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Introduction 
Orientation and navigation in complex habitats demand a proper evaluation of 

available landmarks and the integration of various modalities to decide and execute 

appropriate behavior. The possibilities to perceive this surrounding are numerous in 

the sense of optical, thermosensory, hygrosensory, mechanosensory and 

chemosensory stimuli. Chemosensation, in contrast to the other modalities, is not 

oriented along a rather simple scale with discrete steps such as wavelength, 

temperature or humidity. Instead, chemical senses have to deal with a nearly infinite 

number of possible combinations of molecules expanding the variability of every 

other sense. This environmental challenge led to the evolution of a sensory system of 

similar complexity – the olfactory system. 

As a favored model organism, the vinegar fly Drosophila melanogaster and its 

unprecedented genetic modifications allow a comprehensive examination of the 

olfactory system. The fact that vertebrate and invertebrate chemosensation share 

various structural attributes (Eisthen, 2002) emphasizes the beneficial use of insect 

neuroscience, generating a solid foundation for the understanding of the chemical 

sense. Investigating ways to fight crop pests (Lee et al., 2011) and disease vectors 

(Kain et al., 2013; McMeniman et al., 2014) is another crucial origin of invertebrate 

neuroscience. Each of these two approaches is either focused on a mechanistic 

understanding, such as the search for effective insect deterrents (Kain et al., 2013), 

or on an extensive physiological analysis leading to an improved understanding of 

the detailed olfactory circuitry (Wilson, 2013). The latter one is often combined with 

anatomical observations to support a new hypothesis (Caron et al., 2013; Mosca and 

Luo, 2014) or to challenge an outdated one (Zhu et al., 2013). Except for the 

pheromone pathways (Boeckh and Tolbert, 1993; Galizia et al., 1999; Hansson et al., 

1992; Schneiderman et al., 1986), an actual relation of form and function is usually 

neglected. 

The olfactory system of Drosophila melanogaster 
To investigate a putative correlation of function and structure, the antennal lobe (AL) 

of Drosophila melanogaster and its connected neuropils (Fig 1) represent a perfect 

research object (Liang and Luo, 2010; Vosshall and Stocker, 2007). On one hand, 

the availability of extensive functional data for various units of the system (Hansson 

et al., 2010), and on the other hand the steady increasing methodological possibilities 
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to approach open questions (Adam et al., 2014; 

Stachniak et al., 2014), permit a thorough 

examination of the interdependence of form and 

function. 

Volatile cues are initially perceived by a set of 

three different classes of chemosensory 

receptors (CRs, (Benton et al., 2009; Clyne, 

2000; Vosshall et al., 1999)) in combination with 

specific co-receptors (Larsson et al., 2004) 

expressed in olfactory sensory neurons (OSNs) 

on the third segment of the flies’ antenna – the 

funiculus – or the maxillary palp (MP). A defined 

combination of one to four OSNs is housed in a 

single sensillum (Shanbhag et al., 1999) with 

their somata directly at the base and their 

dendrites, exposing the CRs, branching in the 

sensillum. After entering the sensillum through a 

pore and solving in the sensillum lymph, the 

odors are bound to gustatory (GRs), olfactory 

(ORs) or ionotropic glutamate receptors (IRs) 

depending on the sensillum type, putatively 

supported by odorant binding proteins (OBPs, 

(Fan et al., 2011)). If the threshold for activation 

of an OSN is reached, the resulting action 

potential is propagated via the antennal nerve 

(AN) to the protocerebrum. The AN is a dense 

Figure 1| Olfactory system of Drosophila melanogaster 

Schematic of the wiring of the different peripheral and central parts of the 
chemosensory system. Ab – antennal basiconic sensilla, Ac – antennal coeloconics 
sensilla, ad – anterodorsal somata cluster, Ag – antennal grooved sensilla, Ai – 
antennal intermediate sensilla, At – antennal trichoid sensilla, Pb – palp basiconic 
sensilla, l – lateral somata cluster, mALT – medial AL tract, MB – mushroom body, 
mlALT – mediolateral AL tract, lALT – lateral AL tract, LH – lateral horn, SOG – 
suboesophageal ganglion, v – ventral somata cluster. 
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neuron bundle consisting of a chemosensory part coming from the funiculus, which 

innervates the AL, and a mechanosensory part originating from the arista and the 

Johnston’s organ innervating the antennal mechanosensory and motor center (Lai et 

al., 2012). OSNs present on the MP are descending through the suboesophageal 

ganglion to the AL (Singh and Nayak, 1985). Once the OSNs reach the AL they are 

distributing to innervate the neuropil subunits, called olfactory glomeruli. Each of 

these glomeruli receives input of a particular type of OSNs expressing a certain CR 

(Fishilevich and Vosshall, 2005). Because of the common expectation that every 

glomerulus is innervated by the same number of input neurons (Ramaekers et al., 

2005; Vosshall and Stocker, 2007), understanding of overall uniformity across these 

structures arose. I depicted together with my collaborators the precise mapping of 

OSNs and sensilla in Manuscript II and for the first time provided a thorough mapping 

of the different sensilla types beyond the long known spatial distribution of the 

different classes (De Bruyne et al., 1999; Shanbhag et al., 1999). We originally 

displayed a precise atlas of nearly all known antennal basiconic, coeloconic, 

intermediate, trichoid and palp basiconic sensilla with the additional advantage of 

being able to quantify their exact numbers separated by gender. In addition, we 

generated the first in vivo atlas of the AL itself (Fig 3D, Manuscript I) which allowed 

the most inartificial estimation of the ALs’ and especially the glomeruli’ dimensions. 

This, in turn, resulted in the foundation of a reliable analysis of the correlations 

between different structural properties and, the combination of those with respective 

functions. To widen the scope of this approach we focused on further glomerulus-

specific morphological characteristics. 

Neuronal composition of the glomerulus 
Since all OSNs expressing a certain receptor, converge onto the same glomerulus 

(Gao et al., 2000), mostly ipsi- as well as contralateral via a commissure (Stocker and 

Lawrence, 1981), their information is gathered by a less specific population of second 

order projection neurons (PNs). These two neuron types form cholinergic synapses 

(Stocker, 1994; Vosshall and Stocker, 2007) in the glomerulus periphery as OSNs 

are mainly innervating the outer perimeter of each glomerulus (Fig 2, (Hummel and 

Zipursky, 2004)). Uni- and multiglomerular PNs are shaping the core of each 

glomerulus and propagate the information via three separated tracts (Chiang et al., 

2011; Stocker et al., 1990) to higher brain centers in the protocerebrum (Fig1, 2)  
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Figure 2 | Intraglomerular circuitry of the three major neuron types 

Schematic internal composition of the glomeruli in the AL of Drosophila melanogaster 
and of their synaptic connectivity. Orange – olfactory sensory neurons, green – local 
interneurons, blue – projection neurons. The icons for the different synaptic types are 
indicated in the figure. 

 

such as the mushroom body calyx and the lateral horn. Moreover, the glomerulus 

core houses a third neuron population, the local interneurons (LNs) which form 

electrical (Yaksi and Wilson, 2010) as well as GABAergic and cholinergic chemical 

synapses with OSNs (Olsen et al., 2007; Root et al., 2008), PNs (Ng et al., 2002; 

Shang et al., 2007) but also with other LNs. As this neuron type is quite versatile 

regarding its innervation pattern (Chou et al., 2010), neurotransmitter repertoire (Liu 

and Wilson, 2013; Seki et al., 2010), physiology (Seki et al., 2010) and putatively 

input-dependent output modalities (Zhu et al., 2013) it is fair to assume the function 

of the LNs to be variable but at least highly complex. One known function is mediated 

by their inhibitory synapses with OSNs leading to a presynaptic gain control which 

dampens overly strong odor responses guaranteeing an approximately average odor 
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representation for optimal evaluation (Root et al., 2008). Although we are familiar with 

the superficial anatomical situation of the three participating neuron classes ((Stocker 

et al., 1990; Stocker, 1994), Fig 2) as well as with a number of intraneuronal 

properties (Chou et al., 2010; Liu and Wilson, 2013; Mosca and Luo, 2014; Root et 

al., 2014; Yaksi and Wilson, 2010), these factors are rarely related to known 

functions. Only the sexual dimorphism as well as large dimensions of 

macroglomerular complexes, responsible for pheromone perception, is often used to 

underline the behavioral significance of the transmitted information (Boeckh and 

Tolbert, 1993; Galizia et al., 1999; Hansson et al., 1992; Schneiderman et al., 1986). 

This drawback partly originates in the scarcity of comprehensive screens for 

glomerulus-specific morphology which could potentially bridge the gap between form 

and function. 

In Manuscript II I carried out a comprehensive screen of excitatory uniglomerular PNs 

by the use of photoactivatable GFP (PA-GFP, (Patterson and Lippincott-Schwartz, 

2002)) in GH146, as a GAL4-line which labels the majority of uniglomerular PNs in 

the AL (Stocker et al., 1997). The GAL4:UAS-system, a binary expression system 

from the yeast Saccharomyces cerevisiae, was transferred into the vinegar fly by 

Brand and Perrimon (Brand and Perrimon, 1993) and used to express a gene of 

choice under the control of a tissue specific promoter. This allows selective labeling 

and observing structures in the living fly and, in our case, to use PA-GFP to quantify 

small clusters of output neurons in glomeruli. The according screen in Manuscript II 

gathered the actual numbers of uniglomerular excitatory PNs for a large set of 

glomeruli allowing to investigate the relation of these and the former mentioned 

volume and OSN quantity (Manuscript II) per glomerulus with known functional 

importance. Next to the excitatory uniglomerular PNs we also investigated the 

structure and function of inhibitory multiglomerular neurons labelled by MZ699 (Ito et 

al., 1997) in Manuscript III. We show that the distinct innervation pattern of this PN 

population deals with the integration of odor quality and intensity in the lateral horn, a 

neuropil in the protocerebrum of Drosophila melanogaster described to code for 

innate behavior (Wang et al., 2003b) in contrast to the learning tasks of the 

mushroom body calyx (Heisenberg, 2003). The glomerulus-specific but random PN 

output in the calyx (Caron et al., 2013; Murthy et al., 2008) also opposes the 

determined PN targeting in the lateral horn which even allows a subdivision of the 

neuropil (Manuscript III) similar to the discrete spherical glomeruli of the AL. 



Structural and functional analysis of the Drosophila antennal lobe 

12 
 

 

Figure 3 | Schematic of the 3-dimensional reconstruction procedure of the AL 

Simplified workflow for the generation of the in vivo atlas of the Drosophila AL. After 
in vivo confocal scanning of the template stack of the END1-2 fly line (A) it is crossed 
with a selected set of landmark receptor lines each marking a single glomerulus (B), 
which eases the later identification. Every level of the template stack was manually 
reconstructed (C). From this labelling the final 3D model has been calculated (D). 
Blue – antennal trichoid sensilla, green – antennal coeloconic sensilla, orange – 
antennal basiconic sensilla, red – maxillary palp basiconic sensilla. Scale bar = 20 
µm. 

 

Studies on the functional relevance of certain glomeruli provide a diverse spectrum of 

purposes ranging from hard wired aversion to CO2 coded by the V glomerulus 

(Gr21a, (Suh et al., 2004)), to acids by DC4 (Ir64a, (Ai et al., 2010)) or geosmin by 

DA2 (Or56a, (Stensmyr et al., 2012)) to oviposition site evaluation via farnesol in the 

DC3 (Or83c, (Dweck et al., 2013; Ronderos et al., 2014)) and sex specific attraction 

or aversion to the pheromone cis-vaccenylacetate (cVA) in DA1 (Or67d, (Kurtovic et 

al., 2007)). Some glomeruli are also described to have rather unspecific functions like 

the DM2 (Or22a, (Pelz et al., 2006)) or modulatory effects on others like the VA2 on 

the CO2 avoidance ((Turner and Ray, 2009)). However, some glomeruli are until now 

nearly uncharacterized (Or65a, (van der Goes van Naters and Carlson, 2007), 
Manuscript IV). The specificity of a CR or the respective glomerulus is hard to 

evaluate due to the non-discrete nature of ligands. A commonly used approach to 

quantify the odor tuning properties of a receptor is to calculate its lifetime sparseness 

((Bhandawat et al., 2007; Perez-Orive et al., 2002; Vinje, 2000), Manuscript II) which 

is based on the recorded responses for a possibly large set of variable odors and 

predicts the likeliness of a receptor to respond to any other given odor – its 

selectivity.  
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Necessity of and in vivo atlas of the antennal lobe 
Investigating the above described physiological and functional properties in such a 

minute but complex tissue as the Drosophila AL demands a comprehensive 

knowledge of its composition and substructures. In Manuscript I we dealt with the 

complicated application of in vitro morphology during in vivo experiments. The 

presence of fixation artifacts in in vitro experiments, like immunostaining, is well 

known but hard to investigate or to evade and therefore an inevitable drawback. 

Same applies for the olfactory system of Drosophila melanogaster, especially for the 

AL as a rather flexible neuropil. Available in vitro atlases of the structure are 

numerous and improved significantly over the past decades (Couto et al., 2005; Endo 

et al., 2007; Laissue et al., 1999; Silbering et al., 2011; Stocker et al., 1990; Stocker 

et al., 1983; Tanaka et al., 2012) reaching a reliable status of glomerulus 

identification and nomenclature. However, the increasing number of in vivo 

applications, which rely on precise and detailed orientation within complex tissues, 

demands an appropriate anatomy which is free from unpredictable distortions and 

shrinkage (Manuscript I). To solve this issue we developed a novel transgenic fly line 

– END1-2 (Fig 3A) – expressing synaptobrevin, a presynaptic peptide, in direct fusion 

with DsRed (Discosoma sp. Red fluorescent protein). This leads to a presynaptic 

labeling of the living brain which simulates the favored in vitro labeling with antibody 

nc82 (Laissue et al., 1999; Rein et al., 2002). This in vivo labelling allows confocal 

scanning of the complete AL neuropil in the living fly for 3D reconstruction (Fig 3C 

and D) and the proper assignment of structures, assisted by specific CR-GAL4 lines 

labeling single glomeruli (Fig 3B). Beneficial qualities of the 3D reconstruction are the 

maintained orientation and dimension of the AL and the glomeruli and the inartificial 

measurable volume for each of the structures. Since actual volume measurements of 

glomeruli are rare (Acebes and Ferrús, 2001; Devaud et al., 2001; Kondoh et al., 

2003) and obtained under varying artificial conditions, we generated the first precise 

estimates of their in vivo dimensions (Manuscript I and II). Moreover, by comparing 

the in vivo situation with in vitro volumes and glomerular positioning we depicted a 

precise map of the actual effects, fixation has on the AL and its subunits (Manuscript 

I). Eventually, we provided a more reliable foundation for AL orientation of the 

increasing multitude of in vivo applications.  
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Optical imaging of odor responses in the olfactory system 
One of the most common methods for acquiring in vivo data from the olfactory 

system is the optical imaging technique via genetically encoded Ca2+/Cl- indicators 

(GECIs, (Hires et al., 2008)) besides electrophysiological techniques like single 

sensillum recordings (SSR, (Clyne et al., 1997)). Therefore a transgenic fly line 

expressing a specific Ca2+-sensitive protein – e.g. GCaMP3 (Tian et al., 2009) –its  

 

Figure 4 | Optical Imaging 

Schematic workflow of the acquisition procedure (upper panel) and evaluation of data 
(lower panel) in an optical imaging experiment. The puffed presentation of volatile 
odors to the antenna leads to activation of a subset of OSNs and is paralleled with 
the acquisition of emission coming from GCaMP3 via a CCD camera on top of a 
fluorescence microscope. AL morphology (basic fluorescence of GCaMP3) and the 
spatiotemporal response pattern (emission change) are merged and for visualizing 
purpose, the response is cropped at a predefined threshold. The glomeruli are 
identified supported by the in vivo atlas (Manuscript I) and known ligand receptor 
combinations (Galizia et al., 2010). Certain properties of the temporal kinetics, like 
maximum response, are extracted and can be used for a 16-range color coded 
mapping of the response onto the reconstructed AL. Ab – antennal basiconic 
sensillum. 
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OSNs, achieved via the GAL4-UAS system (Brand and Perrimon, 1993) using the 

promoter for the olfactory receptor co-receptor (Orco, (Larsson et al., 2004)), is 

mounted and her head capsule is opened (Fig 4, (Strutz et al., 2012)). This allows 

simultaneous excitation of the protein in the OSNs and recording of their emission. 

