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1 Abstract 

Animals must navigate an ever-changing world in order to survive and reproduce. Plasticity endows 
sensory systems with the required flexibility to deal with changes on many different timescales and 
maintain robust outcomes. This is only possible if a balance between plasticity and robustness is 
achieved. To address this interplay, I studied two instances of plasticity in the olfactory system of 
Drosophila melanogaster: lifelong developmental plasticity and short-term stimulus-driven plasticity 
(adaptation). In both contexts, I focused on the antennal lobe. In this neuropil that constitutes the first 
sensory relay of the olfactory system, the combinatorial odor representation that relies on multiple 
olfactory receptor neuron (ORN) types emerges and is modulated by a network of local neurons that 
are mainly GABAergic.  

The first manuscript reviews the current literature on adaptation at the periphery of the olfactory 
system, setting a starting point for my work. Here, we compare adaptation to a constant background 
in vision to olfaction. Photoreceptors and ORNs both have background-dependent responses, but they 
show different strategies for adaptation, endowing the former with contrast sensitivity at the single 
neuron level but not the latter. Surprisingly, ORN firing rate adaptation is undone in the antennal lobe 
and ORN presynaptic calcium responses are background invariant. 

In the second manuscript, which is the main outcome of my work, I set out to investigate the molecular 
and circuit mechanisms that undo firing rate adaptation at the ORN output synapses and to understand 
the role of this transformation for odor coding. First, through optogenetic activation of a single ORN 
type, I found that multi-glomerular activation is not required for background-invariant responses in a 
single glomerulus. This experiment also confirmed previous observations that background invariance 
is asymmetric – it is only observed for ON stimuli (increases in concentration compared to the 
background). Then, I confirmed that ORN synaptic output is required by silencing specific ORN types 
and measuring presynaptic calcium transients in these ORNs. Since ORNs are cholinergic, this result 
was confirmed by pharmacologically blocking acetylcholine receptors. Finally, pharmacological 
blocking of GABA receptors identified a homeostatic feedback circuit that likely involves local neurons 
and achieves asymmetric background invariance in ORN axon terminal calcium responses. 
Interestingly, modelling of ORN responses shows that this feedback inhibition results in background-
invariant presynaptic ORN responses only if single ORNs adapt differently from photoreceptors, by 
decreasing their response rather than shifting their sensitivity. When assessing the functional output 
of the antennal lobe, postsynaptic projection neuron (PN) responses, I found that they are also 
asymmetric background invariant. By testing a gain-of-function mutation that abolishes calcium-
dependent synaptic plasticity in the active zone protein Unc13, I found that background invariance in 
PNs requires synaptic plasticity. Lastly, modelling of PN responses indicates that these novel functions 
of olfactory processing in the antennal lobe enable downstream circuits to drive background-robust 
odor-specific behaviors while tuning odor coding to ON stimuli, which are more behaviorally relevant. 

In the third manuscript, I investigated how developmental plasticity affects odor coding in the antennal 
lobe. Changing the developmental temperature has been shown in our lab to substantially alter the 
wiring of the olfactory system, allowing us to probe developmental plasticity. I found that odor coding 
in PNs was not altered by the differences in connectivity induced by developmental temperature, 
suggesting a balance between excitatory and inhibitory pathways that ensures odor coding stability 
across environmental conditions.  

Overall, I have found surprising robustness of odor representations in the antennal lobe, both in the 
face of different odor backgrounds and of differences in wiring caused by changes in developmental 
temperature. My work suggests that robustness in this neuropil is actively maintained and implicates 
local neurons in this process, warranting and providing a framework for further research into this 
network of functionally and anatomically diverse neurons.  
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2 Zusammenfassung  

Tiere müssen sich in einer immerzu verändernden Umwelt zurechtfinden, um zu überleben und sich 
fortzupflanzen. Plastizität verleiht den Sinnesorganen die erforderliche Flexibilität, um mit 
Veränderungen auf vielen verschiedenen Zeitskalen umzugehen und robuste Ergebnisse aufrecht zu 
erhalten. Dies ist nur möglich, wenn ein Gleichgewicht zwischen Plastizität und Robustheit erreicht 
wird. Um diese Wechselwirkung zu untersuchen, habe ich zwei Fälle von Plastizität im Geruchssystem 
von Drosophila melanogaster untersucht: lebenslange Entwicklungsplastizität sowohl kurzfristige, 
durch Reize ausgelöste Plastizität (Adaptation). In beiden Kontexten habe ich mich auf den 
Antennallobus konzentriert. In diesem Neuropil, der die erste sensorische Relaisstation des 
Geruchssystems bildet, entsteht eine kombinatorische Geruchsrepräsentation, die auf mehreren Arten 
von Geruchsrezeptorneuronen (ORN) beruht und durch ein Netzwerk lokaler, überwiegend GABAerger 
Neuronen moduliert wird.  

