatially segregated projection map and characterize the activity of these

zones to distinct odor information (Das Chakraborty et al., 2021; Dolan et al., 2019; Fisek et

al., 2014; Frechter et al., 2019; Grabe et al., 2018; Liang et al., 2013; Parnas et al., 2013). Two

types of iPN in the LH convey separately the information about either positive valence or odor

intensity and project to distinct LH regions (Sachse, Silke et al., 2016; Schultzhaus et al., 2017;

Strutz et al., 2014).

The MB, the center of associative learning and memory formation (Busto et al., 2010;

Fiala, 2007; Heisenberg, 2003; Yu et al., 2004), receives input from the PNs in the area called

calyx, where the PNs project randomly to the 2,000 -2,500 Kenyon cells (Aso et al., 2009; Caron

et al., 2013; Eichler et al., 2017; Ito et al., 1997; Li, F. et al., 2020). However, the degree of

complexity increases at the axonal terminals of the PNs, where an extensive multimodal

integration of olfactory and visual sensory information takes place (Badel et al., 2016; Barth

et al., 1997; Das Chakraborty et al., 2021; Li, J. et al., 2020; Vogt et al., 2016; Vogt et al., 2014;

Wong et al., 2002).
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Figure 2  The olfactory pathways in Drosophila. Olfactory sensory neurons (OSNs) expressing a specific
receptor repertoire (orange, blue, magenta) convey information to projection neurons (PNs) in the
antennal lobe (AL). Most of the OSNs project bilaterally to the ipsilateral and contralateral AL. From
the AL excitatory uniglomerular PNs project via the medial antennal lobe tract (mALT) to the
mushroom body calyx (MBc) and the lateral horn (LH). Multiglomerular inhibitory PNs project via the
medio-lateral ALT (mlALT) to the LH and excitatory multiglomerular or uniglomerular PNs project via
the lateral ALT (lALT) to the LH and MBc.

The third main neuronal class within the AL are modulatory local interneurons (LNs),

which form inhibitory or excitatory synapses with OSNs, PNs and with each other intra- and

inter-glomerular (Chou et al., 2010; Liu et al., 2013; Okada et al., 2009; Seki et al., 2010).

Around 200 LNs, which are mainly unilateral, branch exclusively within the AL (Chou et al.,

2010; Schlegel et al., 2021). LNs are a morphologically versatile neuron class and their

individual contribution to distinct coding mechanisms is poorly understood (Wilson, 2013;

Wilson et al., 2006). Most abundant LN fibers are from broadly arborizing LNs (pan-glomerular

LNs), which are mainly inhibitory (Schlegel et al., 2021). LNs synapse reciprocally with each

other (disinhibition) or with OSN presynaptic boutons, performing presynaptic inhibition
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(Olsen et al., 2008; Root et al., 2008). This inter-glomerular inhibitory regulation (gain control)

is balancing OSN activity throughout the AL and is therefore playing an important role in the

combinatorial coding of olfactory cues in the AL (Galizia, 2014; Sachse et al., 2021; Szyszka et

al., 2015); see next paragraph below). Smaller LNs, innervating sub-regions of the AL, the

patchy, sparse or regional LNs, differ greatly in their morphology, performing selective inter-

or intra-glomerular modulation (Laurent, 2002; Olsen et al., 2010; Schlegel et al., 2021; Wilson

et al., 2005). Some of these LNs form excitatory chemical synapses and electrical connections

mainly with other LNs and PNs (Das et al., 2017; Huang et al., 2010; Seki et al., 2010; Shang et

al., 2007; Yaksi et al., 2010). The cooperative action of excitatory and inhibitory LNs is

important for coding odor mixtures (Mohamed et al., 2019b; Silbering et al., 2007), a

synergistic effect of odorants (Das et al., 2017) or the fine-tuning of PN responses (Fusca et

al., 2021; Nagel et al., 2015; Ng et al., 2002; Root et al., 2007; Shang et al., 2007). Recent circuit

studies showed that these neuronal classes, OSNs, PNs and LNs, form synapses with each

other and form generic circuit motifs in olfactory glomeruli (Figure 3) (Berck et al., 2016; Horne

et al., 2018; Martin et al., 2011; Rybak et al., 2018; Rybak et al., 2016; Schlegel et al., 2021;

Shepherd et al., 2021; Tobin et al., 2017).
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Figure 3  Circuit motifs in the olfactory glomeruli of Drosophila. Scheme (modified after: (Rybak et al.,
2018)) shows the principle neuronal connections in olfactory glomeruli (glo). In the glomeruli the
olfactory sensory neurons (OSNs) convey the olfactory signal to uniglomerular projection neurons
(uPNs) (PN input), which in turn convey this signal further to the lateral horn (LH) or the mushroom
body (MB), representing the antennal lobe (AL) output. The excitatory OSNs releasing acetylcholine
(ACh), excitatory uPNs releasing ACh and inhibitory or excitatory local interneurons (LNs) releasing
either γ-aminobutyric (GABA), ACh or glutamate (GLU) all synapse onto each other. LNs provide an
important modulation in the glomerular circuitry, such as presynaptic inhibition at LN-to-OSN feedback
synapses, lateral inhibition through inter-glomerular connections between different glomeruli or uPN
response tuning through intra-glomerular modulation by OSN-LN-uPN or uPN-LN-uPN connection
motifs (PN recurrency).

Besides classical neurotransmitters, such as acetylcholine, γ-aminobutyric acid (GABA)

and glutamate, other neuromodulators act in the AL.  Neuropeptides and amines are released

by LNs, peptidergic neurons or descending neurons (Carlsson et al., 2010; Coates et al., 2020;

Dacks et al., 2005; Dacks et al., 2009; Distler, 1990; Ignell et al., 2009; Lizbinski et al., 2018;

Nässel et al., 2006). The wide spectra of neuronal modulation is still not well understood

including missing knowledge about the neuronal sites of modulation (Bokil et al., 2001;

Collmann et al., 2004; Vroman et al., 2013); chapter II).

Olfactory glomeruli have been shown to be versatile in their shape, neuronal

composition and their sensitivity to inhibition by LNs (Carlsson et al., 2010; Grabe et al., 2016;
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Grabe et al., 2018; Grabe et al., 2020; Grabe et al., 2015; Hong et al., 2015; Laissue et al.,

1999). Recent studies showed that glomeruli, innervated by OSNs that express narrowly tuned

receptors dedicated to 1-3 odorants, have more outgoing uPNs and fewer LNs, whereas

glomeruli innervated by broadly tuned OSNs, have 1-2 uPNs and are innervated by more LNs

(Grabe et al., 2016) (Figure 4).

Complexity of odor coding and glomerular microcircuits

The odor coding is the transformation of external olfactory cues from the environment

(olfactory space) into an internal representation (neuronal code) readable in the brain as

electrical signals, and eventually inducing a behavior (motor output) ensuring the animal’s

survival (Pannunzi et al., 2019). Odor plumes are a complex collection of almost infinite

information, composed of  the molecules identity (Couto et al., 2005; Galizia, 2014; Silbering

et al., 2008), the dynamically varying concentration, and its gradient (rate of change) (Asahina

et al., 2009; Kim et al., 2011, 2015; Murlis J et al., 1992; Pannunzi et al., 2019), as well as the

source location (Gaudry et al., 2013; Mohamed et al., 2019a; Taisz et al., 2022), the odor

valence (Bell et al., 2016; Grabe et al., 2018; Knaden et al., 2014; Knaden et al., 2012) and the

mixture conditions (Mohamed et al., 2019b; Silbering et al., 2007).