Once a certain odor is puffed onto the fly’s’ antenna, interacts as a ligand with the 

respective CR, the OSN gets eventually excited. The Ca2+ influx leads to binding of 

Ca2+ to the respective calmodulin sites of the GCaMP3 and hence to a 

conformational change resulting in stronger emission by the GFP-fluorophore 

(Akerboom et al., 2009) visible at the antenna and in the AL. The Ca2+ binding results 

in an odor-specific spatiotemporal activity pattern of the antenna, AL glomeruli or 

lateral horn regions (Fig4, Manuscript III and IV, (Wang et al., 2003a)). By screening 

large sets of various odors for specific CRs both via SSR and optical imaging (Galizia 

et al., 2010; Hallem and Carlson, 2006; Kreher et al., 2008), the best ligands were 

identified and a specific response profile for most receptors could be acquired. These 

initial physiological characterizations were then correlated with behavioral assays to 

identify the link between physiology and behavior ((Dweck et al., 2013; Knaden et al., 

2012; Ronderos et al., 2014; Stensmyr et al., 2012) Manuscript III). Alternatively the 

primary examination of a certain behavior can provoke an inquiry about the 

physiological representation which than is pinned down in with the help of 

physiological experiments (Manuscript IV). An example is the olfactory pathway of 

Or65a and its respective glomerulus DL3. The receptor is well characterized in the 

sense of not responding to any of the numerous tested odors (Hallem and Carlson, 

2006) which implies a very selective response profile and suggests a similar specific 

behavioral output. Our morphological data emphasized the prediction of DL3 having 

a specific putatively sex-specific importance (Manuscript II) and finally it turned out to 

play a crucial role in female postmating receptivity (Manuscript IV). Unfortunately the 

precise ligand being responsible for this effect is still missing. This example 

demonstrated the potential benefits of combined structural and functional studies 

underlining the often underestimated relation of form and function. 

In this cumulative thesis I present two manuscripts dealing with the structural basis of 

the AL, the first center of olfactory computation in the brain of the vinegar fly 

Drosophila melanogaster, and two further manuscripts depicting the functional 

specificity which arises from the previously described anatomical foundation. Initially, 

I and my colleagues provide the first ever in vivo atlas of the AL supporting a more 
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compelling application of morphology in the increasing number of physiological in 

vivo applications. The additional description of largely variable fixation artifacts 

determines the urgent necessity for in vivo morphology as the basis for in vivo 

physiology. Second, I used this novel morphological foundation suggesting a link 

between the anatomy of the AL subunits, the glomeruli, and their partially extreme 

functional specificity of odor ligands. By comprehensively screening several structural 

attributes of the glomeruli and comparing them with the respective physiological 

features provides a crucial step in understanding the correlation between glomerular 

composition and relevance. Third, the variable possibilities of glomerular function in 

accordance with their structural uniqueness are exemplified in the Or65a/DL3 

olfactory pathway, an scarcely represented unit of the AL. Its lack of physiological 

characterization is challenged by the notion of it taking part in a behavioral switch in 

pheromone attraction of female flies after mating. Finally, the glomerulus-specific 

odor representations in the AL are shown to evoke a robust coding of quality and 

intensity in the downstream centers of olfaction. Therefore, the depicted principle of 

structural and functional correlation is also recurring in the glomerular inhibitory 

output regions, the higher brain centers in the protocerebrum such as the lateral 

horn. 
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In this study we provided a thorough atlas of the antennal lobe in the in vivo situation. 

Further we depicted for the first time the actual impact of fixation artifacts on a flexible 

neuropil as the antennal lobe. Therefore we emphasized the importance of 

comprehensive morphological groundwork with least artificial techniques to allow 

reliable assignment of physiological studies. 

Author contributions: 
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Veit Grabe, Amelie Baschwitz, Hany Dweck, Bill S. Hansson and Silke Sachse 

In preparation as a resource article for Neuron 

This manuscript deals with glomerulus-specific morphology of the Drosophila 

antennal lobe and provides detailed screens for the most critical elements of neuropil 

anatomy as sensory neuron quantity, mapping, receptor specificity, in vivo volume 

and projection neuron amounts. These parameters allow a thorough analysis of the 
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In this study we depicted the diversity of a certain group of inhibitory projection 

neurons leaving the antennal lobe which are coding for valence across odor identity 

and concentration. The coding is maintained due to the glomerulus-specific 

innervation pattern in the antennal lobe and the regionalized arborizations in the 

lateral horn, a higher brain center in the protocerebrum. This linking of certain 

behavior to downstream mapping of specific odor responses points out the particular 
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Author contributions: 

Conceived and designed experiments: A. Strutz and S. Sachse 

Performed experiments: A. Strutz, A. Farhan, M. Knaden, A. Baschwitz, J. Rybak and 

V. Grabe 

Analyzed the Data: A. Strutz, J. Soelter and S. Sachse 

Wrote the manuscript: A. Strutz, S. Sachse and B. S. Hansson 



Overview of Manuscripts 

19 
 

Manuscript IV 
Pheromone exposure decreases postmating attraction and sexual receptivity in 

Drosophila females via Or65a olfactory neurons 

Sébastien Lebreton, Veit Grabe, Aman B. Omondi, Rickard Ignell, Paul G. Becher, 

Bill S. Hansson, Silke Sachse and Peter Witzgall 

Published online in Scientific Reports, 19 November 2014  
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Abstract 

Subunits of the insect antennal lobe, the glomeruli, are morphologically conserved 

spherical compartments of the olfactory system, solely distinguishable by their 

chemosensory repertoire, anatomical position and volume. Most glomeruli, except 

the putative pheromone-receptive structures, are often thought to be part of a 

morphologically and physiologically homogeneous cluster. Previous as well as more 

recent studies describe an increasing proportion of single glomeruli with very specific 

functionalities. In this study, we provide a screen of glomerulus-specific 

morphological properties and search for a link between these and respective 

glomerular functions. We disprove the assumption of glomerular uniformity and 

propose an overall uniqueness not only at the level of sensory input and superficial 

morphology but also at a more detailed level of intraglomerular connectivity. We 

depict a basic relation of neuronal quantity and glomerular volume and make 

predictions regarding the importance of scarcely investigated glomeruli supported by 

their morphological parameters. 

Key Words: 

Drosophila melanogaster, olfactory glomeruli, convergence, sensory neuron 

mapping, input-output connectivity, lifetime sparseness 

 

Introduction 

The complex and fast changing chemical environment of Drosophila melanogaster 

led to the development of a large set of unique receptors in the olfactory system. 

They are expressed in olfactory sensory neurons (OSNs) which are housed in four 

different classes of sensilla - basiconic, trichoid (Shanbhag et al., 1999), intermediate 

(Dweck et al., 2013; Ronderos et al., 2014) and coeloconic sensilla (Silbering et al., 

2011) - present on the 3rd antennal segment - the funiculus – as well as the maxillary 

palp (De Bruyne et al., 1999).  

OSNs expressing the same chemosensory receptor (CR) converge into one out of 54 

discrete spherical structures (Gao et al., 2000; Grabe et al., 2014), the olfactory 

glomeruli, which represent the structural and functional subunits of the antennal lobe 

(AL). Within the glomeruli OSNs synapse via defined synapse numbers (Mosca and 

Luo, 2014) with most of the multiglomerular local interneurons (LNs (Chou et al., 
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2010)) and about three projection neurons each (PNs (Wong et al., 2002)). The exact 

numbers of and connectivity between the different neuronal types within the glomeruli 

remain however unclear (Kazama and Wilson, 2009), which leads to a common 

assumption of glomerular uniformity. Past the peripheral level of CRs per neuron, the 

different subunits of the primary olfactory center are seen in an indifferent light. The 

glomerular composition of the AL allows a spatiotemporal segregated representation 

of complex stimuli (Wang et al., 2003) perceived by the rather diffusely distributed 

peripheral sensilla types (Shanbhag et al., 1999; Stocker, 1994). Several studies 

revealed that each CR does not only possess an exclusive molecular receptive range 

(Galizia et al., 2010; Hallem and Carlson, 2006; Kreher et al., 2008; Pelz et al., 

2006), but it also exhibits a unique function regarding the coding of specific 

behavioral-relevant odors, such as cis-vaccenylacetate (cVA), which is coded by 

Or67d and targets glomerulus DA1 (Ha and Smith, 2006; Kurtovic et al., 2007), CO2 

coded by Gr21a targeting the V glomerulus (Suh et al., 2004), geosmin coded by 

Or56a targeting glomerulus DA2 (Stensmyr et al., 2012) as well as farnesol activating 

Or83c targeting glomerulus DC3 (Dweck et al., 2013; Ronderos et al., 2014). Such 

selective response patterns can be quantified using the lifetime sparseness 

(Bhandawat et al., 2007; Perez-Orive et al., 2002; Vinje, 2000), a measure of a 

receptors‘ probability to respond to any given odor.  

Specific behavioral functions are largely investigated in higher brain centers, such as 

the mushroom body calyx and the lateral horn. Here, each glomerulus targets 

restricted areas and hence induces specific output patterns via PNs (Jefferis et al., 

2007; Luo, 2007), which mediate associative (Caron et al., 2013; Heisenberg, 2003) 

or innate behavior (Heimbeck et al., 2001; Parnas et al., 2013; Strutz et al., 2014). 

Therefore the AL is assumed to function as an olfactory center which solely 

represents sensory odor maps and propagates these via PNs from the periphery to 

the protocerebrum (Jefferis et al., 2001), where they integrate with other sensory 

modalities leading to complex behavior (Busto et al., 2010). Interestingly, several 

studies report the AL glomeruli reveal some degree of plasticity resulting in  an 

enlarged volume due to an increased OSN number (Acebes and Ferrús, 2001; 

Dekker et al., 2006; Linz et al., 2013) as well as their sexual dimorphism (Kondoh et 

al., 2003) permitted by the fruitless protein. Furthermore LNs of the AL, which 

maintain a gain control function (Root et al., 2008) to reduce strong and to increase 

weak responses via a complex network of inhibition and disinhibition through 
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chemical and electrical synapses (Yaksi and Wilson, 2010), are described to almost 

homogenously innervate all glomeruli (Okada et al., 2009; Seki et al., 2010). 

Additional work depicted a rather specific innervation frequency of certain types of 

LNs (Chou et al., 2010). Beyond the described morphological uniformity, each 

glomerulus has a unique shape and size pointing out intrinsic differences between 

glomeruli (Grabe et al., 2014). Recent studies on the diversified neurotransmitter 

repertoire in the olfactory system in general (Chiang et al., 2011) and specifically the 

AL (Busch et al., 2009; Carlsson et al., 2010; Liu and Wilson, 2013) support this 

potential uniqueness.  

Common anatomical and physiological descriptors for glomeruli represent the 

sensilla input (De Bruyne et al., 1999; Shanbhag et al., 1999), the CR expressed in 

each ONS (Couto et al., 2005; Silbering et al., 2011), the receptor’s molecular 

receptive range (Hallem and Carlson, 2006; Pelz et al., 2006), the glomerular size 

(Devaud et al., 2001), developmental alterations (Endo et al., 2007), sex specificity 

(Ito et al., 2012; Stockinger et al., 2005) as well as their target areas in higher brain 

centers (Caron et al., 2013; Jefferis et al., 2007; Marin et al., 2002; Strutz et al., 2014; 

Tanaka et al., 2012; Wong et al., 2002). Most of these criteria are only available for a 

restricted set of glomeruli and therefore prevent a thorough investigation of 

glomerular uniqueness. 

In this study, we report a nearly complete quantitative mapping of Drosophila sensilla 

types basing on sex specific receptor distributions and a comprehensive screen of 

the corresponding sex specific glomerular volumes (complementary to (Grabe et al., 

2014)). The data disproves the so far assumed universal 30:1 convergence of OSNs 

per glomerulus and demonstrates the impact of the OSN number on glomerular 

dimensions. We also pronounce sex specific differences in fruitless negative 

glomeruli. In combination with the quantified number of uniglomerular PNs, ranging 

from one to ten, the data reveal a glomerulus-specific connectivity from input to 

output underlining a glomerular uniqueness. Based on these morphological 

descriptors in combination with published LN innervation frequency data (Chou et al., 

2010) and the calculation of receptor lifetime sparseness from odor tuning datasets 

(Bhandawat et al., 2007; Galizia et al., 2010) we propose a potential importance for 

so far weakly described glomeruli and suggest a systematic investigation of the 

neurotransmitter repertoire of AL output neurons. Further we postulate that every 
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glomerulus is unique regarding its morphology and therefore putatively unique in its 

functionality beyond the receptor mediated affinity to certain volatile cues.  

 

Experimental Procedures 

Drosophila Genetics 

Flies were reared for 3-6 d at 25°C and 70% humidity on a 12h-12h day-night cycle. 

We used the following fly lines ordered from the Bloomington Drosophila stock center 

(http://flystocks.bio.indiana.edu/): GH146-GAL4 (Stocker et al., 1997), UAS-

GCaMP3.0 (Tian et al., 2009), ChA-GAL4 (Salvaterra and Kitamoto, 2001), Or10a-

GAL4, Or13a-GAL4, Or22a-GAL4, Or33c-GAL4, Or35a-GAL4, Or42a-GAL4, Or42b-

GAL4, Or43a-GAL4, Or43b-GAL4, Or46aA-GAL4, Or47a-GAL4, Or49a-GAL4, 

Or56a-GAL4, Or59c-GAL4, Or67c-GAL4, Or69a-GAL4, Or83c-GAL4, Or85a-GAL4, 

Or88a-GAL4, Or92a-GAL4 and Or98a-GAL4 (all (Fishilevich and Vosshall, 2005; 

Vosshall et al., 2000). Additional lines were kindly provided by Richard Benton (Ir40a-

GAL4, Ir41a-GAL4 (Silbering et al., 2011), IR76a-GAL4 (Benton et al., 2009) and 

Ir92a-GAL4 (Abuin et al., 2011)), Barry Dickson (Or67d-GAL4, (Kurtovic et al., 2007)) 

and Bob Datta (UAS-C3PA, (Ruta et al., 2010)).  

Scanning electron microscopy 

Flies were anesthetized on CO2, placed in 5 ml 25% EtOH and incubated for 12-24 h 

at room temperature. In an EtOH-row the flies were further dehydrated in 50%, 75% 

and two times 100% EtOH for 12-24 h each at room temperature. Samples were then 

critical point dried i. e., EtOH was replaced with liquid CO2 under high pressure then 

warmed till the CO2 turned gaseous and finally evaporated out of the dry sample. 

After mounting the samples with T. V. tube coat (Ted Pella Inc., Redding, CA, USA) 

onto the SEM stubs we sputter coated them with a 25 nm thick platinum coat. Images 

of the sensilla types on the 3rd antennal segment and the maxillary palp were 

acquired using a LEO 1450 VP scanning electron microscope (Carl Zeiss, Jena, 

Germany).  