Das erste Manuskript gibt einen Überblick über die aktuelle Literatur zur Adaptierung in der Peripherie 
des Geruchssystems und bildet den Ausgangspunkt für meine Arbeit. Hier vergleichen wir die 
Anpassung an einen konstanten Hintergrund im Sehen mit der Anpassung im Geruchssinn. 
Photorezeptoren und ORNs haben beide hintergrundabhängige Reaktionen, zeigen jedoch 
unterschiedliche Anpassungsstrategien, wodurch erstere auf der Ebene einzelner Neuronen 
kontrastempfindlich sind, letztere hingegen nicht. Überraschenderweise wird die Anpassung der ORN-
Feuerrate im Antennallobus ungeschehen gemacht, und die präsynaptischen Kalziumreaktionen der 
ORNs sind hintergrundunabhängig. 

Im zweiten Manuskript, dass das Hauptergebnis meiner Arbeit darstellt, habe ich mich daran gemacht, 
die molekularen und schaltkreistechnischen Mechanismen, die die Anpassung der Feuerrate an den 
ORN-Ausgangssynapsen rückgängig machen zu untersuchen, und die Rolle dieser Transformation für 
die Geruchskodierung zu verstehen. Zunächst habe ich durch optogenetische Aktivierung eines 
einzelnen ORN-Typs festgestellt, dass eine multi-glomeruläre Aktivierung für hintergrundunabhängige 
Reaktionen in einem einzelnen Glomerulus nicht erforderlich ist. Dieses Experiment bestätigte auch 
frühere Beobachtungen, dass die Hintergrundinvarianz asymmetrisch ist – sie wird nur für ON-Reize 
(Anstieg der Konzentration im Vergleich zum Hintergrund) beobachtet. Anschließend bestätigte ich, 
dass synaptische Aktivität der ORN erforderlich ist, indem ich bestimmte ORN-Typen stilllegte und die 
präsynaptischen Kalziumtransienten in diesen ORNs maß. Da ORNs cholinerg sind, wurde dieses 
Ergebnis durch die pharmakologische Blockierung von Acetylcholinrezeptoren bestätigt. Schließlich 
identifizierte die pharmakologische Blockierung von GABA-Rezeptoren einen homöostatischen 
Rückkopplungskreislauf, der wahrscheinlich lokale Neuronen einbezieht und eine asymmetrische 
Hintergrundinvarianz in den Calcium-Reaktionen der ORN-Axonenenden erreicht. Interessanterweise 
zeigt die Modellierung der ORN-Reaktionen, dass diese Rückkopplungshemmung nur dann zu 
hintergrundinvarianten präsynaptischen ORN-Reaktionen führt, wenn einzelne ORNs sich anders als 
Photorezeptoren anpassen, indem sie ihre Reaktion verringern, anstatt ihre Empfindlichkeit zu 
verschieben. Bei der Bewertung des funktionellen Ergebnisses des Antennallobus, Reaktionen der 
postsynaptischen Projektionsneuronen (PN), stellte ich fest, dass diese ebenfalls asymmetrisch und 
hintergrundinvariant sind. Durch die Untersuchung einer Funktionsgewinnmutation, die die 
calciumabhängige synaptische Plastizität im aktiven Zonenprotein Unc13 aufhebt, stellte ich fest, dass 
die Hintergrundinvarianz in PNs synaptische Plastizität erfordert. Schließlich zeigt die Modellierung der 
PN-Reaktionen, dass diese neuartigen Funktionen der Geruchsverarbeitung im Antennallobus es den 
nachgeschalteten Schaltkreisen ermöglichen, hintergrundrobuste geruchsspezifische 
Verhaltensweisen anzutreiben und gleichzeitig die Geruchskodierung auf ON-Reize abzustimmen, die 
für das Verhalten relevanter sind. 

Im dritten Manuskript untersuchte ich, wie sich Entwicklungsplastizität auf die Geruchskodierung im 
Antennallobus auswirkt. In unserem Labor wurde gezeigt, dass eine Veränderung der 
Entwicklungstemperatur die Verschaltungen des Geruchssystems erheblich verändert, was uns die 



2 Zusammenfassung 

6 
 

Untersuchung von Entwicklungsplastizität ermöglicht. Ich stellte fest, dass die Geruchskodierung in 
PNs durch die Entwicklungstemperatur induzierten Unterschiede nicht verändert wurde, was auf ein 
Gleichgewicht zwischen exzitatorischen und inhibitorischen Bahnen hindeutet, welche die Stabilität 
der Geruchskodierung unter verschiedenen Umweltbedingungen gewährleisten.  