Drosophila as a flying insect has evolved coding strategies at all levels of olfactory

processing to improve transduction speed. In fact, in Drosophila, olfactory behavior initiation

was observed within 100 ms after OSN activity onset (Bhandawat et al., 2010; Gaudry et al.,

2013). In addition, at the peripheral level of odor perception, ephaptic communication

between OSNs in the same sensillum (Su et al., 2012; Zhang et al., 2019) and distinct dynamics

of OSN response influence signal transmission. This is considered the first “filter” for olfactory

information (French et al., 2011; Getahun et al., 2012; Halty-deLeon et al., 2021; Kim et al.,

2011; Nagel et al., 2011; Prelic et al., 2021; Schuckel et al., 2008).

At the level of the AL, raw information of odor plumes, as mentioned above, are

encoded (Gaudry et al., 2013; Grabe et al., 2018; Kim et al., 2015; Knaden et al., 2014; Knaden

et al., 2012; Menini, 2010; Tobin et al., 2017). A major task of the AL is thereby odor signal

amplification, which happens in a non-linear way (i.e. strongest amplification at odor onset),

normalization and noise reduction (Bhandawat et al., 2007; Kazama et al., 2008; Masse et al.,

2009). This is important for balancing all incoming electrical potentials, with diverse

intensities, for better discrimination, to enhance the contrast, and reduce background noise.
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Thus, the odor perception of flies stays reliable and prices over a wide range of fluctuating

concentrations of different odors (Masse et al., 2009; Nagel et al., 2015; Wilson, 2013). Flies

have an impressive capability to find the odor source over long distances, detecting

concentrations down to picomolar concentrations, and coding these concentration

fluctuations that are up to ten times per second (Halty-deLeon et al., 2021; Nagel et al., 2011;

Olsen et al., 2010).

How does an olfactory system, which is limited in its size and number of coding units

(58 glomeruli), encodes almost an infinite number of different olfactory cues? The number of

glomeruli is rather limited in Drosophila species (~60); compared to other insects, such as

honey bees, (~170), ants (~400) or (~2000) and humans (>5500) olfactory glomeruli (Chen et

al., 2005; Galizia et al., 2001; Maresh et al., 2008; Stieb et al., 2011). To encode the high

amount of olfactory molecules flies encode most of the odor molecule via combinatorial

coding, i.e. several receptors are sensitive to one odorant and the stereotypic activation of

OSNs and their targets. Glomerular circuits create thus a spatially segregated activity

“odotopic” map at the AL, which is specific for each odorant (Galizia, 2014; Grabe et al., 2018;

Malnic et al., 1999; Sachse, S. et al., 2016; Seki et al., 2017; Szyszka et al., 2015).
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Figure 4  Specialized and broadly tuned olfactory glomerular circuits. A: OSNs in the Drosophila brain
have different response dynamics. Some are narrowly tuned, activated by a single or few odorant(s)
(magenta, blue). Different shapes of small forms (magenta, orange or blue) illustrate different
odorants. Most of the OSN receptors are broadly tuned, activated by many different odorants (orange).
B: Glomerular circuits that are specialized (blue), in which OSNs and uPNs activation is narrowly tuned
to few odorants, have more uPNs and are innervated by less LNs (modified after (Grabe et al., 2016).

Survival and reproduction of the fly depend on the specificity of ecological relevant

odorants. These odorants bind one or two receptors that have evolved a high specificity to 1-

2 chemicals and are narrowly tuned, as well as their activated glomerular circuit (Andersson

et al., 2015; Haverkamp et al., 2018; Keesey et al., 2021) (Figure 4). These narrowly tuned

glomerular circuits belong often to dedicated olfactory pathways (“labeled lines”), which

process single odorants that encode information of particular importance for reproduction

and survival (Datta et al., 2008; Dweck, H. K. M. et al., 2015; Ebrahim et al., 2015; Gao et al.,

2015; Kurtovic et al., 2007; Stensmyr et al., 2012).

The odorant geosmin, bounding to the Or56a receptor, is an example which is highly

sensitive to geosmin (Halty-deLeon et al., 2021), and exclusively activating the glomerular

circuit of DA2, which is in turn only activated by geosmin (Stensmyr et al., 2012). This

dedicated olfactory pathway, is conserved throughout the Drosophila genus and also found in
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mosquitos (Melo et al., 2020; Stensmyr et al., 2012). Geosmin is an alcohol, which has for

humans an earthy smell (Gerber et al., 1965; Liato et al., 2017). It is a non-toxic odorant that,

however, can be produced by for drosophila potentially toxic microorganisms (Gerber et al.,

1965; Jüttner et al., 2007; Mattheis et al., 1992) and functions as alarm molecule for some

organisms  (Scarano et al., 2021; Stensmyr et al., 2012; Zaroubi et al., 2022), but is attractive

for others (Becher et al., 2020; Melo et al., 2020). Another example of a dedicated pathway is

glomerulus VA1v, responding to methyl laurate, a pheromone which induces a strongly

attractive response in female flies leading to aggregation behavior (Dweck, H. K. M. et al.,

2015). In the contrary, broadly tuned glomerular circuits, such as the DL5, participate at the

combinatorial coding of aversive odorants, like E2-hexanal or benzaldehyde (Knaden et al.,

2012; Mohamed et al., 2019b; Münch et al., 2016; Seki et al., 2017). This functional diversity

suggests the existence of differences in neuronal composition and synaptic connectivity

between broadly and narrowly tuned glomeruli.

The question arises why in an insect olfactory system two coding strategies exist and

how odorant information is implemented differently in narrowly tuned versus broadly tuned

glomerular circuits (Andersson et al., 2015; Haverkamp et al., 2018; Keesey et al., 2021). In

order to help to find answers to this question, a comprehensive understanding of the neuronal

microarchitecture and circuit motifs (the building blocks of the nervous system) is necessary

(Alon, 2007; Luo, 2021; Milo et al., 2002) (Figure 3) (Rybak et al., 2018; Rybak et al., 2016;

Shepherd et al., 2021) (chapter I and II).

How to unravel the apparently invisible?

The missing link to a mechanistic understanding of neural computation is a

comprehensive knowledge of neuronal networks (Denk et al., 2012; Luo, 2021). There has

always been a desire to resolve the structure of neuronal networks in the brain in order to

understand neuronal communication and processing (DeFelipe, 2010; Rybak, 2013). One of

the greatest advocate of this doctrine was the Spanish artist and pathologist Santiago Ramón

y Cajal, who produced in the late nineteenth and early twentieth century the first drawings of

neurons and their organization in the brain (Cajal, 1894; Jones, 2006). Cajal´s drawings are still

missing the single synaptic connections of neurons and it is therefore not a connectome, i.e.

comprehensive description of the neuronal network with all is synaptic connections. A term
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that was coined in the beginning of the 21st century spurred by innovations in microscopy

neuronal tracing techniques (Rybak, 2013; Sporns et al., 2005).