OSN quantification and mapping 

To quantify the number of OSNs innervating each glomerulus, 3-6 d old flies were 

anesthetized with CO2 and their antennae or palps were removed. After covering the 

antennae or palps with a solution of saline and Triton-X, they were mounted in 
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VectaShield (Vector Laboratories Inc., Burlingame, CA, USA) and sealed with nail 

polish between a 22x22 mm and a 24x60 mm object slide – both 1mm thick – to 

allow for double-sided scanning. No spacer was needed since the layer of nail polish 

provided enough space to fix the antennae or palp but not crush it. Scans of both 

sides of each antenna were carried out with an Axio Imager.Z1 (Carl Zeiss, Jena, 

Germany) using a 20x water immersion objective (W Plan-Apochromat 20x/0.8, Carl 

Zeiss, Jena, Germany) in combination with a GFP filter cube (HE 38, EX BP 470/40, 

BS FT 495, EM BP 525/50, Carl Zeiss, Jena, Germany). To allow a reliable mapping 

of the sensilla, an additional transmitted light scan of each antenna was acquired. 

This scan was utilized to register all antennae by hand, based on the position of the 

arista and the sacculus. The quantification of OSN cell bodies was done in FIJI 

(ImageJ 1.48r, National Institute of Health, USA) software.  

Confocal Microscopy and 3D-Reconstruction 

The dissection of fly brains was carried out as previously described (Silbering et al., 

2011; Strutz et al., 2012). Confocal scans were obtained at a MPCLSM (Zeiss LSM 

710 NLO confocal microscope, Carl Zeiss, Jena, Germany) using a 40x water 

immersions objective (W Plan-Apochromat 40x/1.0 DIC M27; Carl Zeiss, Jena, 

Germany) in combination with the internal Argon 488 (LASOS, Jena, Germany) and 

Helium-Neon 543 (Carl Zeiss, Jena, Germany) laser lines. Reconstruction of whole 

ALs and individual glomeruli was done using the segmentation software AMIRA 5.5.0 

(FEI Visualization Sciences Group, Burlington, MA, USA). Identification of glomeruli 

was verified by the in vivo scans of the specific OR-lines crossed into the END1-2 

background fir in vivo neuropil labeling (Grabe et al., 2014). We analyzed at least 

scans of three specimens for each GAL4 receptor line. Using information on the 

voxel size from the LSM scans as well as the number of voxels labeled for each 

neuropil, we calculated the volume of the glomeruli and the whole AL. 

Photoactivation of PNs 

In vivo-labeling of single glomeruli of 4-6 d old male and female flies of the genotype 

+;GH146-GAL4/(CyO);UAS-C3PA/(TM6B) at a MPCLSM (Zeiss LSM 710 NLO 

confocal microscope, Carl Zeiss, Jena, Germany) equipped with an infrared 

Chameleon Ultra ™ diode-pumped laser (Coherent, Santa Clara, CA). Flies were 

prepared as previously described (Silbering et al., 2011; Strutz et al., 2012). ROIs 

were continuously activated for 5-15 min at a wavelength of 760 nm with a 40x water 
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immersions objective (W Plan-Apochromat 40x/1.0 DIC M27; Carl Zeiss, Jena, 

Germany) with laser power of approximately 1.5 mW. Z-stacks of the pre- and post-

activation states were scanned at 925 nm with 1024 x 1024 pixel resolution. The 

identification of glomeruli was based on the previously published screen of GH146-

GAL4/UAS-GCaMP3.0 under the same conditions (Grabe et al., 2014). 

Single Sensillum Recording (SSR) 

Adult flies were immobilized in pipette tips and the 3rd antennal segment or the palps 

were placed in a stable position onto a glass coverslip. Sensilla were localized under 

a binocular at 100x magnification and the extracellular signals originating from the 

OSNs were measured by inserting a tungsten wire electrode in the base of a 

sensillum. The reference electrode was inserted into the eye. Signals were amplified 

(10x; Syntech Universal AC/DC Probe, Syntech), sampled (10,667.0. samples/s) and 

filtered (100–3000 Hz with 50/60 Hz suppression) via USB-IDAC connection to a 

computer (Syntech). Action potentials were extracted using Syntech Auto Spike 32 

software. Neuron activities were recorded for 10 s, starting 2 s before a stimulation 

period of 0.5 s. Responses from individual neurons were calculated as the increase 

(or decrease) in the action potential frequency (spikes/s) relative to the pre-stimulus 

frequency. 

Lifetime Sparseness (LS) 

Acquired responses were used to calculate a receptors response profile by 

calculating its lifetime sparseness (Bhandawat et al., 2007; Perez-Orive et al., 2002; 

Vinje, 2000). This is a non-parametric statistic providing a measure of the likeliness of 

an OSN to respond. The value ranges from 0 < S < 1 where 0 means, the OSN 

responds to every odor in the same way, and 1, the receptor exclusively responds to 

one odor in the set. Calculation was carried out with following formula: 

Where S = lifetime sparseness, N = number of tested odors per receptor and rj = 

response to a given odor j. Any values of rj <0 were set to zero before computing 

lifetime sparseness. Used datasets are taken from (Hallem and Carlson, 2006) and 
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the database of olfactory receptors (Galizia et al., 2010) and combined with original 

response profiles acquired via SSR. 

 

Results 

OSNs convergence in the AL is glomerulus-specific 

Although it was shown that OSNs expressing a certain CR occur in various number 

ranging from 10 up to 40 (Gao et al., 2000), a uniform convergence of 30:1 per 

glomerulus is usually assumed (Ramaekers et al., 2005; Stocker, 2001; Vosshall and 

Stocker, 2007). Here we present a receptor specific analysis of the exact 

convergence per glomerulus building the foundation for a diversified connectivity 

already at the sensory level. To understand the logic of this connectivity we quantified 

the number of OSNs that express a certain CR using specific CRX-GAL4 driver lines 

and combined them with UAS-GCaMP3.0 responder lines. We selected at least one 

receptor type which is described to be specific for each sensillum type (Couto et al., 

2005; Silbering et al., 2011)enabling the precise mapping of sensilla clusters after 

dissecting the antennae and scanning the 3rd antennal segment (Fig 1A, B). We 

observed the patterned distribution of the different sensilla classes described earlier 

(Benton et al., 2009; De Bruyne et al., 2001; Shanbhag et al., 1999; Silbering et al., 

2011). The basiconic sensilla are located almost all over the funiculus but in a higher 

density in the anterior proximal region and they are not present at the distal tip. The 

trichoid sensilla are located more distal, incorporating the two intermediate types 

(Ai2/At2 and Ai3/At3, (Dweck et al., 2013; Shanbhag et al., 1999). To simplify things 

we refer to them unified as trichoids from now on in the text. Coeloconic sensilla are 

evenly distributed, similar to the basiconic ones but with a higher density on the 

posterior side. The basiconic sensilla found on the maxillary palp (MP) are evenly 

spread at the distal region of the appendage as described by (De Bruyne et al., 

1999). Using the specific receptor driver lines we were able to assign these broad 

descriptions of whole clusters (De Bruyne et al., 2001; Shanbhag et al., 1999; 

Vosshall et al., 2000) to detailed maps for each functional sensillum type (Fig 1C). 

The antennal trichoids are found in broad anterior and posterior patches along the 

lateral edge reaching to the distal tip. Male flies house significantly more At2 and At4 

than female flies. Large basiconics are situated proximal along the anteromedial 

and/or posteromedial edge. In contrast, we found the thin and small basiconics in a 
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broad medial diagonal band which reaches from the proximolateral to the mediodistal 

edge on both sides of the third segment. Sensilla Ab1 and Ab8 are only found 

anterior and Ab3 only posterior. Notably, several basiconic sensilla types are 

significantly more abundant in females than in males (Ab1, Ab2, Ab6, and Ab10). 

Or22a-positive neurons were previously described with 18 and 29 OSNs in males 

and females, respectively, (Dobritsa et al., 2003) but we never gained an equal count 

(Fig 1D, Table 1). The coeloconic sensilla 1 and 2 are found only at the posterior side 

of the 3rd antennal segment; Ac3 is almost evenly distributed over the whole antenna 

and Ac4 is found alongside the lateral edge of the funiculus confirming previous 

studies (Benton et al., 2009; Silbering et al., 2011). Only Ac4 displays a sexual 

dimorphism where females have significantly more sensilla of this type. Since our 

dissection method did not allow for any reliable quantification of chemosensory 

sensilla or neurons in the different sacculus chambers (Shanbhag et al., 1995), we 

obtained the numbers from recent studies for this structure. Ir64a-positive neurons 

are described as 16 OSNs per antenna lying around the third chamber of the 

sacculus (Ai et al., 2010) next to the described ~4 Ir40a-positive neurons per 

antenna, surrounding the first chamber (Kain et al., 2013). According to (Shanbhag et 

al., 1995), the remaining sensilla are poreless hygro- or thermosensors similar to the 

6 hot or cold sensors situated in the arista basis (Gallio et al., 2011). Adding up to the 

antenna derived afferents to the AL we also quantified the OSN pattern for the MP. 

Most sensilla were found on the lateral side of the MP including half of the Pb1, most 

Pb2 and all Pb3. The remaining Pb1 and Pb2 were found in the dorsal and 

dorsomedial regions. Confirming previous studies (De Bruyne et al., 1999; Stocker, 

1994), we did not observe any significant sexual dimorphism regarding the number of 

OSNs on the palps. Along with the spatial mapping of the sensilla types, we 

quantified the number of neurons per CR type by counting at least one type per 

sensillum (Fig 1D). The number of OSNs in trichoid sensilla per CR type ranges 

around 20 OSNs (At2, At3, At4) with the exception of At1 (~60 OSNs), whereas 

OSNs in the antennal basiconic sensilla are covering a broad scale from 10 up to 40. 

Similar quantities are found for the coeloconic sensilla ranging from 10 to 46 OSNs. 

The palp basiconic sensilla are housing 14 (Pb1), 13 (Pb2) and 30 (Pb3) OSNs. 

Having counted one specific OSN type per sensillum and knowing the amount of 

housed OSNs within the particular sensillum type (Couto et al., 2005; Silbering et al., 

2011), we estimated the total number of sensilla per class on the antenna as well as 
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on the palp (Fig 1B) and further calculated the total number of OSNs in both organs 

per sensilla class (Fig 1A). Males had slightly more At sensilla than females housing 

240 OSNs and 232 OSNs, respectively. Basiconic sensilla are more abundant in 

females than in males with 500 OSNs and 397 OSNs, respectively. This was also the 

case for the coeloconics, where females had 274 OSNs compared to males with 240. 

The palp basiconics were more abundant in males than in females. These quantities 

form a total median amount of palp basiconics of 56 OSNs, which is similar to the 

data shown by (De Bruyne et al., 1999). We have now provided a detailed view on 

the general numbers of sensilla and somata on the antenna in total with 414. Our 

quantifications are in line with classic morphological studies (Shanbhag et al., 1999; 

Stocker, 1994). However, but we would like to emphasize the immense variability that 

the olfactory system displays already at the peripheral level, which is far from a 

uniform 30:1 convergence (Ramaekers et al., 2005; Stocker, 2001; Vosshall and 

Stocker, 2007) of OSNs on their way to the AL. Furthermore, we show a sexual 

dimorphism at the level of single sensilla types which was so far only described for 

the whole sensilla classes (Shanbhag et al., 1999) or for individual receptors 

(Dobritsa et al., 2003). Hereby, we state that only some types display the sexual 

dimorphism described for the sensilla classes. Thus, the drastic female superiority in 

basiconics was only represented by Ab1, 2, 6 and 10, whereas males had more At2 

and At4, leading to a significantly higher number of trichoids in general in males. The 

coeloconic sensilla display a significant difference in general numbers but only Ac4 

was significantly more numerous in females. 

OSN numbers determine the glomerular volume  

Having the exact data per CR, we next correlated these with the glomerulus--specific 

volume, analyzing the potential connection between the two glomerular attributes as 

it was shown a causal relation (Acebes and Ferrús, 2001). Lacking comprehensive in 

vivo glomerulus volume data, we used the in vivo neuropil labeling via END1-2 

(Grabe et al., 2014) for in vivo reconstructions of the AL. Available in vivo data is 

mostly restricted to assorted single glomeruli (Devaud et al., 2001; Devaud et al., 

2003) although most studies were done in vitro (Kondoh et al., 2003) which turned 

out to be problematic comparing them with in vivo datasets (Grabe et al., 2014). 

Building on our previously published volumetric dataset for in vivo female glomeruli 

we used the exact same approach gathering data for all lacking female glomeruli as 
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well as for all of them in males. Our possibilities in gaining glomerulus-specific in vivo 

volume data in combination with our established comprehensive atlas and the 

obtained OSN quantities enabled us to question a correlation between the number of 

glomerulus-specific OSNs and glomerular volume. The input data show that the 

sexual dimorphism in the OSN quantity described for the sensilla classes (Shanbhag 

et al., 1999; Stocker, 1994) is not an attribute of the whole class but of single specific 

CR types (Fig 1). Hence, we wondered whether these sex-specific numbers of OSN 

afferents converging onto glomeruli are reflected in the glomerular volume. We 

determined the volume for all glomeruli from in vivo confocal scans of END1-2 flies, 

except the VP cluster, where only VP1 and VP4 receive chemosensory input (Kain et 

al., 2013) in contrast to the thermosensory VP2 and VP3 (Gallio et al., 2011). In order 

to adjust for sex-specific inter-individual variability (Fig 2A), we compared the 

glomerular volume relative to the size of the summed glomerular volume per animal. 

We observed that the glomeruli, which receive input from trichoid sensilla (DA1, DA3, 

DA4l, DA4m, DC1, DC3, DL3, VA1d and VA1v), cover about 22% of the complete AL 

volume (Fig 2B). This volumetric proportion corresponds to their proportion of 

corresponding OSNs (22.7%). DA1, VA1d and VA1v represent the largest glomeruli 

(4-7% of the AL, Fig 2D), while DC1 and DC3 have an intermediate volume (around 

2%). The glomeruli receiving basiconic input are more uniform in their volumetric 

distribution. They sum up to 39% of the glomerular AL volume (41.8% of total OSNs). 

Glomeruli with coeloconic input scale from 1% to 5% and sum up to 30% of the 

glomerular AL volume (24.8% of total OSNs). The glomeruli getting input from the 

palps (VA4, VA7l, VC1, VC2, VM7d and VM7v) have an equally small size which 

adds up to 8% in total of the complete AL volume (10.7% of OSNs). Summed 

glomerular volumes per sensilla input class are strongly correlated with the summed 

OSN quantity (Fig 2C) underlining the major role of OSNs in glomerular volume 

definition (Acebes and Ferrús, 2001). Regarding the sexual dimorphism, it has 

already been shown that glomeruli DA1 and VA1v are significantly larger in females 

than in males (Kondoh et al., 2003). However, we observed only gender related 

differences in glomeruli DA4m, VA2 and VA6, which are larger in males than in 

females, as well as in glomeruli DM1, DL5, DP1l and VM5d, which are larger in 

females than in males. These glomeruli are responsive to a broad range of volatile 

cues (De Bruyne et al., 2001; Dobritsa et al., 2003; Galizia et al., 2010; Hallem and 

Carlson, 2004, 2006; Silbering et al., 2011) making it difficult to assign a general 
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origin for the sexual dimorphism. For DM1 and VA2 we also observed a dimorphic 

OSN quantity leading to a potential sex-specificity regarding their ligands (Acebes 

and Ferrús, 2001). These two glomeruli receive higher OSN input in females than in 

males (Fig 1D), which correlates very well to a significant bigger volume of 

glomerulus DM1 in females. However, such a correlation is not true for glomerulus 

VA2 indicating that the OSN number is not the only determinant for the glomerular 

volume. Notably, none of the seven glomeruli that we found to be sexually dimorphic 

are fruitless-positive (Ito et al., 1996; Ito et al., 2012; Lee et al., 2000; Neville et al., 

2014; Stockinger et al., 2005) suggesting that there might be another underlying 

factor that affects sexual dimorphism. We could not observe the described difference 

for the VL2a, being larger in males than in females (Stockinger et al., 2005), possibly 

due to the fact that it is described as only slightly but significantly bigger. However, 

future studies are needed to analyze whether these CRs/glomeruli are indeed 

involved in gender-specific behavior. In summary the total number of OSNs 

significantly correlates to the glomerular volume (Fig 2E). Analyzing the comparison 

of glomerulus-specific OSNs and the respective volume separately for each sensillum 

class, the correlation holds true for the antennal basiconics (Fig  2G) but not for the 

trichoids, coeloconics and palp basiconics (Fig 2F, 2H and 2I) and their respective 

glomeruli. Therefore the fact that some glomeruli which receive quantitatively 

identical input from the same sensillum type display in the periphery an enormous 

difference regarding their volume (e.g. DL3 and VA1d/v or DM4 and DM5) indicates 

that also other neurons than OSNs might affect the volume. This variability could be 

explained either by a difference in the innervation density of the OSN axon terminals 

or by diverse numbers or density of innervating LNs and PNs, or by a combination of 

both. The glomeruli DL4 and DM6, both receiving input from the same number of 

OSNs ascending from sensillum Ab10, display significantly different numbers of 

synapses per OSN in each glomerulus (Mosca and Luo, 2014). These variable 

factors could lead to two glomeruli that seem to be morphologically identical but bear 

entirely different intraglomerular neuronal circuitry and by this serve a totally different 

function. Glomeruli that receive quantitatively non-uniform input from the antenna 

should display differences regarding their volume (Chou et al., 2010; Dekker et al., 

2006; Linz et al., 2013) as well as differences in their sensitivity (Acebes and Ferrús, 

2001), especially if every OSN synapses with every PN within a single glomerulus 

(Kazama and Wilson, 2009). In this study we did not consider the fact that in 
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dipterans a large proportion of OSNs is actually bilateral and not solely ipsilateral 

(Stocker et al., 1990; Strausfeld, 1976). 