Insgesamt habe ich eine überraschende Robustheit der Geruchsrepräsentationen im Antennallobus 
festgestellt, sowohl angesichts unterschiedlicher Geruchshintergründe als auch angesichts von 
Unterschieden in der Verschaltung, die durch Veränderungen der Entwicklungstemperatur verursacht 
wurden. Meine Arbeit legt nahe, dass die Robustheit in diesem Neuropil aktiv aufrechterhalten wird 
und lokale Neuronen an diesem Prozess beteiligt sind, was einen Rahmen für weiterfuehrende 
Forschung zu diesem Netzwerk funktionell und anatomisch vielfältiger Neuronen rechtfertigt und 
bereitstellt.  
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3 Introduction 

Animals must survive and reproduce in a world that is constantly changing, over both short and long 

timescales. Temperature can change when one suddenly enters a shadowed area or lives through 

global warming. Changes can be unexpected like natural disasters, or predictable such as the change 

in light intensity as night approaches. Sensory systems, which allow animals to perceive their 

environment, are often robust: they maintain stable function and support behavior despite 

considerable variations in environmental conditions. But robustness does not mean no change. In fact, 

plasticity, the brain’s ability to change structurally and/or physiologically in response to internal or 

external factors, often supports robustness. The brain adapts to different contexts through plasticity, 

during development and adulthood (Turrigiano, 2012; Kolb et al., 2017; Anton and Rössler, 2020; Wu 

et al., 2020). When such mechanisms fail or are unavailable, animals’ behaviors can become 

maladaptive, with consequences for survival and fitness. As an example, the ‘master clock of the brain’ 

in mammals, the suprachiasmatic nucleus (SCN), changes the internal circadian rhythm in response to 

daily and seasonal changes thanks to its plastic encoding of the light-dark cycle and of day length. But 

this plasticity makes it possible for excessive artificial blue light at night to deregulate the circadian 

rhythm, which can lead to negative effects on mental and physical health (Meijer et al., 2010; Wahl et 

al., 2019). Identifying the mechanisms that allow plasticity in brain function to support behavioral 

adaptation is therefore key to understanding the principles behind robustness of healthy brains as well 

as what are the possible causes of unhealthy function.  

3.1 Plasticity, adaptability and robustness in olfaction 

Olfaction is fundamental for food searching and social and predatory interactions in many species. In 

the highly plastic olfactory system, information travels forward towards multisensory brain regions 

through a single synaptic step in the first relay center, making this a great system to investigate 

neuronal plasticity. Plasticity across different timescales allows the olfactory system to balance 

flexibility and stability, ensuring robust function in a changing world.  

On longer timescales, changes experienced over days or even months during development can have 

long-term or even lifelong effects on individuals. For example, in mammals, prenatal experience can 

affect postnatal olfactory phenotypes. This is the case in the European rabbit (Oryctolagus cuniculus), 

where exposure to juniper by the doe (mother rabbit), achieved by feeding her with aromatic juniper 

berries during pregnancy, increased pup preference to juniper odor after birth (Semke et al., 1995; 

Hudson and Distel, 1998). The effect of developmental plasticity on the olfactory system has been 

particularly well studied in eusocial insects, where postembryonic conditions like feeding and 

temperature are controlled through cooperative care and can be manipulated to obtain different adult 

phenotypes. Honeybees are a well-known example where the adult phenotype of queen or worker, 

which involves differences in odor-driven behavior responses to specific pheromones, is dictated by 

feeding during development (Pettis et al., 1995; Kucharski et al., 2008; Vergoz et al., 2009; Falibene et 

al., 2016). Together, these studies exemplify how prenatal and early-life experiences and conditions 

impact the developing olfactory system, with possibly long-lasting consequences that can influence 

adulthood. 

On shorter timescales, stimulus-driven plasticity or adaptation has short-term effects, with neuronal 

responses to an odor decreasing after repeated or prolonged exposure. This correlates with a 

decreased perception of the stimulus, which has been shown across animals from humans to 
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Caenorhabditis elegans (Cain, 1970; Colbert and Bargmann, 1995). In C. elegans, AWC neurons respond 

to benzaldehyde, isoamyl alcohol and butanone. While adaptation to butanone does not cause 

adaptation to any other of these odorants (no cross-adaptation), adaptation to benzaldehyde induces 

cross-adaptation to isoamyl alcohol and adaptation to isoamyl alcohol causes cross-adaptation to 

benzaldehyde. Two different intracellular molecular pathways were found to be responsible for 

adaptation to benzaldehyde and to isoamyl acetate, but they must converge at some point to enable 

cross-adaptation. On the other hand, adaptation to butanone requires both pathways, which explains 

why cross-adaptation with butanone does not occur (Colbert and Bargmann, 1995). Olfactory 

adaptation has also been investigated in humans through psychophysics by relating objective odor 

concentrations to how strongly these odors are perceived by human participants – magnitude 

estimation. To evaluate how adaptation affects human perception, observers were asked to estimate 

the magnitude of each odor dilution presented, either with or without pre-exposure to the same odor. 