The story of connectomics started before the word was coined. In the early 70th Sydney

Brenner, then a biologist at Cambridge University, decided to identify the connections of every

cell in the nervous system of a small nematode worm called Caenorhabditis elegans (Emmons,

2015; White, J. G. et al., 1986). With the methods used at that time, a complete connectome

of a Drosophila brain would not have been accomplished (Lichtman et al., 2008;

Meinertzhagen, 2016; Meinertzhagen, 2018). The reason for this is the need of high-resolution

imaging, resolving single synapses and finest neuronal fibers (20 nm) throughout the full brain

volume. Recent innovation that overcome the pitfall of the diffraction limit of light microscopy

(~250 nm) (Hell et al., 1994), such as STED (Stimulated emission depletion) or STORM

(Stochastic optical reconstruction microscopy) (Betzig et al., 2006; Schermelleh et al., 2010;

Willig et al., 2007) in combination with synaptic markers, such as MARCM (mosaic analysis

with a repressible cell marker) and  GRASP (GFP reconstitution across synaptic partners)

(Feinberg et al., 2008; Lee et al., 1999; Mishchenko, 2011) enabled new insights into the

synaptic composition (Mosca et al., 2014; Pech et al., 2013).

However, to establish a complete mapping of all fine neurites and synapses of a

neuropil or the full brain, novel electron microscopy (EM) techniques are indispensable

(resolution down to 1 nm). In particular, in insects brain housing polyadic synapses, i.e. one

presynaptic site is connecting to several postsynaptic profiles. Resolving each neuronal profile

at these entangled specialized regions needs high resolution microscopy minimum down to

20 nm. Automated serial sectioning in combination with multi-beam transmission EM

techniques (ssTEM) (resolution down to 1 x 1 x 20 nm) or tissue milling with scanning EM

techniques (FIB-SEM) (resolution down to 1 x 1 x 1, depending on the volume and time) have

been developed (Briggman et al., 2012; Cardona et al., 2010; Denk et al., 2004a, 2004b;

Hanslovsky et al., 2017; Knott et al., 2008; Lichtman et al., 2008; Saalfeld, 2012; Xu et al.,

2017). Innovative neuronal reconstruction tools, like the web-based reconstruction software

CATMAID3 or the semi-automated “flood filling” approach contributed furthermore to reduce

the time of mapping complete neuronal networks (Li, P. H. et al., 2020; Saalfeld et al., 2009;

Schneider-Mizell et al., 2016).

3 http://www.catmaid.org/

http://www.catmaid.org/
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After the first connectome of Caenorhabditis elegans (White, J.G. et al., 1986),

Drosophila melanogaster full brain connectome was the goal of many cooperating scientists.

The optic lobe in the adult brain was the first connectome published, followed by insights into

the AL and the full larvae brain network (Berck et al., 2016; Horne et al., 2018; Rybak et al.,

2016; Takemura et al., 2008; Tobin et al., 2017). During the time of data acquisition for this

thesis, the complete connectome of the Drosophila full brain using ssTEM4 or FIB-SEM5 was

accomplished (Scheffer et al., 2020; Zheng et al., 2018). The focus of this thesis has been on

local circuits in a restrict relay, the olfactory glomeruli, with the aim to produce a dense

connectome of identified olfactory glomeruli, and to resolve fine neuronal structures (chapter

I and II).

4 https://v2.virtualflybrain.org
5 https://neuprint.janelia.org/

https://v2.virtualflybrain.org/
https://neuprint.janelia.org/
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OBJECTIVE OF THE DISSERTATION

Insects have evolved throughout evolution sophisticated sensory systems to orientate, to

survive and to communicate within their own ecological niche. In order to understand the

functional adaptation of the olfactory nervous system, it is indispensable to understand the

differences in the neuroanatomy, neuronal ultrastructure and circuits. To enhance our

knowledge on that topic the aims of the thesis were the following.

First, insects olfactory glomeruli circuits perform computational tasks in processing either

multiple odorants, that is thus involved in combinatorial coding of odorants, or such as are

dedicated in the processing of 1-3 odorants. The purpose of this mechanism is still not clear.

To find answers to how olfactory information are processed in glomeruli with different

specialization, we provided, in manuscript I, comprehensive knowledge about the dense

neuronal structure and synaptic connections of each of these two types of glomerular circuits.

Second, the classical concept of neuronal communication by chemical synapses throughout

neurotransmitters that are binding receptors at the postsynaptic density is well described.

However, the spectra of mutual neuronal modulation are still unknown. In manuscript II, we

discovered a, so far, unknown neuronal structures in the olfactory glomerular neuropil,

synaptic spinules, and discussed their putative function in neuronal modulation and

communication.

Third, I contributed to a study in which my colleagues and I considered the following question:

How evolutionary pressure in concert with developmental mechanisms across closely related

species shapes the neural assembly of sensory systems and the fly behavior? We examined,

in manuscript III, 62 related Drosophila species and explored their diversity in phenotypes,

sensory organs and behavior. We provide evidence of a developmental genetic constraint

accompanying evolutionary specialization of either the olfactory or the visual system.

Behavioral experiments provide evidence for the impact of this sensory bias in host-navigation

and courtship.
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OVERVIEW OF MANUSCRIPTS

Manuscript 1

Diversification of neuropil organization in specialized and

broadly tuned olfactory glomerular circuits in Drosophila melanogaster

Lydia Gruber, Rafael Cantera, Markus Pleijzier, Bill S. Hansson and Jürgen Rybak

BioRxiv

Uploaded as preprint on October 2 2022

In this study, I established a novel approach combining genetic tools

in Drosophila melanogaster to mark the glomeruli of interest with 2-photon laser branding

and state-of-the-art volume-based electron microscopy, Focused Ion Beam Electron

Microscopy (FIB-SEM). With this method I disclosed the neuronal architecture and synaptic

circuitry in a narrowly tuned glomerulus, processing the single aversive odorant geosmin (DA2)

and compared it with the neuronal composition of the broadly tuned glomerulus processing

multiple aversive odorants (DL5). By comparing the novel data with a previously mapped

narrowly tuned glomerular circuit (VA1v), putative generic features of narrowly tuned

glomerular circuits could be extracted. Furthermore, I disclosed a substantial amount of

autapses, self-activating synaptic feedback loops, in the large dendrite of the PN of the DL5

glomerulus potentially inducing increased projection neuron spiking after OSN activation.

Author contributions:

Conceived and designed study:  J. Rybak and L. Gruber (70%), B.S. Hansson

Performed experiments: L. Gruber (100%)

Analyzed data: L. Gruber (90%), J. Rybak, M. Pleijzier

Wrote the manuscript: J. Rybak; R. Cantera, L. Gruber (80%), B. S. Hansson
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Manuscript 2

Synaptic Spinules in the Olfactory Circuit of Drosophila melanogaster

Lydia Gruber, Jürgen Rybak, Bill S. Hansson and Rafael Cantera

Frontiers in Cellular Neurosacience

Published online on March 27, 2018

In this study, I report neuronal protruding cellular structures that frequently and

predominantly invaginate presynaptic terminals of olfactory sensory neurons in the

Drosophila antennal lobe emanating from neighboring postsynaptic neurons. These

structures, so-called spinules, were previously studied in the central brain of vertebrates and

are accompanied with double membrane vesicles, putative pinched off from the spinules.

They are likely playing a key role in the synaptic tagging, synaptic remodeling and neuronal

plasticity.