Number of output neurons is diverse and glomerulus-specific 

We found an overall correlation of the number of OSNs per glomerulus and the 

respective glomerular volume (Fig 2E to I). We wondered next, whether each 

glomerulus is innervated by a uniform number of output neurons or if this number is 

also glomerulus-specific analogue to the number of OSNs. To quantify the number of 

output neurons for each glomerulus, we expressed photoactivatable GFP (Patterson 

and Lippincott-Schwartz, 2002) under the control of the enhancer trap line GH146-

GAL4 (Stocker et al., 1997). This line is described to label about 66% of 

uniglomerular excitatory PNs (ePNs (Jefferis et al., 2001; Lai et al., 2008)) which 

project almost exclusively via the medial AL tract to the MB calyx and further to the 

LH. A small proportion is projecting via the mediolateral AL tract to the LH and further 

to the MB calyx. Nomenclature of the neuronal tracts follows the nomenclature of (Ito 

et al., 2014). After obtaining a pre-photoactivation scan of the AL, we identified the 

target glomerulus and photoactivated it in a single central plane. The diffused C3PA 

then highlighted the corresponding somata of all innervating PNs in one of the three 

cell clusters around the AL (Fig 3A) as well as the axonal projections to the MB calyx 

and LH. Notable, our results reveal that the so far assumed number of 1-3 

innervating uniglomerular PNs per glomerulus (Wong et al., 2002) applies for most 

cases (Fig 3B). However, we also observed that some glomeruli, as D, DA1, DA2, 

DC3, DL3 and VA1v are innervated by a considerable higher number of PNs. These 

glomeruli were innervated by on average 6 (± 2) PNs. Notable, all of them belong to 

crucial information pathways. The three glomeruli receiving trichoid input (DA1, DL3 

and VA1v) are known to, or at least putatively expected to, play a role in courtship 

and mating (Kurtovic et al., 2007; Lebreton et al., 2014; Liu et al., 2011; Stockinger et 

al., 2005), DA2 is encoding strong aversion behavior to Geosmin (Stensmyr et al., 

2012), DC3 codes for odors which induce egg laying on citrus fruits (Dweck et al., 

2013; Ronderos et al., 2014) but D is unknown. 
We frequently observed a multiglomerular vPN for some glomeruli but not all, 

although it is described that GH146 includes one vPN which is innervating the entire 

AL (Marin et al., 2002). Possibly we do not label this neuron due to its described 

sparse innervation in single glomeruli since we are only activating single focal planes 
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of each glomerulus. Plotting the glomerulus-specific PN quantities with the glomerular 

volume, a weak, but not significant correlation is visible. This is also the case if we 

analyze the sensilla classes separately (Fig 3D through 3G) except for the antennal 

basiconics (Fig 3E), which are surprisingly negatively correlated. Since PNs are 

numerically underrepresented in relation to the glomerulus-specific OSNs, their 

weaker impact on the glomerular volume is not surprising. (Chou et al., 2010) 

described specific LNs of several classes with diverse glomerular innervation 

frequencies that possibly are having more impact on the glomerulus volume. 

Quantification of all excitatory PNs 

Adding the GH146 positive uniglomerular PNs to the specific OSNs did not improve 

the correlation between the number of glomerulus-specific neurons and the 

respective volume (data not shown). Since GH146 is not labelling all excitatory PNs 

leaving the AL we extended the experimental scope and expressed photoactivatable 

GFP under the control of ChA-GAL4 (Fig S1A) to analyze whether we 

underestimated the number of excitatory uniglomerular output neurons per 

glomerulus. We selected mainly sparsely innervated glomeruli which are targeted by 

only one or two uniglomerular PNs (DC1, DM1, DM3, DM2 and VL2a) and some 

densely innervated glomeruli (DA1, VA1v, DA2). Additionally we aimed for two 

glomeruli (V and VM5v) which are known to be GH146 negative (Grabe et al., 2014). 

Our analysis of all cholinergic PNs shows that in general our quantification of ePNs 

per glomerulus is appropriate. DC1 and DM2 for example (Fig S1B) possess one 

additional uniglomerular cholinergic neuron each. We observed furthermore that 

glomeruli DM2 and VL2a were innervated by one to three additional cholinergic 

ventral PNs (vPNs, Fig S1B). Notably, PNs belonging to the ventral cell cluster have 

so far been described as mostly GABAergic (Okada et al., 2009; Wilson and Laurent, 

2005). On the contrary, we labeled less anterodorsal and lateral PNs in glomeruli 

DA1, DA2 and VA1v using ChA-GAL4 than using GH146-GAL4. These findings imply 

the possibility of uniglomerular PNs in the lateral and anterodorsal cluster labelled by 

GH146 which are neither cholinergic nor GABAergic (Wilson and Laurent, 2005). 

LN innervation frequency is negatively correlated with PN quantity 

Completing the glomerulus neuronal components and searching for more evidences 

regarding functional classifications we integrated one additional dataset from (Chou 

et al., 2010) where they thoroughly investigated the glomerulus-specific frequency of 
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LNs. By incorporating this screen we could compensate for the lack of this neuron 

class in our approach. First, we analyzed the frequency of LN innervation related to 

each sensilla class (Fig 4A). Basiconics are evenly represented at all levels, trichoids 

display an overall reduced LN frequency, while coeloconics show either a very high 

(DP1l, VC3) or very low frequency (VL1, VM4) and palp basiconics receive generally 

frequent LN innervation. This initial trend for clustering with the sensilla class 

indicates a potential impact of LN frequency on a functional classification based on 

glomerular anatomy. Furthermore we observed that the specific LN frequency 

significantly correlates with the glomerular volume (Fig 4B); in contrast to our PN 

count (Fig 3C). Notably, we do not see any correlation of LN frequency with the OSN 

number (Fig 4C), while we observe a negative correlation with the number of PNs 

(Fig 4D). This finding indicates that putative narrowly tuned glomeruli with a high 

number of PNs (Fig 3B) are less innervated by LNs and therefore possess less 

lateral input as well as exhibit fainter lateral excitatory as well as inhibitory output. 

The LN based correlations with other morphological parameters do not allow any 

functional classification supported by crucial glomerular descriptors (Fig 4E, 4F and 

4G) such as attractive (cyan) or aversive hedonic valence (magenta, both from 

(Knaden et al., 2012; Semmelhack and Wang, 2009)) and being fruitless positive 

(green, (Stockinger et al., 2005)). 

 

Lifetime sparseness allows to link morphology and physiology 

Having generated this large variety of morphological attributes we wondered whether 

the glomerulus-specific innervation ratios correlate with the odor response profile. In 

order to quantify the odor tuning of a certain glomerulus, we calculated the lifetime 

sparseness (Bhandawat et al., 2007; Perez-Orive et al., 2002; Vinje, 2000) to 

evaluate a glomerulus‘ likeliness to respond to any given odor on the basis of the 

knowledge of its characterized odor responses (Galizia et al., 2010; Hallem and 

Carlson, 2006). Associating this glomerulus-specific factor with the corresponding 

morphological features we observed that the number of OSNs shows no correlation 

at all (Fig 5A) even though the lifetime sparseness data are based on OSN response 

properties. Hence the selectivity of the chemosensory receptors seems not to be 

represented in the plain number of OSNs where it is expressed. One step further, at 

the PN level (Fig 5B), we observe a significant correlation between the number of 

PNs and the tuning properties, meaning that a high PN number is related to a sparse 
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response profile underlining the putative selectivity of glomeruli having a numerous 

output (Fig 3B). By comparing the lifetime sparseness with LN innervation frequency 

(Chou et al., 2010), we gathered even more evidence for this assumption (Fig 5C) 

seeing that more selective glomeruli are less frequently innervated by LNs thus 

performing less LN processing. 

 

Discussion 

Neuroanatomical studies often point out an obvious link of form and function when 

macroglomerular complexes are depicted as putative sites of pheromone perception 

(Boeckh and Tolbert, 1993; Galizia et al., 1999; Hansson et al., 1992; Schneiderman 

et al., 1986) based on the size of a glomerulus underlining its importance. 

Furthermore this relation is frequently brought up if sexual dimorphism has to be 

pointed out due to volumetric differences in glomerular size or input quantity. Past 

this point, a meaning of glomerular appearance according to its role in the olfactory 

system of Drosophila melanogaster is usually neglected. The understanding of 

glomerular uniformity most likely originates in the general assumption that the 

neuronal composition of glomeruli is mostly identical (Ramaekers et al., 2005; 

Vosshall and Stocker, 2007). Several studies have shown that even slight differences 

in glomerular volume can result in a different amount of neuronal components 

(Acebes and Ferrús, 2001) and that the glomerular composition of the AL and the 

regarding peripheral units are quite plastic between various drosophilid species 

(Dekker et al., 2006; Linz et al., 2013). Although different glomeruli are also 

described gathering different amounts of input within one species (De Bruyne et al., 

2001; Shanbhag et al., 1999) the dogma of glomerular uniformity is widely accepted. 

On the other hand ultrastructural studies are uncovering more and more glomerulus-

specific properties such as a fixed number of synapses per OSN which is different for 

the OSNs of every glomerulus (Mosca and Luo, 2014) or specific intraglomerular 

innervation patterns for every neuronal type (Chou et al., 2010). These anatomical 

specificities are in line with the increasing number of studies showing extremely 

specific functionalities for single glomeruli (Kurtovic et al., 2007; Ronderos et al., 

2014; Stensmyr et al., 2012; Suh et al., 2004). Solely the lack of thorough 

morphological screens at a glomerulus-specific level prohibits the link of form and 
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function besides the pheromone circuitry (Boeckh and Tolbert, 1993; Galizia et al., 

1999; Hansson et al., 1992; Schneiderman et al., 1986).  

Our study bridges the gap between the superficial and detailed levels of anatomy by 

providing a comprehensive screen of glomerulus-specific morphological attributes, 

divided by the two sexes, such as the exact mapping and quantification of the input 

neurons, in vivo volume of each glomerulus and the precise count for uniglomerular 

excitatory output neurons (PNs). In combination with the functional characterization 

of the odor tuning of so far underrepresented CRs in addition to previous studies 

(Hallem and Carlson, 2006; Kreher et al., 2008) our study allows the first correlation 

of functional specifications with anatomical attributes, such as neuronal numbers and 

glomerular volumes. 

Various OSN types and glomeruli are sexually dimorphic 

Our knowledge regarding the distribution of the different OSN classes on the 

funiculus, the third antennal segment, where most of the chemosensory sensilla are 

located, and the maxillary palp has made large progress over the last decades, 

beginning with morphological characterizations of sensilla types (Shanbhag et al., 

1999; Stocker et al., 1990) over mapped OSN recordings (De Bruyne et al., 1999), in 

situ studies (Couto et al., 2005; Dobritsa et al., 2003) to the employment of specific 

receptor GAL4-lines in combination with LacZ- (Fishilevich and Vosshall, 2005) or 

nls:GFP-staining (Silbering et al., 2011). In our study, we were able to precisely map 

for the first time 95% of sensilla types by using 21 specific chemosensory receptor 

GAL4-lines (Fishilevich and Vosshall, 2005; Kurtovic et al., 2007; Silbering et al., 

2011). The obtained map provides the detailed expression patterns for sensilla 

classes (Fig 1B) and types (Fig 1C). By comparing our results with previous 

publications (De Bruyne et al., 1999; Shanbhag et al., 1999; Silbering et al., 2011; 

Stocker, 1994), we can confirm the depicted distributions of the five sensilla classes 

(Fig 1B) and their housing OSN types (Fig 1A). Trichoid and intermediate sensilla are 

mainly found on the distal tip of the funiculus, while coeloconics and antennal 

basiconics occur over the whole antennal structure. Palp basiconics show a similar 

pattern and are evenly distributed with a majority being presented on the lateral side 

of the palp. The overall number of sensilla per class corresponds with previously 

published counts (Shanbhag et al., 1999; Stocker, 2001) and displays the described 

sexual dimorphism for trichoids and antennal basiconics but not for the palp 
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basiconics. We additionally depict a putatively high variance of these numbers based 

on the described deviation for each sensilla type quantity (Fig 1D and Table 1). 

Whether this deviation is necessary for plasticity or represents plain interspecies 

variability remains to be analyzed.  

The so far assumed 30:1 convergence of OSNs per glomerulus (Ramaekers et al., 

2005; Vosshall and Stocker, 2007) served as the basis for glomerular uniformity. 

However, by quantifying the exact number of OSNs that converge onto each 

glomerulus, we can show that this number is glomerulus-specific and largely variable 

across the AL ranging from 8 up to 60 OSNs (Fig 1D and Table 1). This finding 

breaks the initial dogma of glomerular uniformity in the first place. Moreover, we 

observed a group of glomeruli showing various levels of sexual dimorphism at the 

periphery which have not been described so far in addition to the well-characterized 

fruitless circuit (Ito et al., 2012; Stockinger et al., 2005) such as glomeruli VA1d, DL3, 

VA2, V, DM1, DL1, DM4, DM5, DM6, DL4, VA5, DC2, VL1 and VM4. Some of these 

glomeruli are putative pheromone-coding glomeruli, like VA1d (Dweck, 2014), or are 

described to play crucial roles in mating (glomerulus DL3; (Lebreton et al., 2014)), or 

CO2 avoidance (glomerulus V (Suh et al., 2004)). The relevance of the observed 

sexual dimorphism of these various glomeruli remains to be analyzed further. 

Interestingly, we see no sexual specificity for the glomerulus DA1 (Fig 1D and Table 

1), being the most thoroughly investigated fruitless-positive pheromone glomerulus 

(Stockinger et al., 2005). Pointing out that OSN quantity alone is not sufficient to 

describe the sexual dimorphism of glomeruli. 