After adaptation, magnitude estimation curves became steeper: higher concentrations are perceived 

the same but lower concentrations are perceived as weaker (Cain, 1970). This powerful study 

illustrates how adaptation can alter our perception and understanding of the world.  

The function of adaptation goes beyond the decrease in responsiveness. Several studies demonstrated 

that sensory neurons adapt to the recent stimulus history to better encode the stimulus statistics 

(Barlow, 1961; Wark et al., 2007; Weber et al., 2019; Benda, 2021; Brandão et al., 2021; Martelli and 

Storace, 2021). The neuron is left better able to respond to the more informative features of the 

stimulus because it devotes less resources to encoding the constant ones. The stimulus features that 

a system can adapt to can be several depending on the modality, but I will consider only adaptation to 

the mean of the stimulus unless otherwise mentioned. An example of adaptation to the mean occurs 

in photoreceptor neurons in the fly visual system. These neurons respond to light intensities that span 

multiple orders of magnitude because they adapt to the background luminance (Laughlin, 1989; Wark 

et al., 2007). When they are allowed to adapt to backgrounds of increasing luminance, their response-

function shifts to higher stimulus intensities while maintaining its shape. This effectively changes the 

sensitivity of the neuron while maintaining its coding ability (Laughlin and Hardie, 1978; Brandão et al., 

2021). Such a mechanism has been observed in photoreceptors of different animals, like the dragonfly 

and the turtle, but also across sensory modalities, with the example of neurons in the auditory 

midbrain of the guinea pig (Laughlin and Hardie, 1978; Burkhardt, 1994; Dean et al., 2005; Willmore 

and King, 2023).  

In this dissertation, I investigate the underlying mechanisms and functions of developmental and 

stimulus-driven plasticity in olfactory processing in the fly brain. Drosophila melanogaster is well suited 

for this endeavor because it has a multitude of genetic driver lines that are well established, including 

for neurons in the olfactory system; it is relatively easy to breed and care for, having a fast life cycle 

and being small; it has different published connectomes, which have allowed for thorough knowledge 

of the olfactory system morphology; and it is an organism where plenty of previous research exists for 

the olfactory system. To investigate developmental plasticity, we used temperature as a putative 

environmental factor (Züfle et al., 2025 - manuscript in section 4.3); in this recently published study, I 

found that odor responses in second-order neurons in the olfactory system are invariant to major 

circuit changes that were induced by different developmental temperatures. However, most of my 

work in the past years focused on understanding stimulus-driven plasticity in the olfactory system, 

which I will develop henceforth.  
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3.2 Adaptation in olfactory receptor neurons 

Stimulus-driven plasticity, or adaptation, is observed in olfactory receptor neurons (ORNs), the neurons 

at the periphery of the olfactory system (Kurahashi and Menini, 1997; Reisert and Matthews, 1999; 

Nagel and Wilson, 2011; Martelli and Fiala, 2019). As part of my doctorate, I co-authored a review 

paper where data from photoreceptors (fly and dragonfly) and ORNs (fruit fly and frog) are directly 

compared (Brandão et al., 2021 – manuscript in section 4.1; figure 2 - data reanalyzed from Laughlin 

and Hardie, 1978; Reisert and Matthews, 1999; Martelli et al., 2013). While photoreceptors shift their 

responses after adaptation, this is not the case for ORNs. For these neurons, the response is instead 

reduced after adaptation: they respond to the same intensities of the stimulus but their responses are 

lower than in the non-adapted condition. This is true for both the fruit fly and the frog data analyzed, 

indicating that it is a shared feature between vertebrates and invertebrates. This left us questioning 

whether the different types of adaptation observed in the two sensory systems underly different 

functions. 

To understand the function of adaptation, it’s important to consider Barlow’s efficient coding 

hypothesis (named by him as the ‘redundancy-reducing hypothesis’), which posits that neuronal 

circuits use a coding strategy that allows their limited capacity to transmit information to be optimally 

utilized (Barlow, 1961; Wark et al., 2007). This means that a neuron will devote fewer resources (or 

none) to encoding a feature of the stimulus that is frequent while devoting more resources to less 

common features (Barlow, 1961). This hypothesis has since created a theoretical framework in which 

we can understand adaptation as a mechanism enabling efficient coding in sensory systems. 