Author contributions:

Conceived and designed study:  J, Rybak, L. Gruber (70%)

Performed experiments: L. Gruber (100%)

Analyzed data: L. Gruber (90%), J. Rybak

Wrote the manuscript: J. Rybak; R. Cantera, L. Gruber (60%), B. S. Hansson
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Manuscript 3

Inverse resource allocation between vision and

olfaction across the genus Drosophila

Ian W. Keesey, Veit Grabe, Lydia Grube, Sarah Koerte, George F. Obiero, Grant Bolton,

Mohammed A. Khallaf, Grit Kunert, Sofia Lavista-Llanos, Dario Riccardo Valenzano, Jürgen

Rybak, Bruce A. Barrett, Markus Knaden and Bill S. Hansson

Nature Communication

Published online on March 11, 2019

In this study, my colleagues and I used a wide array of techniques to study 62 closely related

species within the genus of Drosophila with a focus on their phenotypic diversity, sensory

specialization and behavior differences. Our study identified an inverse resource allocation

between vision and olfaction that we observed at the periphery (eye size vs. antennal size),

within the brain (visual vs. olfactory first relay station), as well as during larval development

(antennal vs. imaginal disc). We investigate this sensory bias across the entire genus,

consistently favoring one sensory modality over the other one, which appears to represent

repeated, independent evolutionary events.

Author contributions:

Conceived and designed study:  I.W. Keesey, V. Grabe, M. Knaden, B.S. Hansson, L.

Gruber (10%), S. Koerte

Performed experiments: I.W. Keesey, V. Grabe, L. Gruber (15%), S. Koerte, G.

Bolton, B. A. Barrett

Analyzed data: I.W. Keesey, V. Grabe, L. Gruber (10%), S. Koerte, J.

Rybak, S. Lavista-Llanos, G. Bolton, B. A. Barrett,

D.R. Valenzano and G. Kunert, G.F. Obiero, M. Knaden

Wrote the manuscript: I.W. Keesey, M. Knaden, B.S. Hansson
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CHAPTER 1

Diversification of neuropil organization in specialized

and broadly tuned olfactory glomeruli

Lydia Gruber, Rafael Cantera, Markus Pleijzier, Bill S. Hansson and Jürgen Rybak

Preprint on bioRxiv

Posted on October 2, 2022
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SUPPLEMENTARY FIGURES

Figure 1 – Video 1: FIB-SEM scan of a DA2 dataset with highlighted uPN
reconstruction (see extra file)

The video shows a full FIB-SEM scan of a DA2 glomerulus at pixel resolution 4x4x20
nm, with the neuron trace of a single uniglomerular projection neuron (uPN#2)
highlighted in yellow.

Figure 2 – figure supplement 1: Neuronal volume and polyadicity

A: Ratio between neuronal fiber volume and length in OSNs (30 neurons were
measured), uPNs (n =5) and MGNs (n = 16) in glomerulus DA2. Data represent mean
+ standard deviation (error bars). B-D: Frequency of T-bars associated with a number
of postsynaptic contacts (Polyadicity) in OSNs (B), uPNs (C) and MGNs (D) in DA2
(dark shade) and DL5 (light shade)

Supplementary Table S1: Relative differences of glomerular innervation and
synaptic composition between DA2 and DL5

The Table lists the relative differences between DA2 and DL5 (see Methods for
calculations). Relative differences above 20% in both directions are highlighted. Dark
shades highlights values that are greater in DA2 than in DL5 and light colors highlight
values that are less in DA2 than in DL5.

Figure 3 – figure supplement 1: Synaptic density along neuronal fibers in DA2 and
DL5

Counts of synaptic inputs, synaptic outputs and T-bars normalized to 1 µm of neuronal
length along OSN, uPN or MGN fibers and collectively for all neurons within
glomeruli DA2 (dark colors) and DL5 (light colors). DA2: OSNs (green) n= 44; uPNs
(red) n= 7; MGNs (blue) n=180; all neurons n=231. DL5: OSNs n=46; uPN n=1; MGNs
n=221; all neurons n=268. Data represent mean + standard deviation (error bars). Data
points represent single values. Means are compared using either Student’s T-test (in
OSNs) or Wilcoxon two-sample test (in MGNs and all neurons). The uPNs of the DA2
are not compared to the single uPN of the DL5. Significance value: p>0.05 (not
significant, no star), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***). Values are listed in Table 1,
row 9-11.

Figure 4 – figure supplement 1: Properties of ipsi- and contralateral OSNs.

A: Boxplots for total neuronal-fiber length and synaptic density (inputs, outputs, T-
bars per unit of neuronal fiber length) of ipsilateral (dark green) and contralateral OSN
terminals (light green). Dots represent single values. Means were compared using
Student’s T-test. Significance value: p≤0.05 (*), p≤0.01 (**), p≤0.001 (***).
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Supplementary Table S2: Synaptic connectivity and relative differences between
DA2, DL5 and VA1v

Synapse counts and synaptic strength of each connection type in DA2, DL5 and VA1v.
Three comparisons are shown: DA2 compared with DL5 (top table), VA1v with DL5
(middle) and VA1v with DA2 (bottom). The relative synaptic strength (rel syn
strength) of each connection type is listed on the left side and the relative differences
(rel differences) is listed on the right side.

Supplementary Table S3: Connectivity of single neurons in DA2 (see extra file)

Supplementary Table S4: Connectivity of single neurons in DL5 (see extra file)

Figure 7 – figure supplement 1: Distribution of synapses and autapses along the DL5
uPN dendrite in DL5
A: 3D-reconstruction of the uPN dendrite (skeleton trace) in the DL5 glomerulus
showing the presynaptic (red dots) and postsynaptic sites (cyan dots) of all its
autapses. B: Number of autaptic presynaptic (red) and postsynaptic sites (cyan)
according to their geodesic distance to the basal root node point (indicated with a black
circle in A). C: Proportional distribution of all presynapses and postsynapses
(excluding autaptic connections) in the DL5 uPN at each strahler order (see legend
inset). Note the high proportion of postsynaptic sites on most distal dendritic branches.
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Figure 2 – figure supplement 1
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Figure 3 – figure supplement 1
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Figure 4 – figure supplement 1
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                                               Supplementary Table S2
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                                     Supplementary Table S4
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Figure 7 – figure supplement 1
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Synaptic Spinules in the Olfactory Circuit of

Drosophila melanogaster
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Frontiers in Cellular Neuroscience

Published online on March 27, 2018
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DISCUSSION

“While a single neuron is the basic anatomical and processing unit of the brain, it is not capable

of generating behavior or, ultimately, thinking. The true functional unit of the central nervous

system is a population of neurons, or neuronal ensembles.” – Miguel Nicolelis

The aim of my thesis was to extend the knowledge about the neuronal architecture and

synaptic circuitry of the olfactory system with the goal to get a better understanding how the

olfactory system is organized in order to implement the computation of olfactory information

and how it evolved in distinct species for adaptations to specific environmental conditions. To

address this, my thesis focused on three main questions:

(1) How do specialized olfactory glomerular circuits in the AL of Drosophila melanogaster

that are tuned to single odorant of ecological importance differ in their synaptic

circuitry to more abundant and broadly tuned glomeruli (chapter I)?

(2) What are specific cellular features in olfactory glomeruli (chapter II)?

(3) How did the olfactory system evolved differently across the genus Drosophila and how

does it adapt to altering species-specific external conditions and lifestyle (chapter III)?

To follow up this task, I used state of the art microscopy techniques. I developed a

novel approach to perform targeted and volume-based electron microscopy of identified

regions (chapter I and II). By using the spectral-based lambda scan and the un-mixing

technique6 at the confocal laser scanning microscopy, I separated auto-fluorescent spectral

profiles of olfactory sensilla for a fast sensilla classification and quantification in diverse

Drosophilid species (chapter III).