OSN and LN quantity determines the glomerular volume 

Being able to measure the in vivo volume of glomeruli in a less artificial way (Grabe 

et al., 2014) we quantified the whole AL (Fig 2 and Table 1) providing a 

comprehensive dataset for both sexes only missing the most ventroposterior 

glomeruli which are difficult to assess with our approach. Reliability of our data is 

verified as we can confirm the previously described presence (DA1 and VA1v) and 

absence (DL3 and VA1d) of sexual dimorphism for a few glomeruli ((Kondoh et al., 

2003), Fig 2D). Linkage between the number of OSNs and the glomerular volume 

was indirectly shown using the gigas-mutation (Acebes and Ferrús, 2001) in 

Drosophila melanogaster and from an evolutionary perspective in Drosophila 

sechellia (Dekker et al., 2006) and Drosophila erecta (Linz et al., 2013). Our 
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correlation analysis reveals that the OSN number is in fact determining the volume of 

a glomerulus (Fig 2C). If we break this correlation down to the single 

receptor/glomerulus level, we observe a strikingly significant correlation of input 

quantity and volumetric properties of the regarding glomerulus (Fig 2E). Notably, 

when we correlate the number of LNs with glomerular volume, we also observe a 

significant, but weaker correlation compared to the OSNs (Fig 4B). A similar 

morphological coherence has been described for LNs in Anopheles gambiae (Ignell 

et al., 2005). Interestingly there is hardly any correlation of PN quantity with the 

respective volume measure (Fig 3C) although the number of PNs is glomerulus-

specific (Fig 3B). Instead we observe a negative correlation between the projection 

neuron density and the local interneuron abundance (Fig 4D) showing that glomeruli 

with higher output neuron count (DA1, DA2, DL3, VA1v) are less likely to be 

innervated by local interneurons, underlining the proposed feed forward nature of 

narrowly tuned glomeruli (Stensmyr et al., 2012; Suh et al., 2004) being potentially 

less affected by lateral input via local interneurons. As narrow neurons are putatively 

seldom activated they don’t need large filtering in contrast to broad tuned OSNs 

which are almost constantly on and therefore need a huge amount of filtering by local 

interneurons. 

Our thorough mapping of PNs complements the previously published single cell 

clones of GH146-positive PNs (Jefferis et al., 2007; Marin et al., 2002; Marin et al., 

2005; Wong et al., 2002) and proves the estimated count of one to three projection 

neurons per glomerulus (Wong et al., 2002) is true for most glomeruli (Fig 3B). 

Glomerular response profile correlates with LN / PN number 

Notably, we observed a negative correlation between the glomerulus-specific PN 

numbers and the LN innervation frequency (Fig 4D) showing that glomeruli with a 

higher number of PNs (such as DA1, DA2, DL3, VA1v) are less innervated by LNs. 

This highlights a feed forward characteristic of narrowly tuned glomeruli being 

potentially less affected by lateral input via LNs. Interestingly glomeruli that have a 

higher number of PNs are described to be part of crucial pathways involved in 

reproduction and survival, such as the perception of pheromone (VA1d, VA1v, DL3, 

DA1, (Dweck, 2014; Kondoh et al., 2003; Lebreton et al., 2014; Stockinger et al., 

2005)) or strongly aversive cues (DA2, V, (Stensmyr et al., 2012; Suh et al., 2004)) 

Since, sparsely tuned glomeruli become hardly activated, it is therefore highly 
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important that their signals are transferred to the higher brain centers. Hence, a 

higher number of PNs can ensure a reliable output. In addition the variable PNs 

might have multiple functions and might encode various features of the stimulus, 

such as e.g. different intensities as shown for the CO2 circuitry (Lin et al., 2013). 

Moreover does the minor LN innervation indicate a decreased integration of glomeruli 

in the lateral network of the AL (Chou et al., 2010; Root et al., 2008). 

Diverse neurotransmitter repertoire 

In order to cover the majority of PNs for each glomerulus, we employed 

photoactivation using the GH146-GAL4 line (Stocker et al., 1997). Since this line is 

not covering all glomeruli (Grabe et al., 2014), except for one multiglomerular vPN 

(Marin et al., 2002) and possibly not all PNs we also utilized ChA-GAL4 (Salvaterra 

and Kitamoto, 2001) since PNs are described to be cholinergic (Jefferis et al., 2001; 

Lai et al., 2008) while multiglomerular PNs are characterized as GABAergic (Jefferis 

et al., 2001; Lai et al., 2008; Liang et al., 2013; Okada et al., 2009; Strutz et al., 

2014). Further neurotransmitters such as glutamate are known for LNs of the AL in 

particular (Liu and Wilson, 2013) but also dopamine, octopamine and serotonin occur 

in the fly’s olfactory system in general (Chiang et al., 2011). The fact, that we 

observed less PN somata in the lateral cluster after photoactivation in ChA-GAL4 

than in GH146 for glomerulus DA2 (Fig S1B), suggests the potential occurrence of 

additional neurotransmitters. Since only 6  ventral PNs are described as GABAergic 

(Wilson and Laurent, 2005) and the remaining ventral, lateral and anterodorsal ones 

are cholinergic (Wilson et al., 2004), our findings strengthen the question for 

additional neurotransmitters in the system and show that one glomerulus can be 

innervated by PNs originating from more than one cluster (Lai et al., 2008). Just 

recently bilingual neurons were discovered in rodents expressing two different 

neurotransmitters (Root et al., 2014) adding another eventuality to the understanding, 

although this circumstance seems not necessary for neurons to be bimodal. Single 

LNs in zebra fish were depicted being excitatory and inhibitory through a shift from 

electrical (excitation) to chemical (inhibition) coupling depending on an activity 

dependent threshold (Zhu et al., 2013). 

Missing link of form and function 

Based on the detailed mapping and quantification of input-output neurons, the 

glomerular volume, and the novel physiological characterization of CRs (Fig S2) in 
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combination with the glomerular innervation frequency of LNs (Chou et al., 2010), we 

can now correlate the morphological properties of individual glomeruli with their 

functionalities. This allows classifying glomeruli as subunits of the AL in a joint 

context of anatomy and physiology and hence, to predict the role of so far not 

characterized glomeruli. As an initial example we picked the two glomeruli DA2 and 

DL5 (Fig 5D), both receiving input from 22 OSNs housed in the same sensillum Ab4 

on the funiculus. The known response profile of Or7a which targets glomerulus DL5 

(Galizia et al., 2010), being very broad, and Or56a targeting glomerulus DA2 (Fig 

S2), being narrowly tuned, exhibit quite diverse response profiles depicting an odd 

glomerular couple. Therefore glomerulus DL5 is not affiliated with a succinct 

behavioral task and seems not to play a crucial role in olfactory perception. On the 

other side, glomerulus DA2 has been characterized as the indicator for an extremely 

important information pathway on the presence of harmful bacteria leading to robust 

aversion (Stensmyr et al., 2012). The significance of DA2 as an aversion-coding 

glomerulus is supported by its high number of excitatory PNs having potentially larger 

random input on mushroom body Kenyon cells (Caron et al., 2013; Gruntman and 

Turner, 2013). Moreover the high ePN number supports plasticity (Heimbeck et al., 

2001; Heisenberg, 2003)and exhibits potentially more synapse to third order neurons 

of the lateral horn (Jefferis et al., 2007; Liang et al., 2013; Marin et al., 2002; Parnas 

et al., 2013; Strutz et al., 2014; Tanaka et al., 2004; Wong et al., 2002) than the 

single PN leaving the DL5 (Fig 3B). The difference in output quantity is connected to 

an inverse proportionate LN innervation frequency (Fig 4D) underlining the more 

independent nature of DA2 as it is putatively innervated by less LNs (Chou et al., 

2010) and therefore has fewer lateral interactions (Olsen et al., 2007; Shang et al., 

2007) with other glomeruli such as presynaptic gain control (Root et al., 2008). DL5, 

in contrast, represents an example for stronger implementation in the AL-LN circuitry 

with a putatively larger amount of lateral output and input as well as feedback. 

Interestingly is the DL5 way larger than the DA2 which contradicts the common 

assumption of a link between plain size and importance like in the pheromone 

systems and macroglomerular complexes (Boeckh and Tolbert, 1993; Galizia et al., 

1999; Hansson et al., 1992; Schneiderman et al., 1986). The dissimilarity in size may 

originate mainly in the higher amount of LNs (Fig 4B) unaffected by the inverse PN 

relations, of six ePNs in DA2 and only one in DL5, as their influence on the volume is 

minute (Fig 3C) in contrast to previous findings showing a rough correlation (Yu et al., 
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2010). Alternatively the altering intraneuronal density of synapses per OSN (Mosca 

and Luo, 2014) may interact with the volume although the overall OSN density per 

glomeruli is described to be stable. In fact there has to be at least one more reason 

for glomerular volumetric composition as we cannot trace the observed sexual 

dimorphism in DL5 (Fig 2D) in any of the other morphological properties.  

Based on our novel morphological knowledge of olfactory pathways which are 

physiologically and behaviorally well characterized, such as Or67d/DA1, Or47b/VA1v 

– involved in courtship – and Or56a/DA2 – involved in avoidance – we can propose 

putatively similar crucial functions for an example group of underrepresented 

pathways like Or69a/D, Or83c/DC3 and Or65a/DL3. As a rather small glomerulus 

(Fig 2D), Or69a/D receives input of only ~20 OSNs (Fig 1D) and has a medium LN 

innervation frequency (Fig 4A). The characterization of Or69a (Fig S2) shows a quite 

broad tuning curve which contradicts an extremely specialized function but the 

medium high number of four PNs (Fig 3B) in combination with the mentioned low LN 

frequency resembles the overall appearance of the Or56a/DA2 pathway. Not 

knowing any particular behavioral necessity of the D glomerulus we would propose a 

rather high importance based on its morphological representation. 

Similar predictions can be made for the Or83c/DC3 pathway. Its described selectivity 

for farnesol (Ronderos et al., 2014) in combination with a high LN frequency and 

intermediate and sex specific PN quantity, shaping a medium sized glomerulus with 

the same input quantity as Or69a/D, predict a putatively gender selective role as it is 

described for its impact in inducing egg laying behavior in female flies (Dweck et al., 

2013; Ronderos et al., 2014). 

A third prediction can be done for the Or65a/DL3 pathway. Again, having low input 

counts (~20 OSNs), small volume in combination with a high PN count (6 ePNs) and 

low LN frequency, predicts a potential behavioral importance. As it is already 

described to have a modulatory impact on mating behavior in female Drosophila 

(Lebreton et al., 2014) the lack of a known ligand is the last step to a thorough 

examination of this pathway. 

Glomerulus uniqueness 

These three above mentioned examples represent a set of about 15 glomeruli in 

total, which are so far underrepresented in recent studies, for which we generated a 

comprehensive morphological database supporting future physiological studies and 
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re-evaluation of previous ones further adding up with the characterization of 14 well 

examined glomeruli. 

Morphologically screening of the glomerulus-specific variables such as sensory input 

quantity (Fig 1), in vivo volume (Fig 2), PN quantity (Fig 3) and improving the 

characterization of receptor selectivity (Fig S2) expands the level of complexity of the 

glomerular venue. Moreover we described new relations of morphological properties 

such as the negative correlation of LN innervation frequency and PN quantity (Fig 4) 

or their opposed correlation with the lifetime sparseness (Fig 5). Furthermore we 

could emphasize known relations, like the crucial impact of the OSN  count on 

glomerular volume ((Acebes and Ferrús, 2001), Fig 2), as well as specify the diverse 

impact of PNs (Fig 3) and LNs (Fig 4) on the glomerular volume. And finally we 

depicted so far unknown sexual dimorphisms at the glomerular level. 

One limitation of our study is that we cannot draw conclusions regarding any 

intraglomerular circuits and intraneuronal properties which are to date generally rare 

in flies (Chou et al., 2010; Mosca and Luo, 2014). Therefore we cannot take them 

into account omitting neuronal specialties which would putatively add complexity to 

the model like specific gap junction distributions (Yaksi and Wilson, 2010), explicit 

neuropeptide repertoires of the neuronal classes (Busch et al., 2009; Carlsson et al., 

2010; Chiang et al., 2011; Liu and Wilson, 2013), glomerulus shaping effects of glial 

cells (Kazama and Wilson, 2009) or LN classification (Chou et al., 2010; Seki et al., 

2010; Wilson and Laurent, 2005) potentially indicating glomerulus ultrastructural 

subdivision as observed in crustaceans (Polanska et al., 2012).  

However, we postulate that each glomerulus represents a unique morphological and 

functional structure as there are no two glomeruli sharing the exact same properties. 

The recent advances in superresolution microscopy (Willig and Barrantes, 2014) may 

contribute to solving these barriers.  
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Table 1 | Glomerulus-specific dataset 
a Data from (Ai et al., 2010). b Data obtained by photoactivation with ChA-GAL4. c Alternative count with ChA is 4 PNs (+ 0.6). d Data from (Kain et 
al., 2013). e Data from (Gallio et al., 2011). 

Sensillum Receptor Glomerulus OSNs (±SD) In vivo Volume 
(µm³ ±SD) PNs (±SD) 

Lifetime 
Sparseness 

(Source) 
   female male female male female male  
          

Ab9 Or69a D 24 (6.1) 17.5 (4.3) 1170 (473) 1579 (552) 4 (0.7) 4 (1) 0.46 (original) 
At1 Or67d DA1 62.5 (10.8) 62.25 (11) 4738 (732) 6182 (1037) 8 (1.9) 10 (1) 0.98 (original) 
Ab4 Or56a DA2 24 (1.9) 21 (3.6) 1630 (677) 1050 (361) 6.5 (1) 5 (1.3) 0.99 (original) 
At2 Or23a DA3 15 18 629 (99) 692 (24) GH146 negative - 
At3 Or43a DA4l 27 (3) 22 (6.6) 1135 (119) 1041 (193) 1 (0) 1 (1.2) 0.79 (DoOR) 
At3 Or2a DA4m 27 22 935 (269) 1435 (275) GH146 negative - 
At3 Or19a DC1 27 22 2820 (593) 2532 (919) 1 (0.5) 1 (0) 0.70 (DoOR) 
Ab6 Or13a DC2 15 (2.5) 11 (1) 1415 (378) 1803 (239) 2 (0.9) 2 (0) 0.75 (DoOR) 
At2 Or83c DC3 15 (2.9) 18 (2.2) 1743 (311) 2017 (255) 4 (0.45) 2 (0.6) 0.74 (original) 

Sac III Ir64a DC4 15a 1975 (312) 1875 (300) GH146 negative  
Ab1 Or10a DL1 37.5 (6.5) 26 (4) 2267 (603) 2037 (277) 3 (0.6) 2 (0.6) 0.84 (DoOR) 
Ac3? Ir75a/b/c DL2d - - 2591 (1045) 2077 (432) GH146 negative - 
Ac3? Ir75a/b/c DL2v - - 2362 (655) 2025 (716) GH146 negative - 
At4 Or65a DL3 19.5 25.5 615 (177) 791 (329) 5 (1.1) 6 (1.3) - 

Ab10 Or49a/Or85f DL4 18 (3.2) 10.5 (2) 622 (177) 946 (305) 1 (0.4) 1 (0) 0.96 (original) 
Ab4 Or7a DL5 24 21 2865 (759) 1456 (334) 1 (0.6) 1 (0) 0.72 (DoOR) 
Ab1 Or42b DM1 38.5 (4.6) 32 (5.9) 4211 (493) 2821 (470) 1 (0) 1 (0) 0.57 (DoOR) 
Ab3 Or22a/b DM2 8 (3.9) 8 (2.9) 2241 (453) 2085 (267) 2 (0) 2 (0) 0.60 (DoOR) 
Ab5 Or47a DM3 34 (8) 31 (5.4) 1336 (305) 1420 (296) 1 (0) 2 (0.8) 0.67 (DoOR) 
Ab2 Or59b DM4 23 15.5 2597 (693) 2806 (503) 1 (0) - 0.78 (DoOR) 
Ab2 Or85a/Or33b DM5 23 (6) 15.5 (3.6) 1269 (253) 912 (313) 2 (0.5) 1 (0.6) 0.85 (DoOR) 