Photoreceptors are an example of Barlow’s efficient coding hypothesis since they adapt their response 

curve to the mean background luminance. Their adaptation to the background also ensures that they 

are contrast sensitive, following the Weber’s law (Fechner, 1966; Laughlin, 1989). Proposed by E. H. 

Weber but formalized and named by G. Fechner, this law states that perception through most sensory 

modalities can be understood by a just noticeable difference (JND) that depends on the stimulus 

background intensity (Fechner, 1966). For example, you can easily tell if you are holding two books of 

similar size instead of one, but a coin on top of a book is difficult to tell apart from the book alone. 

Weber’s law suggests that distinguishing the second book but not the additional coin can be explained 

by the JND: the weight of the book is higher than the JND for the book weight (the background 

intensity), but the coin is lighter, therefore not being perceived. From this we can understand that 

when we have a certain background intensity (in our example, the book weight), it is the contrast 

between the additional item and the book that matters for perception and not the absolute weight of 

the second item. Adaptation in photoreceptors is therefore one of the mechanisms that guarantees 

that vision is luminance constant – objects appear the same in different luminance conditions (e.g. 

bright day light vs dusk) (Laughlin and Hardie, 1978; Ketkar et al., 2023; Gür et al., 2024).  

Contrast coding in the olfactory system could be beneficial for odor source localization, allowing 

animals to find sustenance and mates, and avoid danger. In a natural environment, this can be a very 

complex task, with odors often being transported by turbulent airflows in plumes (Riffell et al., 2008; 

Cardé, 2021). However, in the absence of airflow and under purely diffusive conditions, an animal only 

needs to follow the increasing odor gradient to reach the odor source. This strategy, called chemotaxis, 

is used even by unicellular organisms such as bacteria: Escherichia coli accumulate near attractants 

such as amino acids due to their gradient-sensing capability (Sourjik and Wingreen, 2012; Luo, 2015). 

Without such a gradient, bacteria exhibit two types of motion – runs where they mainly move in one 

direction and tumbles where they change their direction of movement randomly. However, in the 
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presence of an attractant gradient, tumble frequency is decreased when the bacterium is swimming 

up the gradient (towards the attractant) (Luo, 2015). Through adaptation, the cell is making temporal 

comparisons of the concentration of the attractant and suppressing the onset of the next tumble if the 

change in concentration is positive (Sourjik and Wingreen, 2012). ORNs could use a similar strategy, 

encoding contrast through adaptation, which would enable animals to find the odor source. However, 

while analyzing ORN firing rate adaptation, we found that they adapt by lowering their responses 

rather than shifting their dynamic range, as would be expected (Brandão et al., 2021 – manuscript in 

section 4.1). This type of adaptation does not support contrast encoding in single ORNs. How is contrast 

encoded in the olfactory system then? And what is the function of firing rate adaptation in ORNs? To 

answer these questions, we first need to better understand the mechanisms underlying response 

adaptation in ORNs and how their activity is processed in downstream neurons of the olfactory system. 

3.3 Mechanisms for response and adaptation in olfactory receptor 
neurons 

Odors are sensed by receptors localized in the dendrites of olfactory receptor neurons (ORNs). In 

mammals, ORN somata and dendrites localize to the olfactory epithelium inside the nasal cavity, 

whereas in fruit flies they are in the third segment of the antenna and in the maxillary palps (see Figure 

1) (Vosshall and Stocker, 2007; Su et al., 2009; Joseph and Carlson, 2015). The surface of the fruit fly’s 

olfactory organs is covered by small hair-like structures called sensilla, where the dendrites of up to 4 

ORNs are located (Vosshall and Stocker, 2007; Su et al., 2009; Joseph and Carlson, 2015). ORN activity 

in the periphery can be measured in vivo with single sensillum recordings (SSRs), where a sharp pipette 

is inserted into a sensillum without any damage to the ORN (Clyne et al., 1997). This technique offers 

a significant advantage when working with insects over vertebrates, since measuring single ORN 

activity in vivo is not possible in the latter. Responses of neurons in the same sensillum can be 

distinguished in SSR recordings by the action potential shape/amplitude and by using receptor-specific 

ligands (Nagel and Wilson, 2011; Brandão et al., 2021). ORN firing rate response dynamics are 

dependent on the dynamics of the odor delivery (which are constrained by physicochemical properties) 

and are intensity invariant when odor concentrations are within their dynamic range; this is the case 

even if ORNs are adapted to a background before being presented to pulses of the same odor (Martelli 

et al., 2013). These identical dynamics exclude a small time delay (from 0 to 18ms) that ORNs 

implement when responding to different odors (Martelli et al., 2013).  