Circuit features of specialized narrowly tuned glomerular circuits

The chapter I accomplishes a more comprehensive understanding of the detailed neural

architecture and microcircuits in the antennal lobe (AL) at the ultramicroscopic level of

olfactory glomeruli in Drosophila melanogaster and I will discuss how synaptic circuit

organization correlates with distinct signal processing demands in distinct glomerular circuits.

6 http://zeiss-campus.magnet.fsu.edu/articles/spectralimaging/introduction.html

http://zeiss-campus.magnet.fsu.edu/articles/spectralimaging/introduction.html


138 Neural circuit architecture and evolutionary adaptations in the Drosophila olfactory system

Inspired by fast-innovating high-resolution electron-microscopy techniques, such as

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) (Xu et al., 2020; Zheng et al., 2017;

Zheng et al., 2020) and digital reconstruction tools, such as CATMAID7 (Li, P. H. et al., 2020;

Saalfeld et al., 2009; Schneider-Mizell et al., 2016), this study aimed to investigate the dense

connectomes of selected and previously morphologically and functionally described olfactory

glomeruli: the DA2 and the DL5 (Grabe et al., 2016; Knaden et al., 2012; Stensmyr et al., 2012).

To accomplish this in an appropriate time scale, I developed a correlative workflow that

combines transgenic neuron labeling to identify glomeruli of interest with near-infrared-laser-

branding for precise volume targeting (Bishop et al., 2011). Targeted glomerular volumes were

subsequently scanned with FIB-SEM, an electron microscopy technique that images at the

synaptic resolution level the full volume of the target glomeruli (Briggman et al., 2012; Xu et

al., 2017). All neuronal fibers and their synapses were manually reconstructed in the two

olfactory glomerular neuropils to untangle the dense neuropil and its microcircuits using

CATMAID software (Figure 5). An advantage of this approach is that it facilitates localization of

the volume of interest with high precision and consequently limits the image volume to a

minimum and thus reduces scanning time. At the same time, the limitation in volume is a

drawback of this workflow, as it was impossible to reconstruct neurons back to their soma.

This is important to define neuronal lineages to identify neuron types, as performed in recent

connectome studies (Bates et al., 2020; Berck et al., 2016; Eichler et al., 2017; Horne et al.,

2018; Scheffer et al., 2020; Schlegel et al., 2021; Zheng et al., 2018).  In this study, we used

ultrastructural criteria for neuron classification.

7 http://www.catmaid.org

http://www.catmaid.org/
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Figure 5  Correlative workflow to achieve a dense connectome of selected glomeruli. The scheme
depicts the correlative workflow used to image previously marked olfactory glomeruli with high
resolution volume targeting Focused Ion Beam Electron Microscopy (FIB-SEM) and to reconstruct the
neuronal network. Transgenic neuron labeling combined with near-infrared-laser-branding with a two-
photon laser enables glomerulus identification and marking. With the aid of subsequent FIB-SEM
imaging and the software CATMAID, neurons, with their synaptic contacts, were reconstructed. The
produced dense connectome of the glomerulus DA2 and DL5 provided important circuit information.

This approach helped to untangle the microarchitecture in the two glomeruli DA2 and

DL5 (manuscript I).  Recent publications gave clear evidence of the diversity in olfactory

glomerular neuronal composition and its synaptic connections (Schlegel et al., 2021) and that

neuronal composition correlates with glomerular size and response profile (Grabe et al.,

2016), contradicting the assumed uniformity of glomerular neuronal composition (Ramaekers

et al., 2005; Vosshall et al., 2000).

DA2 and DL5  circuits both contribute to an aversive behavior but have different

response profiles, being highly dedicated either to single odorants (DA2) or activated by many

odorants (DL5) (Knaden et al., 2012; Mohamed et al., 2019b; Münch et al., 2016; Seki et al.,

2017; Stensmyr et al., 2012). Narrowly tuned glomeruli, like the DA2, are often part of a

specialized olfactory pathway, processing odorants of ecological importance for reproduction

or in anticipation of hazards (Haverkamp et al., 2018; Keesey et al., 2021; Kurtovic et al., 2007;

Stensmyr et al., 2012).

The dense connectome analysis adds up to missing information on the

ultramicroscopic scale, by analyzing neuron arborizations, synaptic composition and local

circuit motifs in olfactory glomeruli and how these differ from each other in correlation to the

known glomerular response dynamics (Grabe et al., 2016) (Figure 4). We compared all findings

with the dense connectome of a second dedicated glomerular pheromone coding circuit, VA1v
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(that has a positive valence) (Horne et al., 2018). Five prominent features were disclosed as

adaptations specific to narrowly tuned glomerular circuits that participate in a dedicated

coding pathway, and which distinguish them from broadly tuned glomerular circuits

participating in multi-glomerular coding (summarized in Figure 6). While narrowly tuned

glomerular circuits, such as DA2 and VA1v show already high specificity to their odorant, due

to the receptor tuning, the five features, disclosed in this study, are contributing to the

maintenance of signal amplification, coding accuracy and integration speed in higher brain

centers in “one-glomerular odorant coding pathways” as discussed in the following

paragraphs.

Figure 6  Special features in narrowly tuned glomerular circuits. Narrowly tuned glomerular circuits
reveal five specific circuit features that differentiate them from broadly tuned ones. These features are
illustrated in the scheme of the two types of glomeruli (grey circles). The different number of colored
circles illustrate similar or distinct numbers of neurons in these two types of glomerular circuits (known
from Grabe et al. (2016). Different sizes of triangles illustrate the strength of the connection between
two classes of neurons (see legend on the right) with respect to the relative number of synapses in
relation to the total number of synapses in the circuit.  Narrowly tuned glomerular circuits have a
stronger olfactory sensory neuron (OSNs; green) output (1), more reciprocal axo-axonic connections
between OSNs (2) and dendro-dendritic connections between uniglomerular projection neurons
(uPNs; red) (3), which transmit signals further to the lateral horn (LH) and the mushroom body calyx
(MBc). OSNs are less lateralized in their connectivity (4), modulatory local interneurons (LNs; blue)
receive less feedback from uPNs (5) and provide less feedback to OSNs (6). In the broadly tuned circuit,
the uPN forms autaptic connections onto itself (3).
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In the narrowly tuned circuits (DA2, VA1v) the synaptic output of OSNs was stronger

(with respect to the number of synaptic contacts) than in the broadly tuned one (DL5), while

maintaining the high convergences of OSN input at the level of the 5-7 second-order

projection or AL output neurons (uPNs), i.e. each OSN synapses onto each of the 5-7 uPNs.

This was in agreement with reports on the narrowly tuned glomerulus DA1 (Agarwal et al.,

2011; Jeanne et al., 2015). The increased number of sensory input sites at the uPN level

accompanied by the maintained high OSN input convergence putatively drives signal

amplification at weak odorant concentrations (Acebes et al., 2001) and supports the

synchronization of uPN spiking events and improves the speed of signal integration (Kazama

et al., 2009; Rospars et al., 2014).