Ab10 Or67a DM6 18 10.5 1439 (236) 1631 (191) 3 (0.4) - 0.60 (DoOR) 
Ac2 Ir75a DP1l 15 12 3805 (297) 2659 (244) GH146 negative - 
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Sac III Ir64a DP1m 15a 5288 (812) 4244 (331) 1 (0) 1 (0) - 
Ab1 Gr21a V 39.8 30 3438 (644) 3392 (1106) 5.5 (0.57)b 0.96 (DoOR) 
At4 Or88a VA1d 19.5 (3.7) 25.5 (4) 4433 (1200) 4502 (179) 3 (1) 3 (0) 0.94 (original) 
At4 Or47b VA1v 19.5 25.5 5347 (748) 6175 (409) 6 (0.9) 5 (1) 0.99 (original) 
Ab1 Or92a VA2 43.5 32 (7.3) 3278 (738) 4051 (455) 1 (0.4) 1 (0.5) 0.73 (DoOR) 
Ab9 Or67b VA3 24 17.5 1886 (274) 1470 (250) 2 (0.5) 2 (0.5) 0.69 (DoOR) 
Pb3 Or85d VA4 29 30.5 1619 (437) 1307 (334) 2 (0) 1 (0) 0.93 (original) 
Ab6 Or49b VA5 15 11 1126 (247) 1293 (484) 2 (0.5) 3 (0.75) 0.91 (DoOR) 
Ab5 Or82a VA6 34 31 2520 (218) 2667 (309) 1 (0.4) 2.5 (1.3) 0.75 (DoOR) 
Pb2 Or46aA VA7l 14.5 (2.7) 11.5 (0.9) 784 (330) 972 (295) 1 (0.5) 1 (0) 0.91 (original) 

- - VA7m - - 1187 (489) 927 (229) 3 (0) 3 (0.6) - 
Pb2 Or33c VC1 12 (1) 14 (2.2) 1953 (593) 1497 (126) 1 (0.5) 2 (0.5) 0.81 (original) 
Pb1 Or71a VC2 11.5 15 1090 (95) 1018 (152) 1 (0.5) 3 (1.5) 0.88 (original) 
Ac3 Or35a VC3 47.5 (6.9) 42 (10.3) 2728 (539) 2332 (568) GH146 negative 0.59 (DoOR) 
Ab7 Or67c VC4 14 (4) 12 (1.3) 1588 (332) 1263 (306) GH146 negative 0.73 (Hallem) 
Ac2 Ir41a VC5 15 (2.7) 12 (2.4 1182 (240) 1173 (466) GH146 negative - 
Ac1 Ir75d VL1 15 16 4729 (914) 3657 (318) GH146 negative - 
Ac4 Ir84a VL2a 29.5 24 3081 (446) 2693 (512) 1 (0)c 2 (1)c - 
Ac1 Ir31a VL2p 15 16 3989 (709) 3378 (684) 3 (0)              - - 
Ac1 Ir92a VM1 15 (1.7) 16 (2.5) 1509 (391) 1543 (415) 2 (0.4) 1.5 (1) - 
Ab8 Or43b VM2 18 (6.5) 15 (2.4) 1551 (423) 1296 (528) 3 (0.8) 2 (0) 0.65 (DoOR) 
Ab8 Or9a VM3 18 15 1898 (170) 1309 (328) 2 (0.5) 2 (0.6) 0.56 (DoOR) 
Ac4 Ir76a VM4 29.5 (2.8) 24 (2.9) 2382 (391) 1703 (302) 1 (0.5) 1 (0.6) - 
Ab3 Or85b VM5d 8 8 2097 (289) 1304 (370) GH146 negative 0.61 (Hallem) 
Ab7 Or98a VM5v 8.5 (2.9) 9 (3.2) 1628 (46) 1385 (198) 5 (0.5)b 0.71 (Hallem) 
Pb1 Or42a VM7d 11.5 (6.5) 15 (4.5) 1578 (638) 1660 (531) 2 (0.8) 3 (0.4) 0.74 (original) 
Pb3 Or59c VM7v 29 (10.4) 30.5 (3.2) 1296 (632) 1085 (562) 3 (0.8) 2.5 (1) 0.81 (original) 
Sac I Ir40a VP1+VM6 11 (2.8)d 9 (1.8)d - - GH146 negative - 
Arista hot VP2 3e 3e - - - - - 
Arista cold VP3 3e 3e - - - - - 
Sac I Ir40a VP4 =VP1d =VP1d - - GH146 negative - 

   1047.8 934.25 111593 103168 80.5 83 - 
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Figure 1 | Quantification and mapping of sensilla classes and OSNs  

(A) Electron microscopic scans of each sensilla class (left), exemplified OR/IR 

mappings of the four sensilla classes (center) and sex specific differences in 

olfactory sensory neurons (OSN) quantity (right). (B) Mapping of all sensilla of a 

certain class (left) and sex specific differences in sensilla classes quantity (right). (C) 

Mapping of the single sensilla types in females. (D) Receptor specific quantities of 

OSNs. Columns with error bars have been counted, while columns without error bars 

have been interpolated. For Gr21a the mean of all Ab1 neurons was used (Or92a, 

Or42b and Or10a). Data represent median ± SD. Statistical differences between 

sexes were determined by Student’s t test, *p < 0.5, **p < 0.1, *** p < 0.001. n = 5-
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30. Colors indicate the sensilla classes antennal trichoids (blue), antennal basiconics 

(orange), antennal coeloconics (green), palp basiconics (red), sensilla housed in the 

sacculus (grey). Males are indicated by light colors and females by dark colors. The 

scale bar equals 2 µm in the electron microscopic images and 20 µm in the 

schematics. a After (Silbering et al., 2011) both parts of DL2 receive putative input 

from Ir75abc in Ac3; b After (Silbering et al., 2011) receiving input from Ac1, Ac2 and 

Ac3; c Data from (Kain et al., 2013); d Data from (Ai et al., 2010). 
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Figure 2 | Glomerulus-specific relative volume 

(A) Entire AL volume of males (empty column) and females (filled column). Data 

represent median ± SD. (B) 3D reconstructed AL with selective coloring of the 

sensilla affiliated glomeruli clusters (left) and the sexually dimorphic AL proportion of 

the clusters (right). The scale bar equals 20 µm. Glomerulus-specific volume relative 

to the sum of all labelled glomeruli per animal. The color code refers to Fig 1 with the 

expansion of thermosensory glomeruli and unassigned ones (grey). (C) Correlation 

of the summed number of OSNs per sensilla class and the respective summed 

glomerular volume for males and females (color code as in B). The two trend lines 
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are for males (grey) and females (black). R-values are inset. Two tailed probability of 

the Pearson correlation coefficient is *p < 0.5. (D) Glomerulus-specific volumes 

shown as percentage of all labeled glomeruli per specimen. Data in A, B and D are 

median ± SD. Statistical differences between sexes were determined by Student’s t 

test, *p < 0.5, **p < 0.1, ***p < 0.01. n = 4 for males and females each. (E) 

Correlation of glomerular volume and number of glomerulus-specific OSNs and (F-I) 

segregated for each sensilla class. The r-value is inset and two tailed probability of 

the Pearson correlation coefficient is ***p < 0.01. The color code refers to Fig 1. 



Structural and functional analysis of the Drosophila antennal lobe 

66 
 

 

Figure 3 | Quantification of uniglomerular excitatory PNs via photoactivation 
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(A) Z-projection of four different GH146 scans of the AL, MB calyx and LH after 

photoactivation of a specific glomerulus (DL4, DM2, DA2 and DA1). (B) Glomerulus-

specific number of excitatory PNs labelled with GH146-GAL4;UAS-C3PA. Data are 

median ± SD. Statistical differences between sexes were determined by Student’s t 

test, *p < 0.5, **p < 0.1. n = 3-10. (C) Correlation of glomerular volume and number 

of glomerulus-specific PNs and (D-G) segregated for the sensilla class. Empty 

circles in C, E, and F are ChA-GAL4;UAS-C3PA based data (Fig S1). The r-value is 

inset and the two tailed probability of the Pearson correlation coefficient is **p < 0.1 

and ***p<0.01. adPN = anterodorsal PN soma cluster, lPN = lateral PN soma cluster, 

vPN = ventral PN soma cluster. The color code refers to Fig 1. 
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Figure 4 | LNs negatively correlate with PN quantity 

(A) Data set of the glomerulus-specific LN innervation frequency acquired via 

MARCM of several LN GAL4-Lines (data from (Chou et al., 2010)). (B, C, D) 

Scatterplots showing the correlation of the LN frequency with glomerulus-specific 

volume (B), OSN count (C) or PN count (D). The r-value is inset and the two tailed 

probability of the Pearson correlation coefficient is *p < 0.5. (E, F, G) Same plots as 

in (B-D) with emphasis on potential clustering of attractive (cyan), aversive 

(magenta) and fruitless (green) glomeruli. Except for E, F and G the color code 

refers to Fig 1. 
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Figure 5 | OR lifetime sparseness and modeling glomerular uniqueness 

(A, B, C) Scatter plots depicting the correlation of the calculated lifetime sparseness 

with OSNs number in the periphery (A), the number of PNs in the respective 

glomerulus (B) and the corresponding LN frequency per glomerulus (C). The r-value 

is inset and the two tailed probability of the Pearson correlation coefficient is *p < 0.5. 

(D) Schematic model displaying the morphological properties of two selected CR 

pathways – Or56a/DA2 and Or7a/DL5, both descending from the Ab4 sensillum – 

from the peripheral distribution of their sensilla over the odor response profile and 

lifetime sparseness (S) to their glomerular volume, convergence ratio and LN 

innervation frequency (Chou et al., 2010). The values for the OR-specific lifetime 

sparseness derive from original odor response profiles shown in Fig S2, (Galizia et 

al., 2010; Hallem and Carlson, 2006)). The color code refers to Fig 1. 
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Figure S1 | Comparison of labelled ChA and GH146 positive uniglomerular PNs 

(A, left) Z-Projection of a ChA-GAL4 scan of a left AL prior to the photoactivation. (A, 

right) Z-projection of a ChA-GAL4 scan of the same AL after photoactivation of 

glomerulus DM2. (B) Comparison of a subset of photoactivated glomeruli in GH146-

GAL4 (filled) and female ChA-GAL4 (empty). Data represent median ± SD. 

Statistical differences between sexes were determined by Student’s t test, *p < 0.5, 

**p < 0.1. n = 3-6. The color code refers to Fig 1. 
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Figure S2 | Novel odor response profiles 
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Odor response profiles for 14 olfactory receptors – underrepresented in (Galizia et 

al., 2010) – generated from SSR recordings of the respective sensillum. Inset is the 

name of the receptor, the number of used odors for characterization and the lifetime 

sparseness (S). Color code refers to Fig 1 
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Figure Supplements 

Supplementary Figure 1: Charactreization of excitatory and inhibitory 
projection neurons. 

Overlap of ePNs (QUAS-tdTomato) and iPNs (UAS-GCaMP3.0) in the LH area. The 
circle indicates the posterior lateral region, which is sparsely innervated by iPNs and 
dominated by ePN axonal terminal fields. Scale bar, 20 µm. 

 

Supplementary Figure 2: Glomerular innervations of ePNs an iPNs 

(A) Representative in vivo images of glomerular innervations. MZ699 and GH146 
lines have been reconstructed with END1-2 background (two upper planes) and dual 
labeling via the Q-system and the GAL4-UAS expression system (lowest plane). 
Scale bar, 20 µm. (B) Detailed glomerular AL innervation. Green filled cells indicate 
innervation by MZ699-GAL4, magenta GH146-GAL4 innervation, respectively and 
grey, no innervation by the indicated line. Bottom rows, total number of innervated 
glomeruli with percentage share indicated below. Merge column: white filled with “x” 
indicates glomeruli innervated by both lines, grey only one line. Blue filled rows are 
glomeruli labeled by none of the enhancer trap lines. 

 

Supplementary Figure 3: Odor-evoked activity patterns in the LH are 
reproducible and stereotypic 

Odor-evoked Ca2+ responses (ΔF/F %) in the LH for the three odors acetoin 
acetate, balsamic vinegar and benzaldehyde in four animals are shown as false-
color coded images. Two measurements in each animal are given to reveal that the 
activity patterns are highly reproducible within one animal. Comparison between the 
patterns among individuals shows that the activity regions are stereotypic. 
Numbers in the lower right corner indicate individual maxima. The ΔF/F scale bar is 
shown at the bottom. 

 

 

 

 

Supplementary Figure 4: Odor-evoked activity patterns in the LH can be 
reconstructed with five components 

Above, Odor-evoked Ca2+ responses (ΔF/F %) in the LH for the three odors acetic 
acid, balsamic vinegar and 1-octen-3-ol in three animals are shown as false-color 
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coded images. The ΔF/F scale bar is shown at the bottom. Middle, activity patterns 
were reconstructed using NNMF with five components. Below, residue of the pattern 
reconstructions with five components (as shown in the middle panel) revealing that 
no stimulus related activity remained. 

 

Supplementary Figure 5: Odor-evoked activity patterns in the LH cluster into 
three components 

Hierarchical clustering (UMPGA) of the odor response spectra of the NNMF 
components with a reliable stimulus response (trial-to-trial correlation >0.7, i.e. 28 
out of 35 components in 7 animals). The response spectra segregate into three 
distinct clusters according to their stimulus response spectra. The 
corresponding response areas (left pictures) are located in similar regions of the LH. 

 

Supplementary Figure 6: iPNs can be morphologically segregated according 
to their target and input region 

(A) Principal component analysis based on the distances of the similarity scores of all 
terminal points of each individual iPN in the LH (for details see Material and 
Methods). LH-AM iPNs (blue) and LH-PM iPNs (green) form significantly distinct 
clusters (***p<0.001, One-Way ANOSIM, Bray-Curtis). (B) Principal component 
analysis based on the glomerular innervations of each individual iPN in the AL. 
Again, LH-AM iPNs (blue) and LH-PM iPNs (green) form significantly distinct clusters 
(***p<0.001, One-Way ANOSIM, Bray-Curtis). 

 

Supplementary Figure 7: Glomerular innervations of individual iPNs  

Binary innervation patterns of 25 individually labeled MZ699+ iPNs using PA-GFP. 
Columns represent innervation patterns of individual neurons which have been 
grouped according to their innervation properties; rows represent 51 glomeruli in the 
AL along with the innervation in the specific odor response domains in the LH (LH-
PM, LH-AM) and/or the mushroom body calyx (MBc). Glomeruli have been sorted 
according to their iPN innervation. Grey, innervated; white, not innervated. 

 

Supplementary Figure 8: Odor valences determined with three different 
behavioral assays 

Odor-evoked behavioral responses of wild type flies for the 14 odors used in this 
study determined by T-maze assay, trap assay and the FlyWalk. The color denotes 
an attractive (green), aversive (red) or a neutral (light yellow) behavioral response. 
N/T, not tested. The majority of odors yielded similar results independent of the 
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behavioral assay used. In a few cases an attractive odor evoked a neutral 
response (i.e. no response), but never induced an aversive response in another 
assay. 

 

Supplementary Figure 9: Calcium responses of OSNs 

(A) Representative glomerular Ca2+-responses of OSNs in the AL for a subset of 
odorants at three concentrations. Scale bar to the right. Control (mineral oil) 
recordings are shown additionally as full false-color coded images. (B) Glomerular 
AL atlas used for glomerular identification. (C) Median Ca2+-activity traces of all 
glomeruli for all odorants at the three indicated concentrations. Scale bar and 
control measurement in the center. Odor application is indicated by the grey bar 
below the heatmaps (n=6-7). 