In mammals, the transduction mechanism that generates action potentials in ORNs is well understood 

(Firestein, 2001). Odorants bind odorant receptors (Ors), which are G-protein coupled receptors that 

activate a pathway leading to production of cAMP (cyclic adenosine monophosphate) by the adenyl 

cyclase ACIII (Pace et al., 1985; Sklar et al., 1986; Jones and Reed, 1989; Boekhoff et al., 1990; Breer et 

al., 1990; Buck and Axel, 1991). cAMP then binds cyclic-nucleotide gated (CNG) channels, allowing the 

entrance of calcium and sodium cations into the neuron (Nakamura and Gold, 1987; Brunet et al., 

1996). Ca2+-gated Cl- channels open due to the entrance of calcium, resulting in an efflux of chloride 

anions that amplify the neuron response (Kleene and Gesteland, 1991; Reuter et al., 1998; Boccaccio 

and Menini, 2007). Calcium is necessary for ORN transient dynamics and adaptation in mammals (Zufall 

et al., 1991; Kurahashi and Menini, 1997). Modulation of the CNG channel and ACIII by Ca2+-calmodulin 

were previously held as the major mechanisms for adaptation (Kramer and Siegelbaum, 1992; Chen 

and Yau, 1994; Liu et al., 1994; Leinders-Zufall et al., 1999; Zufall and Leinders-Zufall, 2000; Sinnarajah 

et al., 2001). However, later research showed that these mechanisms have smaller roles than 
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previously thought or may serve only to regulate response termination (Song et al., 2008; Reisert and 

Zhao, 2011). 

 

 

Figure 1. The mammalian and the insect olfactory systems. Overview of the mouse (a) and the fruit fly (b) olfactory systems; 

areas highlighted in red are shown in better detail in c) and d), respectively. c) Schematics for the mouse olfactory system and 

olfactory bulb circuitry. d) Schematics for the fruit fly olfactory system and antennal lobe circuitry. GCs, granule cells; LN, local 

neuron; MCs, mitral cells; ORNs, olfactory receptor neurons; PGCs, periglomerular cells; PNs, projection neurons; TCs, tufted 

cells. 

 

In invertebrates, ORNs sense volatile compounds through different types of chemosensory receptors 

belonging to three families: odorant receptors (Ors), ionotropic receptors (Irs) and gustatory receptors 

(Grs) (Joseph and Carlson, 2015). Most ORNs express only Ors and most of these ORNs express only 

one Or gene, which confers odorant specificity and selectivity, along with the odorant-receptor co-

receptor (Orco) (Hallem et al., 2004; Joseph and Carlson, 2015). These two receptors form a 

heterodimer that functions as an ion channel: when the odorant binds this complex, the channel 

opens, leading to membrane depolarization and action potential generation (Sato et al., 2008; Wicher 

et al., 2008; Joseph and Carlson, 2015).  
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The molecular processes underlying ORN firing rate adaptation in invertebrates are also not well 

understood, but different modulatory mechanisms have been observed in ORN dendrites and have 

been proposed as possible explanations. One example in Drosophila involves inositol triphosphate 

(IP3), which could lead to the release of calcium from internal stores through the activation of its 

receptor (Deshpande et al., 2000). A role for calcium is further supported by the finding that flies 

expressing a mutant Trp (transient receptor potential) channel show normal naïve odor responses but 

no response adaptation after pre-exposure to the odor (Störtkuhl et al., 1999). Another example 

involves Orco dephosphorylation, which drives ORN firing rate adaptation specifically when using long 

odor exposures, in the range of minutes to hours (Guo et al., 2017). Despite little being known about 

adaptation, the pathway responsible for sensitization in ORNs has been somewhat characterized. 

Sensitization and adaptation can be conceived as functional opposites: while adaptation decreases 

neuronal responses to moderate or strong stimuli, sensitization increases neuronal responses to weak 

stimuli. During a sensitization protocol, the initial subthreshold odor stimulus leads to cAMP 

production despite not eliciting spike generation (Miazzi et al., 2016; Wicher, 2018). Orco proteins form 

non-selective cyclic nucleotide-activated cation channels that open when cAMP binds, initiating 

calcium influx (Wicher et al., 2008). Calcium further activates Orco, for example through 

phosphorylation by protein kinase c (Sargsyan et al., 2011). Such feedback loops are posited to leave 

the Or-Orco ion channels in a sensitized state that opens the next time there is odor binding (Wicher, 

2018). Taking together what is known both about adaptation and sensitization, the phosphorylation 

state of Orco emerges as an important locus for ORN response modulation, with Orco 

dephosphorylation driving adaptation and Orco phosphorylation eliciting sensitization. 