 Furthermore, the reciprocal excitatory axo-axonic connections between sister OSNs in

the narrowly tuned glomeruli are more abundant in the narrowly tuned DA2 than in DL5. This

confirms observations in the narrowly tuned pheromone coding circuits of the VA1v, DA1 and

DL3 (Dweck, H. K. et al., 2015; Ebrahim et al., 2015; Horne et al., 2018; Schlegel et al., 2021;

Suh et al., 2004). Axo-axonic synapses have also been reported between gustatory and

mechanosensory neurons in Drosophila larvae (Miroschnikow et al., 2018) and in the olfactory

epithelium and the olfactory bulb of vertebrates (Hirata, 1964; Nagayama et al., 2014;

Shepherd et al., 2021). In vertebrates, axo-axonic synapses between excitatory sensory

neurons are involved in a synchronized transmitter release (Cover et al., 2021), reminiscent of

the synchronized uPN spiking due to reciprocal synaptic and electric coupling in the Drosophila

AL and LH (Huoviala et al., 2020; Kazama et al., 2009). Strong OSN-OSN connectivity has the

potential to increase the correlation of OSN spiking events and therefore facilitate a robust

OSN signal (de la Rocha et al., 2007).

In addition, the narrowly tuned glomerulus DA2 has a substantial amount of excitatory

dendro-dendritic uPN-uPN synapses as reported for the VA1v or other glomeruli with more

than one uPN (Horne et al., 2018; Jeanne et al., 2015; Kazama et al., 2009; Tobin et al., 2017).

Dendro-dendritic connections are also reported for mitral and tufted cells of the vertebrate

olfactory bulb (Christie et al., 2005; McTavish et al., 2012; Shepherd et al., 2021).

The reciprocal excitatory connectivity between sister OSNs and uPNs drives, in addition

to the high convergence of the OSN-uPN connection, facilitates the synchronization of spike

trains in uPNs (Chen et al., 2005; Jeanne et al., 2015; Kazama et al., 2009). In the narrowly
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tuned olfactory pathway a synchronized uPN activity between many uPNs, as reported for

these circuits (Grabe et al., 2016), improves intensively the signal-to-noise ratio (accuracy) of

induced spikes. It increases furthermore processing speed, by reducing the latency of spike

initiation in third-order neurons in the lateral horn (Jeanne et al., 2018; Jeanne et al., 2015).

Glomeruli participating in a dedicated olfactory pathway and processing ecologically

important odorants, such as pheromones or host odorants are often described as macro-

glomerular complexes innervated by an increased number of OSNs (Auer et al., 2020; Boeckh

et al., 1993; Dekker et al., 2006; Galizia et al., 1999; Hansson et al., 1992; Linz et al., 2013;

Nishino et al., 2015). The DA2, however, by coding geosmin, is an important alarm signal of

potentially toxic microorganisms (Gerber et al., 1965; Jüttner et al., 2007; Mattheis et al.,

1992), is rather small and has a moderate number of OSNs (~22 OSNs) (Grabe et al., 2016;

Grabe et al., 2015). However, our study showed, a higher synaptic density in the DA2, in

particular of OSNs (manuscript I), that stands in contradiction to previous descriptions

depicting a uniform OSN synapse density throughout the AL (Mosca et al., 2014). This increase

in synapse number could be a way for the small DA2 glomerulus to improve signal sensitivity

without an increased number of OSNs (Acebes et al., 2001; Liu et al., 2022).

OSNs project bilaterally to the left and right AL (Gaudry et al., 2013; Schlegel et al.,

2021; Stocker et al., 1990; Tanaka et al., 2012). This is exceptional in the periphery of insects.

In the mammalian olfactory system, for example, bilateral comparison of olfactory input

occurs in higher brain centers (Dalal et al., 2020). In flies, bilateral sensory input enables them

to discriminate odor sources of different spatial origins through asymmetric OSN connection

in the AL and a bilateral comparison of olfactory stimulation (Agarwal et al., 2011; Borst et al.,

1982; Duistermars et al., 2009; Gaudry et al., 2013; Taisz et al., 2022; Tobin et al., 2017). In

the narrowly tuned glomeruli, DA2 and VA1v, however, this asymmetry was weak (manuscript

I) suggesting a weak left-right-contrast in the uPN response after methyl laurate (pheromone)

or geosmin (alarm signal), respectively, stimulation. Both odorants act at short distances,

while the fly is walking and not flying, influencing either aggregation or oviposition in females

(investigated in this study). Perhaps, for the decision between avoiding and staying at a

location at short distances the detection system needs to be less precise in location coding, as

it is needed while flying and foraging (Demir et al., 2020; Thoma et al., 2015).

Last but not least, we found evidence in the narrowly tuned glomeruli, DA2 and VA1v

for less presynaptic inhibition at OSNs (Root et al., 2008; Olsen et al., 2008), confirming
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physiological observations in the AL (Hong et al., 2015). Presynaptic inhibition is the main

driver of gain and dynamic range control and regulates the duration and magnitude of

incoming excitatory signals throughout the AL (Alon, 2007; Luo, 2021; Milo et al., 2002). It

plays, therefore, an important role in the combinatorial coding of olfactory cues in the AL

(Galizia, 2014; Sachse et al., 2021; Szyszka et al., 2015). We found furthermore less uPN

feedback onto modulatory LNs. The uPN feedback is described in the Drosophila larvae to

synapse mainly onto pan-glomerular LNs, involved in lateral inhibition and gain control (Berck

et al., 2016). The OSN input that the LNs received and the LN output onto PNs in these circuits

was still high, at least for DA2. So instead of inter-glomerular modulation, LNs in narrowly

tuned glomeruli are likely to perform a stronger intra-glomerular modulation, which is

important for PN fine-tuning and response adjustment (Assisi et al., 2012; Ng et al., 2002;

Olsen et al., 2010; Root et al., 2007).

The circuit analysis in DA2 and DL5 in combination with the study from Horne et al.

(2018) on the VA1v thus completes important knowledge on local circuit motifs and

ultrastructural organization in these glomerular neuropils.  It thus contributes to the large-

scale connectome analysis of the Drosophila brain that includes the AL (Schlegel et al., 2021)

and sparse reconstructions in different glomeruli (Rybak et al., 2016).

Autapses – short excitatory feedback loops within dendrites of olfactory neurons

Autapses are synapses that form feedback loops from a neuron onto itself, (Bekkers, 1998;

Tamás et al., 1997; Van der Loos et al., 1972). They are reported at different frequencies in

different types of neurons in the mammalian brain (Bekkers, 1998; Ikeda et al., 2006; Saada

et al., 2009), acting either inhibitory (Bacci et al., 2006; Saada et al., 2009; Tamás et al., 1997)

or as excitatory feedback (Guo et al., 2016; Wiles et al., 2017; Yin et al., 2018).

In the Drosophila AL, we found a substantial amount of autapses in the large dendrites

of the DL5 uPN. So far, sparsely distributed autapses were briefly mentioned in the Drosophila

brain in the medulla of the optic lobe (Takemura et al., 2015) as well as in the glomerulus VA1v

(Horne (Horne et al., 2018). Our detailed analysis reports autapses, that form feedback loops

from the basal dendritic tree of the DL5-uPN close to the entrance of the dendrite at the

glomerulus border) to the distal branches and provide, to our knowledge, the first evidence

of autapses within the dendritic tree of an insect neuron. These autapses have an

inhomogeneous distribution, connecting more frequently rather distant than close sub-
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regions of the dendritic tree and in addition form two clustered regions of autaptic input sites

(manuscript 1). Recent studies in vertebrates show that excitatory autapses enhance neuron

bursting and excitability (Guo et al., 2016; Wiles et al., 2017; Yin et al., 2018). We hypothesize

that the autapses in the DL5 uPN dendrite are also excitatory since the neurotransmitter of

uPNs are acetylcholine (Yasuyama et al., 2003). We suggest therefore an important role of the

dendro-dendritic autapses in such large compartmentalized dendrites, as it is the case for the

DL5 uPN, to enhance synchronized depolarization events of distinct dendritic subtrees,

supporting a synchronized signal propagation along the dendrite to the axon initiation site

situated at the AL border (Graubard et al., 1980; Tran-Van-Minh et al., 2015). In addition,

clustered autaptic input can be important to set additional clustered depolarization events at

dendritic subunits to the OSN-induced postsynaptic depolarization events (Kumar et al., 2018;

Liu et al., 2022). A temporal summation of spatially close graded depolarization events

induced by OSNs and autaptic excitatory feedback could thus be important to drive the

polarization of the dendrite close to the threshold and therefore increases uPNs spiking

probability of the uPN during OSN-induced activation (Stuart et al., 2007)(Springer et al., in

preparation).