 

Supplementary Figure 10: Correlation matrices for odor-evoked responses in 
the AL and LH 

Complete correlation matrices for calcium activity patterns of OSNs in the AL (left) 
and iPNs in the LH (right). The odors are arranged according to single linkage 
clustering of the AL activity patterns. Heatmap color-code refers to the correlation 
distance scale bar below each matrix. Odor letters are color-coded according to 
hedonic valence; 10-6 RI values are labeled in grey (complete list right hand). 
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Supplementary Methods 
 

Mating and sexual receptivity 

Randomly chosen fed females were mated with a random wild-type male (fed or 
starved) in round Plexiglass containers (45 x 30 mm). During mating, flies were 
exposed to a filter paper (1 x 2 cm) containing 10 μL of pure white wine vinegar. 
Mating was verified by direct observation and mating duration was recorded. Mated 
females for cVA attraction experiments were used 1 h after mating. 

To test fly sexual behavior after mating (or cVA exposure), females were placed in a 
second Plexiglass container, with a random fed wild-type male. Flies were exposed to 
white wine vinegar as previously described. Males were considered as courting when 
they engaged in a courtship sequence and displayed wing vibration. Females were 
considered as sexually receptive when accepting to mate with a courting male. 

 

Offspring production 

Wild type females mated with starved and fed males were placed individually in a 
rearing tube with fresh food during five days. After 5 d females were removed. 
Emerging offspring were counted and their sex was noted. 

 

cVA exposure 

Two virgin fed females were introduced in the same dishes used for mating. Females 
were exposed to a filter paper containing 10 μL of white wine vinegar and 0, 0.3 µg, 
0.6 µg or 1.2 µg of cVA (11-cis-vaccenyl acetate; (Z)-11-octadecenyl acetate). 
Exposure lasted 1 h. Females were then tested for their sexual receptivity. Females 
exposed to 0.3 µg and 0.6 µg of cVA were also test for cVA attraction. 

 

Single sensillum recordings (SSR) 

Four different amounts of cVA diluted in paraffin oil (0.5, 5, 50 and 50 µg) were used. 
Stimulants were applied onto a square filter paper (0.5 x 1 cm) in pasteur pipettes and 
immediately sealed with a 1-mL micropipette tip. Paraffin oil was used as a control. 
Pipettes so prepared were used twice, with 1 h between puffs of a single pipette. A 
continuous flow of charcoal-filtered humidified air was passed over the preparation 
through a glass tube held about 1 cm from the antenna at 1.5 L per minute. 
Stimulation was done by injecting a stream of stimulant-laden air in pipettes into the 
airstream (at 1.5 mL flow rate) of charcoal-filtered moistured air. For stimulation, a 0.5 
L/min air stream was diverted through the pipette onto the preparation during 0.5 s, 
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thus maintaining the total air flow over the antenna. Response was counted from the 
onset of the highest concentration (about 300 ms after onset of stimulation) and 
compared to the baseline activity (500 ms before stimulation). Stimulations were 1 
min apart. For reliably delivering odor puffs without cross-contamination, we used the 
headspace from 5-mL disposable syringes. Once mounted, every insect was used for 
only a single set of recording, presented in increasing concentration. 

 

Chemical analysis 

Extracts were analyzed on a gas chromatograph coupled with a mass spectrometer 
(GC-MS; 6890 GC and 5975 MS, Agilent technologies Inc., Santa Clara, CA, USA). 
For each extract, 2 μL were injected into a HP-5MS silica capillary column (30 m x 
0.25 mm x 0.25 μm film thickness; Agilent technologies Inc.) that was temperature-
programmed from 30°C to 225°C at 8°C/min. cVA was quantified by peak integration 
and comparison with the internal standard. Identification of cVA was done on the 
basis of the mass spectra and retention time, in comparison with synthetic standard. 

 

Statistics 

PIs were compared using a nonparametric Kruskal-Wallis test followed by a multiple 
pairwise Mann-Whitney test with fdr correction. To test whether attraction was 
significant, PIs were compared with a theoretical value of zero (no attraction) using a 
nonparametric Wilcoxon test. Pheromones transferred by starved and fed males were 
compared with a nonparametric Mann-Whitney test. Female receptivity, SSR and 
optical imaging data were analyzed using a mixed linear model (GLMM) for repeated 
measurements. All statistical analysis was done using R (R 2.1.1, R Development 
Core Team, Free Software Foundation Boston, MA, USA). 
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General Discussion 
 

The overall topic of this thesis was to clarify and emphasize the correlation of 

structure and function in complex neuropils such as the antennal lobe (AL) of 

Drosophila melanogaster (Hansson and Anton, 2000). By executing this task, I 

participated in four projects divided in two parts, one on the morphological basis of 

the Drosophila olfactory system and its physiological implications (Manuscript I and 

II) and one on the behavioral output and its anatomical and functional origins 

(Manuscript III and IV). 

The first project primarily dealt with the urgent requirement of thorough in vivo 

anatomy to support the growing number of in vivo applications (Brand and Perrimon, 

1993; Feinberg et al., 2008; Patterson and Lippincott-Schwartz, 2002) investigating 

increasingly detailed physiological properties (Liu and Wilson, 2013; Mosca and Luo, 

2014; Tanaka et al., 2012; Zhu et al., 2013). As a major effort our novel generated 

transgenic fly line, END1-2, permitted a direct comparison of in vivo and in vitro 

morphology, especially the volume, to clarify the actual need for an in vivo atlas of 

the AL. Utilizing the presynaptic DsRed labelling of the line for confocal scans of the 

AL in the living fly we could bypass the commonly used nc82 in vitro neuropil 

antibody staining (Laissue et al., 1999; Rein et al., 2002). The volumetric measures 

displayed a strongly variable impact of fixation on the neuropil and glomerular volume 

compared with immunostaining. Some glomeruli were not affected at all while others 

lost up to 60% of their initial size. Concerned about the resulting putative distortions 

of the AL in total, we used the possibilities of 3D reconstruction (Laissue et al., 1999; 

Stocker et al., 1990) to calculate the positional changes as Euclidean distances of 

glomerular coordinates in relation to each other in vivo and in vitro. These additional 

factors of fixation depicted a highly various effect on the glomerulus distances as well 

as angles which could be explained mainly through the dissection of the brain out of 

the head capsule. Severing the antennal nerve and mounting the brain leads to an 

overall depression of the flexible AL structure together with an interglomerular 

dislocation. These findings clarified why the application of available in vitro atlases 

(Couto et al., 2005; Endo et al., 2007; Laissue et al., 1999; Silbering et al., 2011; 

Stocker et al., 1990; Tanaka et al., 2012) for in vivo techniques represents in most 

cases an actual challenge. Struggling with these technical drawbacks we decided to 
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generate the first in vivo atlas of the AL based on the END1-2 line combined with a 

large set of specific chemosensory receptor (CR)-GAL4 lines for secure identification 

(Couto et al., 2005; Fishilevich and Vosshall, 2005). This considerably improved and 

eased the task of glomerulus identification in the following projects (Manuscript II, III 

and IV) as we predicted by applying it on two GAL 4-lines frequently used in imaging 

experiments, Orco- (Larsson et al., 2004) and GH146-GAL4 ((Stocker et al., 1997), 

Manuscript III and IV) labelling a large proportion of OSNs and PNs, respectively. Our 

results emphasize a general crucial need for least artificial anatomical studies of 

flexible neuropils in parallel to their physiological investigation. In form of the END1-2 

fly line and our in vivo AL atlas we provide novel tools for this purpose in Drosophila 

melanogaster. 

As a follow-up project we utilized our new tool – the in vivo atlas of the Drosophila AL 

(Manuscript I) – for a comprehensive screen of the structural properties of the 

spherical subunits of the AL, the glomeruli. Their long history of research in 

Drosophila already began in the mid-19th century (Leydig, 1857) as they were 

mistaken as cell bodies approximately 27 years after the initial description of 

Drosophila melanogaster (Meigen, 1830). The following 100 years lead to the 

discovery of projection neurons (PNs, (Kenyon, 1896)), the discussion of the 

deutocerebrum being involved in sensory tasks at all (Bretschneider, 1914; 

Hanström, 1928) and the sensilla being depicted on the antennal funiculus (Miller, 

1950). The second half of the 20th century with its tremendous methodological 

progress was bound to increasing depth of morphological analyses (del Valle 

Rodriguez et al., 2012) to describe rising complexity of the system which we wanted 

to press ahead with (Manuscript II). Therefore we carried out a large screen of the 

anatomical composition of glomeruli in the living fly, building a foundation to examine 

the relation of form and function. First we took advantage of the available specific 

CRX-GAL4 fly lines (Fishilevich and Vosshall, 2005; Kurtovic et al., 2007; Silbering et 

al., 2011) to map the exact olfactory sensory neuron (OSN) somata distributions on 

the funiculus for five sensilla classes and their 22 incorporated types, which was only 

done for the sensillum classes so far (De Bruyne et al., 1999; Shanbhag et al., 1999). 

This additionally allowed a precise quantification for each of the sensillum types and 

as all OSNs expressing the same CR converge onto the same glomerulus in the AL 

(Gao et al., 2000) we acquired also the accurate OSN input numbers for each 

glomerulus. This sort of quantification was so far only done for a minute group of 
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receptors (Dobritsa et al., 2003; Gao et al., 2000). Comparing the numbers to the 

previously published ones displayed some divergence but as our total amounts for 

sensillum types and classes were matching with the comparably detailed classical 

morphological works (Shanbhag et al., 1999; Stocker et al., 1990), we sustained the 

analysis. Next, we continued working on the volumetric foundation shown in 

Manuscript I by analyzing the in vivo dimensions for all remaining glomeruli. These 

two primary datasets – OSNs and volume – allowed us to prove the previously 

published indirect assumption on the major impact of OSN quantity on the glomerular 

volume (Acebes and Ferrús, 2001). Having characterized one major component of 

glomerular composition – the OSNs – we now focused on the PNs to get a basic 

understanding of the morphological principles of glomerulus-specific input and output 

(Jefferis et al., 2007; Masse et al., 2009). Via photoactivation (Patterson and 

Lippincott-Schwartz, 2002) of GH146-positive uniglomerular PNs in single glomeruli, 

assisted by our in vivo atlas and GH146 characterization (Manuscript I), we again 

screened a large proportion of glomeruli. The initial description of one to three PNs 

per glomerulus hold true in most cases (Wong et al., 2002), while we also observed 

counts of up to 10 PNs. Interestingly most of those glomeruli were known to 

participate in crucial behavioral pathways such as mating (DA1 – (Kurtovic et al., 

2007)), oviposition site evaluation (DC3 – (Dweck et al., 2013; Ronderos et al., 

2014)) or aversion to noxious bacteria and CO2 (DA2 – (Stensmyr et al., 2012), V – 

(Suh et al., 2004)). Additionally we could describe a group of glomeruli as putatively 

significant, based on this potential link between a high PN number and functional 

specificity of the glomerulus’ output. The glomerulus DL3, as one of these 

candidates, was later described as part of an important behavioral switch in female 

receptivity (Manuscript IV). To complete the neuronal set of the glomerular 

architecture we included the results of an external publication (Chou et al., 2010) on 

the glomerulus-specific local interneurons (LN) innervation frequency as a measure 

for the putative strength of lateral interactions between glomeruli. The general 

assumption on LNs distributing and modulating information within (Root et al., 2008) 

and between glomeruli (Seki et al., 2010) provoked postulation of glomeruli which are 

less innervated by LNs to be more selective as they are part of a hard-wired 

information path with no strong lateral in- or output in the AL (Root et al., 2008; 

Stowers, 2004). In accordance with the high PN numbers in glomeruli, underlining 

their importance, we observed also low numbers of LN innervations in these 
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glomeruli supporting our assumption even more. The DL3 glomerulus, displaying the 

lowest LN innervation frequency (Manuscript II), again serves as a valuable 

prediction of specific functionality based on special structure. To include an actual 

measure for receptor/glomerulus selectivity we calculated the lifetime sparseness 

(Bhandawat et al., 2007; Perez-Orive et al., 2002; Vinje, 2000) from the available 

thorough response profile databases (Galizia et al., 2010; Hallem and Carlson, 

2006). In the case of missing or weak represented glomeruli we generated our own 

profiles via single sensillum recording screens. The lifetime sparseness as a value for 

the likeliness of a receptor to respond to any given odor based on the characterized 

responses to any odor so far shows significant correlations with the number of PNs 

per glomerulus as well as with the LN innervation frequency. This again supports our 

hypothesis that higher PN counts go along with higher lifetime sparseness, meaning 

higher selectivity, and lower LN numbers pre glomerulus. Lastly we could show the 

distinct effect of OSNs, PNs and LNs on the glomerulus volume. Interestingly only the 

OSNs and LNs have a significant impact. As it was shown that also seemingly 

uniform neuronal populations can display quite unique properties like dissimilar 

synaptic density in OSNs coming from the same sensillum (Mosca and Luo, 2014) or 

segregated intraglomerular distribution of LNs developing from the same mother cell 

(Chou et al., 2010), we expect future increase in the detail of structural 

discriminators. Especially the advances in superresolution microscopy will improve 

this field significantly in the future (Hell, 2009). Our contributions to published 

physiological datasets (Galizia et al., 2010; Hallem and Carlson, 2006) and the 

provided comprehensive morphological database of major glomerulus defining 

parameters encourage further physiological and anatomical work as well as 

combinations of the two. 

The functional part of this thesis dealt with two examples for the interplay of structure 

and physiology. One illuminates the connection of the AL with the lateral horn (LH) 

via inhibitory PNs (Manuscript III) and the other focusses on the behavioral 

characterization of Or65a (Manuscript IV), a receptor predicted to have a crucial 

function by our anatomical screen (Manuscript II). 

Target patterns of PNs leaving the AL to the mushroom body or the LH are often 

discussed to reveal functional implications (Caron et al., 2013; Jefferis et al., 2007; 

Liang et al., 2013; Parnas et al., 2013) but the exact modeling of these interactions 

still remains open. In the third project we concentrated on the multiglomerular 
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inhibitory PNs (iPNs) labelled by the enhancer trap-line MZ699-GAL4 (Ito et al., 

1997) and their role in the coding of odor quality and intensity in the LH of Drosophila 

melanogaster. The LH represents one of the primary output centers of the AL 

gathering a combinatorial code of glomerular responses (Jefferis et al., 2007). 

Initially, a detailed identification of the iPN innervated glomeruli, assisted by our in 

vivo atlas (Manuscript I), depicted a clear omitting of glomeruli coding for repellent 

odors and dense innervation of attractiveness coding glomeruli (Knaden et al., 2012). 

This supports the segregation of attractive and aversive odor representations in the 

LH (Min et al., 2013). Further we could segregate the iPN population via 

photoactivation of single neurons in two classes which receive input from a distinct 

set of glomeruli in the AL and innervate separate regions in the LH. Interestingly 

these regions depict nicely isolated response patterns during optical imaging, why we 

named them odor response domains (ORDs). These domains seem to code for odor 

intensity as they display a shift of the iPN odor responses from one ORD to the other 

along an odor gradient. Additionally the iPNs differentiate from the excitatory PNs 

(ePNs) in the LH regarding function (Liang et al., 2013) and morphology (Jefferis et 

al., 2007; Wang et al., 2014), depicting separate processing channels similar as in 

bees (Brill et al., 2013). EPNs and iPNs do not form shared synapses but interact 

with the same class of 3rd order neurons, descending to the ventrolateral 

protocerebrum (vlPr neurons). These neurons were previously shown to receive 

major input from ePNs (Parnas et al., 2013). Imaging experiments clarified that vlPr 

neurons are also gathering input from the aversion coding region of the LH where 

they can be inhibited by iPNs (Liang et al., 2013). When silencing the iPNs in 

behavioral T-maze assays (Quinn et al., 1974) we observed a reduced attraction to 

odors. Due to the glomerular separation in the AL, attractive hedonic valence is 

mainly coded by MZ699 positive iPNs while GH146 positive ePNs code for repulsion 

and attraction. The conclusive circuit model depicts the encoding of odors with 

opposing hedonic valence by interplay of distinct processing pathways in the LH. 