After exploring the underpinnings of ORN response initiation and plasticity, we must understand how 

these early odor responses are further processed in the brain. However, we first require a better 

understanding of the structure and organization of the olfactory system, which will be provided in the 

next section. 

3.4 Organization of the olfactory system 

ORNs at the periphery of the olfactory system send their axons to glomeruli, which are discrete 

neuropil structures in the first olfactory processing unit in the brain: the olfactory bulb in vertebrates 

or the antennal lobe in invertebrates. ORNs expressing the same receptor type innervate the same 

glomerulus, thereby defining its identity (Mombaerts et al., 1996; Couto et al., 2005; Fishilevich and 

Vosshall, 2005; Wilson and Mainen, 2006). But each receptor does not bind just one odorant: most 

receptors are able to bind to a variety of odorants, usually with different sensitivities to each one. 

Moreover, different odorants can, and commonly do, bind to different receptors. Identity and 

concentration information are then represented in the combinatorial activation of different glomeruli 

in the antennal lobe (AL) or the olfactory bulb (Hallem and Carlson, 2006).  

ORNs give synaptic inputs to mitral/tufted cells in the olfactory bulb and projection neurons in the 

antennal lobe (see Figure 1) (Firestein, 2001; Marin et al., 2002; Chou et al., 2010). In both cases, these 

output neurons send their axons to higher multisensory brain regions, such as the olfactory cortex and 

the amygdala in vertebrates and the mushroom body and lateral horn in insects (Zald and Pardo, 1997; 

Marin et al., 2002; Jefferis et al., 2007; Lin et al., 2007; Su et al., 2009). In insects, the lateral horn has 

been mainly associated with innate behavior while the mushroom body is necessary for learning 

(Heimbeck et al., 2001; Heisenberg, 2003). 
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In both mammals and insects, a network of axonless, often GABAergic, local neurons (LNs) interconnect 

the different glomeruli and the output from the first olfactory center is the result of all the 

transformations that take place there (Firestein, 2001; Marin et al., 2002; Olsen and Wilson, 2008; 

Chou et al., 2010). What are these transformations? To answer this question, I will focus on the 

Drosophila melanogaster olfactory system.  

3.5 Antennal lobe computations 

Projection neurons (PNs) are the neuronal output from the antennal lobe (AL). Their responses are 

more reliable and faster than their cognate ORN responses because the ORN-PN synapse is strong: 

each synaptic vesicle released has a high likelihood of activating the corresponding PN (Bhandawat et 

al., 2007; Kazama and Wilson, 2008). This synapse exhibits short-term presynaptic depression, likely 

due to vesicle depletion, but also depression on slow timescales of 10-20s (Kazama and Wilson, 2008; 

Martelli and Fiala, 2019). Considering that ORN firing rate responses are transient and that the ORN-

PN synapse is depressing, one would expect PN responses to be more transient than they are. This 

discrepancy is explained by two different mechanisms: 1) PN responses have two components with 

different kinetics, a fast and a slow one, with the slow component being more stable over time and 

less affected by synaptic depression and 2) transient dynamic presynaptic inhibition diminishes the 

impact of synaptic depression to sustained stimuli, ensuring that PN responses are stable, while also 

keeping PN responses to short pulses brief (Nagel et al., 2015). The interaction between these 

mechanisms ensures that PNs can adequately respond to stimuli that change over a wide range of 

frequencies, supporting broadband transmission at the periphery of the olfactory system (Nagel et al., 

2015). 

Interestingly, PNs and their cognate ORNS commonly respond to different odors (Bhandawat et al., 

2007). When they respond to the same odors, the order of the strongest responses is usually different 

between ORNs and PNs synapsing in the same glomerulus (Bhandawat et al., 2007). Even for ORN types 

that are narrowly tuned to specific odorants, their cognate PN responses may be more broadly tuned 

– that is the case for glomerulus VA6 but not for glomerulus DA1 (Schlief and Wilson, 2007). Despite 

these drastic changes in ORN to PN odor selectivity, PN responses can still be explained by a highly 

non-linear transformation of their direct ORN inputs, which tends to redistribute responses so that 

they are uniformly distributed across the PN firing rate range: weak ORN responses are strongly 

amplified while strong ORN responses are less affected (Bhandawat et al., 2007; Olsen et al., 2010). 

The profile of the ORN-PN transformation is similar between glomeruli with some exceptions 

(Bhandawat et al., 2007; Olsen et al., 2010). For just one glomerulus, DM1, the transformation was less 

steep – weaker ORN signals were not as strongly amplified as in other glomeruli; for this case, applying 

GABA receptor antagonists made the ORN-PN transformation similar to other glomeruli (Olsen et al., 

2010). The same blocking of GABA receptors had no effect on one of the other glomeruli tested that 

had a more common steep ORN-PN transformation, VM7, suggesting that this ORN-PN transformation 

of a private odor representation is intraglomerular for most glomeruli (Olsen et al., 2010). 