Spinules – a generic feature in olfactory glomeruli

In chapter II we describe ultrastructural features in the olfactory glomeruli, reminiscent of

synaptic spinules in the mammalian brain (reviewed in (Petralia et al., 2015) that are not yet

reported in the Drosophila brain. Synaptic spinules are deep invaginations nearby presynaptic

sites formed by protrusions from neighboring neurons, as shown in our study of olfactory

glomeruli. We observed most abundantly spinules innervating OSN presynaptic boutons (the

latter are membrane swelling of the OSN axonal terminals) formed by protrusions from

postsynaptic neurons (either branching off from PNs, OSNs or LNs). Similar invagination

profiles are illustrated in images of Drosophila synapses in other brain neurons published by

other authors, who did not name them explicitly (Berck et al., 2016; Butcher et al., 2012; Leiss

et al., 2009; Zheng et al., 2018).

The spinules, as seen in the vertebrate brain (Spacek et al., 2004), were also associated

with double membrane vesicles (DMVs), which are considered to pinch-off from spinules,

housing cytosolic content and vesicles. Moreover, we observed DMVs and spinules associated

with mitochondria and with cisternae of the endoplasmic reticulum, two major sources of CA2+
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sources. Therefore, spinules and DMVs might be part of a recently well described neuronal ER

network that includes contacts with the plasma membrane or mitochondria (Wu et al., 2017)

and might be involved in an activity-dependent growth and proliferation of spinules (Richards

et al., 2005; Tao-Cheng et al., 2009; Ueda et al., 2013).

The function of spinules remains elusive. However, they are discussed to play a role in

synapse tagging, synaptic remodeling and neural plasticity by releasing material, such as

microRNA or proteins, into the host neuron, triggered by synaptic activity and analogous to

axonal pruning.  Thus, they contribute to synaptic plasticity and synaptic tagging (Frey et al.,

1997; Redondo et al., 2010), mediated by material transfer (Busto et al., 2017; Cocucci et al.,

2015; Smalheiser, 2014). This might have therefore functional consequences for olfactory

learning (Davis, 2004; Fiala, 2007; Hige, 2017; Keene et al., 2007). Synaptic invaginations are

also reported as sites of emphatic communication, a cellular non-synaptic communication

referring to a coupling of adjusted cells, e.g. found in the vertebrate retina. Spinule-like

invaginations provide thereby segregated regions inside the cell for ephaptic feedback

(Vroman et al., 2013). In the olfactory glomeruli, these invaginations could be also sites of

ephaptic communication and therefore provide cell-to-cell communication in addition to

chemical transmission via neurotransmitters, or neuropeptides (Carlsson et al., 2010; Distler,

1990; Ignell et al., 2009; Root et al., 2011).

Evolutionary adaptation of the olfactory system across closely related species

In the last chapter, chapter III, I contributed to a large-scale study that focused on the

evolution of the olfactory and the visual system across the genus of Drosophila. We provide a

large-scale analysis of 62 Drosophila species and evidence for an inverse relationship between

visual and olfactory neuropils and its investment of neural tissue, i.e. one sensory modality is

consistently selected for investment in neuronal tissue at the expense of the other. This is

associated with foraging behavior, in which one sensory modality performed more efficiently

than the other one. The competition between those two traits (optic versus olfactory neuropil

size), might be caused by a developmental constraint. A single imaginal disc, which gives rise

to both the eye and antenna, might allow one system to grow at the expense of the other one.

The sensory divergent variation was noted across the entire genus and appeared to represent

repeated and independent evolutionary events. In sympatric species, sharing the same

habitat, where courtship and host competition are strong, differences between vision and
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olfaction investment were the highest and relaxed competition likely to drive opposing

development of these two sensory systems (Keesey et al., 2020). It remains an open question

whether the developmental constraints, we investigated in Drosophila melanogaster is under

similar constraints in non-melanogaster species. However, there is evidence of a single

mutation that causes an inverse variation in ommatidia and sensilla numbers (Ramaekers et

al., 2019). A similar tradeoff has been reported in another group of flies (miltogrammine flies)

and also in primates (Polidori et al., 2022). This sensory specialization to different sensory

inputs could be important, not only in foraging but also to evolve divergent courtship behavior

and therefore for sexual isolation (Keesey et al., 2020; Khallaf et al., 2020).

Interestingly, species that exhibit a pronounced olfactory system had an increased

number of trichoid sensilla. It would be of high interest for future studies to investigate the

correlation of olfactory investment with evolutionary changes in glomerular number and size,

OSN receptor specialization and changes in the olfactory networks (Keesey et al., 2022;

Seeholzer et al., 2018). In fact, while most Drosophila species have roughly the same diversity

of chemosensory genes and ommatidium types (Posnien et al., 2012; Sánchez-Gracia et al.),

across basiconic and trichoid sensilla different receptor ratios exist, where this variation is

often associated with specialization (Auer et al., 2020; Dekker et al., 2006; Dekker et al., 2015;

Linz et al., 2013). On the other hand, species with enlarged eyes and optic lobes exhibited a

low number of trichoid sensilla and a greater degree of body pigmentation. Some of these

species, such as Drosophila suzukii are known to produce a very low amount of a specific

pheromone, that is detected by OSNs in trichoid sensilla (Keesey et al., 2016). These examples

demonstrate how the tight interplay between environmental conditions, species competition

and developmental predisposition influences brain evolution.

Conclusion and future perspective

This thesis provided important insights into the complexity of the neural ultrastructure,

synaptic connectivity and subcellular features of the olfactory nervous system and how this

correlates with computational demands or, on a lower scale of resolution, how sensory

neuropils change dependent upon species-specific external conditions and lifestyle. This work

contributes therefore to a better understanding of how sensory systems implement specific

computational tasks and how certain circuitry motifs dictate certain behaviors. During the last

decades, a great effort has been done to comprehend the correlation between neuronal
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network structure in the olfactory system and its function (reviewed in (Luo, 2021; Scheffer et

al., 2021). This thesis contributes to an expansion of this knowledge in the field of sensory

neuroscience. Although still an unfinished picture, we provide data on ultrastructural features

and network motifs that are important to improve the sensory performance in the insect’s

olfactory system. Our data provide also a solid base for modeling studies in order to better

understand how the nervous system builds up and performs its computation on neural

processing.