Attractive odors mainly activate iPNs but not the vlPr neurons as those are inhibited 

by the iPNs. In turn the vlPr neurons are largely activated by ePNs transmitting 

responses to repulsive odors but only until an inhibitory signal indicates an attractive 

cue. Henceforth the ventrolateral protocerebrum primarily receives information on the 

presence of aversive cues putatively integrating those with optical information 

(Tanaka et al., 2004). As soon as an attractive odor leads to excitation of the iPNs, 
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they inhibit the aversive representation in the LH permitting innate attractive behavior 

by shutting down the vlPr neurons. The depicted segregation of innervation and 

response patterns of two distinct groups of PNs in the AL and the LH in parallel and 

their partly convergence on the same vlPr neuron population leads to a crucial 

behavioral switch between aversion and attraction. This again underlines the initial 

question for a relation of form and function on a whole different level than plain 

glomerulus-specific morphology. Description of a novel behavioral switch in the LH 

supports its innate functionality and the direct correlation of morphological 

discernable pathways with respective ethological effects. 

Manuscript IV portraits another example for the relation of structure and function 

based on specific glomerular morphology predicting a particular physiological 

function and vice versa. Mating in female flies is triggered via the perception of the 

male pheromone cVA (Kurtovic et al., 2007) which also provokes male-male 

aggression (Liu et al., 2011). The initial observation of female flies repeatedly mating 

more frequently after mating with starved males than with fed ones suggests a 

behavioral switch which depends on the nutritional status of the male fly and the 

putatively linked amount of cVA production. Primary mating itself did not vary 

between the male groups although the starved ones produced less offspring, but the 

amount of cVA transferred during mating reduced significantly. Therefore males’ 

initial attractiveness is independent from their cVA level but their fitness is potentially 

reduced as the transferred cVA usually prevents other males from approaching 

females (Ejima et al., 2007; Keleman et al., 2012; Zawistowski and Richmond, 1985). 

The diminishing of cVA could explain the higher mating rate after mating with starved 

males, as other males are not repulsed. Alternatively the constant presence of cVA 

on and within the female body (Ejima et al., 2007) after mating serves as a 

modulatory cue to reduce their motivation to copulate again or the mating evokes 

expression level changes of the responsible receptor (Zhou et al., 2009). Pre-

exposing virgin females to cVA can mimic the described effect which emphasizes the 

importance of the odor itself. CVA is described as the best known ligand for Or67d 

(van der Goes van Naters and Carlson, 2007) whose OSNs converge in the DA1 

glomerulus (Couto et al., 2005). To see if the cVA exposure during mating makes a 

difference in perception we imaged the odor responses in virgins and in females 

mated to fed males. Or67d OSNs did not show any effect of the mating. The 

regarding PNs, labelled with GH146-GAL4, displayed a significant drop in response 
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strength. Since the effect in DA1 was not evoked by its own OSNs where could it 

originate from? Recent studies showed that cVA triggers a lateral interglomerular 

circuit via LNs originating from the DL3 (Liu et al., 2011), whose OSNs express 

Or65a and respond to high amounts and long exposure of cVA. A behavioral impact 

for this circuit was never shown but silencing the Or65a pathway with tetanus toxin 

(Sweeney et al., 1995) also blocked the loss of attraction. The potential inhibitory 

lateral input via LNs from the DL3 to the DA1 as a form of postsynaptic, rather than 

presynaptic gain control (Root et al., 2008) would also explain the weaker cVA 

imaging responses in PNs descending from the DA1. Reduced activity of PNs 

transmitting crucial cVA responses to the mushroom body calyx (Caron et al., 2013) 

and the LH (Jefferis et al., 2007) could then lead to abolished courtship. This 

behavioral shift and its potential morphological basis would demand another level of 

complexity in LN classification. Based on our structural screen and the LN frequency 

data (Chou et al., 2010) we suggested that glomeruli with a highly specific 

information pathway have less LNs since they do not require lateral processing. The 

DL3 glomerulus was predicted by us as a putatively important glomerulus due to its 

high PN and the lowest LN count (Manuscript I). Initially puzzled by its minute size 

and dimorphism we now postulate another hypothesis on the DL3 glomerulus serving 

as a modulatory glomerulus being slightly selective to cVA. The modulation is 

somewhat similar to glomerulus VA2 in the CO2 pathway (Turner and Ray, 2009). 

Strong or long lasting exposure to cVA due to mating with a fed male permits a 

modulation of attraction via a small but putatively specific LN population inhibiting 

DA1 PNs as well as their output in higher brain centers and therefore reduces 

receptivity. This physiological and ethological demonstration of a behavioral 

importance predicted on the basis of a unique combination of structural features 

illuminates the helpful interdependence of these disciplines. 

In this thesis I made an effort to illuminate the link between a strict and discrete 

examination of structural attributes of a neuropil in vivo on one side, and the complex 

investigation of modulated behavioral output of the system on the other side. By 

generating an extensive morphological and partly functional dataset of the subunits of 

the Drosophila melanogaster AL and simultaneously depicting two distinct behavioral 

pathways, both incorporating an ethological switch, we provided the basis for their 

thorough comparison. The fact that the anatomical database alone permitted 

predictions on rarely investigated glomeruli, which could be physiologically proved, 
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supports the tight interdependence of structure and physiology – of form and 

function. 

Still observing exceptions from our rules I look forward to the enhanced capabilities of 

newly emerging or tremendously improving techniques to allow more and more 

detailed research. Already now, ultrastructures of already concise neuropil subunits 

are depicted and we will be staggered by what awaits us in the coming decades. 

  



Structural and functional analysis of the Drosophila antennal lobe 

130 
 

Summary 
For most of the time neuroscientific research in invertebrates as in vertebrates was 

exclusively descriptive. Lacking the possibilities to alter wiring circuits in a neuropile 

at a satisfying level of detail restricted most studies to concentrate on morphological 

properties and external recordings. Meanwhile, the ever increasing variability of 

genetic tools helped to cross this border, especially in mice, Caenorhabditis elegans, 

zebra fish and Drosophila melanogaster. The vinegar fly functions as a model 

organism in many neuroscientific fields but especially olfaction is investigated in 

insects. Perception and orientation of flies in their vast, changing and complex 

chemical environment to fulfil variable behavioral tasks like search and evaluation of 

food and oviposition sites, predator avoidance and courtship demands an evenly 

complex sensory system. These various ethological functions and the structural 

foundation are well described but often exclusively for either of the two. 

The main goal of this thesis was to approach the question for a correlation between 

structural and functional properties in a complex sensory neuropile from both sides. 

Therefore we focused on the olfactory system of the vinegar fly and its single units, 

the antenna, antennal lobe (AL) and lateral horn (LH). Primary generation of an in 

vivo atlas of the AL and its sub units, the glomeruli, provided a comprehensive basis 

for the sequential studies (Manuscript I). The essential need for this atlas was 

depicted by a detailed investigation of the artificial impact of fixation on the 

glomerular volume and relative location. These distortions made it often tedious to 

apply in vitro atlases of the AL in the increasing number of in vivo applications in 

Drosophila. This foundation permitted the in depth analysis of specific glomerular 

parameters (Manuscript II). Uniquely precise quantifications of glomerulus specific 

olfactory sensory neurons (OSNs), volume and projection neurons (PNs) together 

with functional characterizations of response profiles via single sensillum recordings 

and published local interneuron innervation frequencies serve as a thorough 

database for glomerulus classification. In combination with known specific 

functionalities we could identify certain combinations of parameters as descriptors for 

specific functionalities in scarcely described glomeruli. To test our predictions we 

examined one glomerulus with a remarkable structural composition, the DL3 

(Manuscript IV), which is in parallel barely characterized. Observations on it being 

involved in a behavioral switch affecting the pheromone attraction in female flies 
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supported our assumptions on a relation of form and function. Further we utilized the 

in vivo atlas during the description of the innervation pattern of multiglomerular 

inhibitory PNs (iPNs), connecting the AL and the LH, and their coding for odor quality 

and intensity (Manuscript III). These iPNs are selectively gathering input from AL 

glomeruli which code for attractive hedonic valence and represent it in the LH, a 

center for innate behavior in the protocerebrum of the fly. There the iPNs synapse on 

to third order output neurons of the LH and inhibit their innate representation of 

aversive cues which is mainly transmitted by excitatory PNs (ePNs) descending from 

the respective glomeruli coding for aversion in the AL. Hence, two distinct 

populations of PNs build a behavioral switch in flies depicting an originally aversive 

circuit from the AL to the LH via ePNs which can be modulated through the presence 

of attractive cues activating iPNs. Silencing of the iPNs abolishes this switch and 

reduces the overall attraction. This crucial circuit of innate behavior which is almost 

completely represented via two morphologically and physiologically distinct 

populations of PNs underlines our hypothesis on a prominent link between form and 

function. Upcoming ultrastructural analyses of the glomerular parameters with the aid 

of superresolution microscopy in combination with increasingly sophisticated genetic 

tools in Drosophila will enhance this morphological descriptive database of attributes 

even further.  

The findings of this thesis are important because they emphasize an enlightening 

correlation between the structure and function of such complex neuropils as the 

antenna, AL, its glomeruli and the LH. Therefore, profound knowledge of 

morphological properties and exemplified functional studies allow the prediction of 

putative importance for ethologically unknown structures. 

 



Structural and functional analysis of the Drosophila antennal lobe 

132 
 

Zusammenfassung 

Lange Zeit war die Neurowissenschaft in Invertebraten und Vertebraten 

gleichermaßen ausschließlich beschreibend. In Ermangelung der Möglichkeit zur 

Manipulation der neuronalen Vernetzung eines Neuropils beschränkten sich die 

meisten Studien auf anatomische Eigenschaften und externe Ableitungen. 

Inzwischen hat die immer weiter steigende Vielzahl an Werkzeugen zur genetischen 

Manipulation diese Grenze insbesondere in der Maus, Caenorhabditis elegans, dem 

Zebrafisch und Drosophila melanogaster durchbrochen. Die Essigfliege fungiert in 

vielen neurowissenschaftlichen Feldern als Modellorganismus wobei insbesondere 

die Olfaktion stark in Insekten untersucht wird. Wahrnehmung und Orientierung der 

Fliege in ihrer weiten, wechselhaften und komplexen chemischen Umgebung 

verlangt ein ähnlich komplexes sensorisches System zur Ausführung verschiedener 

Verhalten wie der Suche und Bewertung von Nahrung sowie Eiablageplätzen, dem 

Ausweichen von Prädatoren oder der Paarung. Diese vielfältigen ethologischen 

Funktionen und ihre strukturellen Grundlagen sind gut untersucht aber häufig nur 

unter jeweils einem der beiden Blickwinkel. 

Das Hauptziel der vorliegenden Dissertation ist die Annäherung an die Frage nach 

einem Zusammenhang zwischen strukturellen und funktionellen Eigenschaften eines 

komplexen sensorischen Neuropils von beiden Seiten. Um diese Frage hinreichend 

zu beantworten rückten wir das olfaktorische System der Essigfliege mit seinen 

Untereinheiten, der Antenne, dem Antennallobus (AL) und dem lateralen Horn (LH) in 

den Mittelpunkt. Die anfängliche Erstellung eines in vivo Atlanten des AL sowie 

seiner eigenen Untereinheiten, den Glomeruli, erzeugte eine umfassende Basis für 

die folgenden Studien (Manuskript I). Die essentielle Notwendigkeit eines solchen 

Atlanten wurde deutlich bei genauerer Untersuchung der artifiziellen Einflüsse auf 

Volumen und relative Position der Glomeruli während der ansonsten notwendigen in 

vitro Fixierung. Diese Verformungen erschwerten häufig die adäquate Anwendung 

von in vitro Atlanten des AL in der steigenden Anzahl von in vivo Anwendungen in 

Drosophila. Das neue anatomische Fundament ermöglichte eine tiefgehende 

Analyse der Glomerulus-spezifischen Parameter (Manuskript II). Die einzigartig 

präzise Quantifizierung der Glomerulus-spezifischen olfaktorisch-sensorischen 

Neurone (OSNs), des Volumens und der Projektionsneurone (PN) zusammen mit der 

funktionellen Charakterisierung von Antwortprofilen mittels Einzelsensillenableitung 
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sowie der publizierten Daten zu Innervationsfrequenzen von lokalen Interneuronen 

dient als gründliche Datenbank zur Klassifizierung der Glomeruli. Durch Verknüpfung 

der Datenbank mit beschriebenen spezifischen Funktionen einzelner Glomeruli 

konnten wir spezielle anatomische Mekmalskombinationen ermitteln welche eine 

ebenfalls spezifische Funktion in bisher kaum beschriebenen Glomeruli vorhersagen. 

Um diese Vorhersagen zu testen wählten wir einen einzelnen Glomerulus mit 

bemerkenswerter neuronaler Zusammensetzung, den DL3 (Manuskript IV), wessen 

Funktion zugleich nahezu unbeschrieben ist. Die Beobachtungen deuteten auf seine 

Beteiligung an einem modulierten Verhaltensmuster in weiblichen Fliegen hin 

welches zu einer verringerten Attraktion zu dem einzigen bekannten Pheromon führt. 

Dieser Zusammenhang erhärtete unsere Annahme von einer Kausalität zwischen 

Form und Funktion. Weiterhin nutzten wir den in vivo Atlanten des AL während der 

Beschreibung eines komplexen Innervationsmusters multiglomerulärer inhibitorischer 

PNs (iPNs) welche den AL und das LH verbinden und zur Kodierung von Duftqualität 

sowie –intensität beitragen (Manuskript III). Durch ihre selektive Innervation des AL 

vereinen diese iPNs fast ausschließlich Input von Glomeruli auf sich welche für 

attraktive Umgebungsdüfte kodieren. Diese Information leiten sie an das LH, ein 

Neuropil des Protozerebrums welches für angeborenes Verhalten zuständig ist, 

weiter. Dort angekommen bilden die iPNs Synapsen mit den Ausgangsneuronen des 

LH und inhibieren deren grundlegende Kodierung von aversiven Duftreizen, welche 

sie wiederum von exzitatorischen PNs (ePNs) des AL erhalten. Diese zwei 

unterschiedlichen Populationen von PNs erzeugen einen verhaltensbiologischen 

Schalter in Fliegen welcher einen, ursprünglich Aversion kodierenden, Schaltkreis 

zwischen AL und LH mittels iPNs abschalten kann die wiederum durch attraktive 

Düfte aktiviert werden. Reduziert man den Einfluss der iPNs mittels gezielter 

Mutationen wird die generelle Attraktion der Fliegen ebenfalls reduziert. Dieser 

wichtige Verhaltensschaltkreis, welcher nahezu ausschließlich durch die zwei 

morphologisch sowie physiologisch unterschiedlichen Populationen von PNs 

dargestellt wird, unterstreicht unsere Hypothese von einem deutlichen 

Zusammenhang zwischen Form und Funktion. Unter Zuhilfenahme von 

Hochauflösender Mikroskopie in Kombination mit den zunehmend weiterentwickelten 

genetischen Werkzeugen in Drosophila werden ultrastrukturelle Untersuchungen die 

glomerulären Parameter sicherlich noch weiterentwickeln. Die Aussagekraft der 

daraus erwachsenden Vorhersagen wird dadurch immer weiter zunehmen. 
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Die Erkenntnisse dieser Dissertation sind dahingehend wichtig da sie den wichtigen 

Zusammenhang von Struktur und Funktion neu beleuchten. Daher stellen wir fest 

dass profundes Wissen über anatomische Eigenschaften sowie exemplarische 

funktionelle Studien die Vorhersage von vermeintlich wichtigen und bis dato 

ethologisch unbeschriebenen Strukturen ermöglicht. 
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