“Design in nature is but a concatenation of accidents, culled by natural selection until

the result is so beautiful or effective as to seem a miracle of purpose.” – Michael Pollan

It has always been amazing what we can learn from nature if we take the time to learn

from it. What can we learn from insect brains? These tiny insects, despite their limited body

and brain size, have evolved over a million years well-adapted sensory systems and achieve

maximum efficiency in sensory tasks (miniaturization of brain size) (Polilov, 2016; Rybak et al.,

2016). Investigating their sensory system in more detail can find important technical

applications (Marshall et al., 2010), such as in the “artificial nose” to detect odorants that we

as humans cannot detect and/or discriminate (Nowotny et al., 2012).
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SUMMARY
The perception of the olfactory world is not an easy task. Odor plumes are dynamic blends of

diverse and mixed olfactory signals. Insects have evolved, in over millions of years,

sophisticated sensory systems to perceive the olfactory environment and extract valuable

information to induce an appropriate behavior, which ensures their survival and successful

reproduction.

This thesis aimed to understand the details of the neural architecture of the olfactory system

in flies of the genus Drosophila and its evolutionary adaptation to diverse species-specific

environmental conditions. In the insect olfactory first relay station, the antennal lobe,

olfactory sensory neurons (OSNs) relay odorant previously induced signals to segregated

coding units, the olfactory glomeruli. At this level, the system already extracts and encodes

valuable information, such as odor identity, concentration, or odor location. To cope with the

almost infinite amount of olfactory chemicals, most insect’s volatile odorants are encoded in

a combinatorial manner, i.e. one odorant activates many distinct glomerular coding units,

which in turn are activated by several odorants. Selected odorants with particular ecological

importance for the fly's survival or reproduction are encoded in single and distinct glomerular

circuitries.

In the first part of the thesis, I show in a dense connectome analysis in the fruit

fly, Drosophila melanogaster, that these dedicated glomerular coding units have evolved

specific circuit features that might be important to ensure improved accuracy and signal

amplification. Furthermore, this study provides evidence that these glomeruli have fewer

synapses involved in inter-glomerular modulation and rather more synapses involved in intra-

glomerular modulation. The OSNs bilateral connection in these glomeruli displays a weak

degree of asymmetry, which is important to induce a bilateral contrast and therefore to

encode odor source location. This thesis discovered furthermore a substantial amount of

autapses, self-activating feedback synapses, along the large dendrite of a uniglomerular

projection neuron, which is a target neuron of OSNs further conveying the olfactory signal to

following brain areas. The autapses are likely to play a role in the induction of fast action

potentials during weak odor stimulation. In the second part, I discovered deep invaginations

nearby presynaptic sites of mainly OSNs formed by protrusions from neighboring neurons.

The so-called “synaptic spinules” play a role in neuronal communication and/ or modulation.
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In the last part of my thesis, I contributed to a large-scale analysis, in which we investigated

more than 60 species of the genus Drosophila with respect to their phenotypic properties,

behavior, and their olfactory and visual systems. We identified an inverse resource allocation

between vision and olfaction, consistently favoring one sensory modality over the other one

in repeated evolutionary events across the genus Drosophila.

This work provides important information on synaptic circuits and architecture and on the

question, of how the system might has evolved in the best possible way to adapt to species-

specific environmental conditions and lifestyles.
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ZUSAMMENFASSUNG

Die Wahrnehmung der olfaktorischen Welt ist keine leichte Aufgabe. Duftwolken sind eine

Mischung aus vielfältigen olfaktorischen Informationen. Insekten haben über einen Zeitraum

von Millionen von Jahren ihrer Evolution ausgefeilte sensorische Systeme entwickelt um die

Düfte ihrer Umgebung wahrzunehmen und die wertvollen Informationen zu extrahieren um

wiederum ein präzises angepasstes Verhalten auszulösen was ihr Überleben sowie auch eine

erfolgreiche Vermehrung sicherstellt.

Das Ziel dieser Doktorarbeit war es die Details der neuronalen Architektur des

olfaktorischen sensorischen Systems der Fliege, der Gattung Drosophila, besser zu verstehen

und dessen evolutionäre Anpassung an die vielseitigen artenspezifischen

Umgebungsbedingungen. In der ersten Schaltzentrale des olfaktorischen Systems der

Insekten, im Antennallobus, leiten olfaktorische sensorische Neurone (OSNs) zuvor induzierte

Signale an abgegrenzte Kodierungseinheiten, die olfaktorischen Glomeruli weiter. Auf dieser

Ebene extrahiert und codiert das System wertvolle Informationen, wie zum Beispiele die

Duftidentität, dessen Konzentration und Lokalisation. Um die fast unendliche Zahl an

Duftstoffen zu verarbeiten hat das olfaktorische System der Insekten eine kombinatorische

Strategie entwickelt dies zu tun, das heißt ein Duftstoff aktiviert viele glomeruläre

Kodierungseinheiten, welche wiederum von vielen Duftstoffen aktiviert werden.  Bestimmte

Düfte mit besonderer ökologischer Bedeutung für das Überleben der Fliege und dessen

Fortpflanzung werden jedoch innerhalb eines einzigen glomerulären Schaltkreises verarbeitet.

Im ersten Teil meiner Doktorarbeit zeige ich in einer Konnektomanalyse in der

Fruchtfliege, Drosophila melanogaster, dass diese spezialisierten glomerulären

Kodierungseinheiten spezifische Merkmale in ihren Schaltkreisen entwickelt haben, welche in

der Sicherstellung einer genaueren Signalverarbeitung und Signalverstärkung eine Rolle

spielen. Diese Arbeit liefert außerdem Beweise dafür, dass diese spezialisierten Glomeruli

weniger Synapsen besitzen, die in der interglomerulären Verarbeitung von Duftsignalen

beteiligt sind und mehr die in der intraglomerulären Verbreitung involviert sind. Die bilaterale

Verschaltung der OSNs in diesen Glomeruli zeigen einen sehr geringen Grad an Asymmetrie,

was eine wichtige Rolle in der Lokalisation der Duftstoffquelle spielt. Eine wesentliche Anzahl

an Autapsen, welche selbst-aktivierende Rückverschaltungen des Neurons auf sich selbst

darstellen, wurden entlang eines großen Dendriten eines uniglomerulären
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Projektionsneurons entdeckt. Die Projektionsneurone sind Zielneurone der OSNs welches das

olfaktorische Signal an nachgeschaltete Gehirnregionen weiterleitet. Die Autapsen spielen

demzufolge wahrscheinlich eine wichtige Rolle in der schnellen Induzierung von

Aktionspotentialen während einer schwachen Duftstimulierung. Im zweiten Teil der Arbeit

beschreibe ich Einstülpungen in der Nähe der Präsynapsen der OSNs welche von

Ausstülpungen der benachbarten Neuronen geformt werden. Diese sogenannten

„synaptischen Spinules“ spielen eine Rolle in der neuronalen Kommunikation und Modulation.

Im letzten Teil der Doktorarbeit habe ich an einer groß angelegten Studie teilgenommen,

welche mehr als 60 Drosophila-Arten bezüglich deren phänotypischen Eigenschaften,

Verhalten und ihrer olfaktorischen und visuellen Systeme untersucht hat. Wir haben eine

entgegengesetzt gerichtete Ressourcenvergabe zwischen dem visuellen und olfaktorischen

System beobachtet, bei der sich ein System immer auf Kosten des andern Systems entwickelt,

was als wiederholte evolutionäre Ereignisse innerhalb der Gattung Drosophila zu beobachten

war.

Diese Doktorarbeit liefert essentielle Informationen zur neuronalen Architektur und zu

synaptischen Schaltkreisen im olfaktorischen System und zu der Frage wie olfaktorische

Systeme sich im Laufe der Evolution bestmöglich und die artspezifische Umwelt und

Lebensweise angepasst haben.
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