An important computation that LNs implement in the AL is a form of gain control of glomerular 

responses called divisive normalization. This mechanism was initially discovered by understanding how 

a public odor (odor that activated many glomeruli) affects responses to a private odor (odor that 

activates only one glomerulus at the concentration used) (Olsen et al., 2010). Increasing concentrations 

of the public odor reduced responses to the respective private odor in two different glomeruli – VM7 

and DL5; the effect was stronger when low concentrations of the private odorant were used and was 
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blocked by GABA receptor antagonists, indicating that it relies on inhibitory LNs (Olsen et al., 2010). As 

the concentration of the public odor was increased, the ORN responses were scaled down concordantly 

to input gain control, confirming that inhibition of the ORN-PN synapse occurs at presynapses through 

GABA-B receptors; this was corroborated in a contemporary study by knocking down GABA-B receptors 

in ORNs (Olsen and Wilson, 2008; Root et al., 2008; Olsen et al., 2010). This mechanism was found to 

prevent PN saturation compared to a model where there is response gain control instead of input gain 

control, and to decorrelate glomeruli and equalize PN responses when compared to a model without 

any lateral inhibition (Olsen et al., 2010). This input gain control potentially improves concentration-

invariant odor discrimination in higher brain regions and is considered to be a form of divisive 

normalization, since the scaling is proportional to the overall ORN activation in the entire AL (Olsen 

and Wilson, 2008; Olsen et al., 2010). This important role of LNs supports the need to further 

investigate these cells and their physiological and anatomical properties, as well as what other roles 

they might play in the complex network that is the AL. 

When discussing LNs as a group, one might start to think they are a homogeneous and identical group 

of cells. One would then be quite surprised to find that they are instead an incredibly heterogeneous 

category of neurons, both at the physiological and morphological level. Starting with their physiological 

differences, individual LNs have specific odor responses, even though subgroups that are more similar 

within do exist (Wilson and Laurent, 2005; Chou et al., 2010). A study analyzing 45 LNs found their 

responses vary along two axes: ON-OFF and fast-slow (Nagel and Wilson, 2016). ON-OFF refers to 

whether they respond to the onset or the offset of the stimulus, respectively, or a combination of the 

two (Nagel and Wilson, 2016). Principal component analysis of LN responses showed that the first two 

principal components, that captured the majority of the diversity of the responses, corresponded to 

the response of an ON cell and an OFF cell, with all LNs laying between these two extremes (Nagel and 

Wilson, 2016). Fast-slow refers to their response latency: fast LNs are better able to follow quickly 

changing stimuli while slow cells are only able to respond to longer pulses with longer interpulse 

durations (Nagel and Wilson, 2016).  

But morphology also differs greatly between LNs. Indeed, thanks to recent advances in connectomics 

that yielded the ‘hemibrain’ large-scale electron microscopy (EM) dataset, LNs have been categorized 

into patchy, broad, regional and sparse according to their morphology and glomerular pattern of 

innervation (Scheffer et al., 2020; Schlegel et al., 2021). Most of the output synapses from LNs come 

from patchy and broad LNs (Schlegel et al., 2021; Barth-Maron et al., 2023). Patchy LNs are unique 

because they seem to be the only nonspiking LNs in the AL: the ones tested so far do not generate 

action potentials but respond instead with graded potentials (Barth-Maron et al., 2023; Schenk and 

Gaudry, 2023). For each of the three subsets of patchy LNs, the entire population completely tiles the 

AL but each LN arborizes only in a few specific glomeruli in discrete tufts that are separated by long 

processes, which isolate them in terms of voltage and calcium propagation (Chou et al., 2010; Barth-

Maron et al., 2023). These morphological and physiological characteristics result in functional 

compartmentalization, which should enable patchy LNs to perform intraglomerular inhibition. This has 

been confirmed for one of the subsets of patchy LNs (likely LN2P_c), which was found to enact 

intraglomerular inhibition specifically postsynaptically in PNs (Barth-Maron et al., 2023). Full LNs were 

also studied in more detail; they are a subtype of broad LNs that possess very dense arborizations 

covering the entire AL except for one glomerulus (VL1) (Barth-Maron et al., 2023). Full LNs were found 

to mediate global presynaptic inhibition at ORN axon terminals, identifying them as neurons that 
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perform the divisive normalization computation described before (Barth-Maron et al., 2023). So far, 

not much is known about the role of these LN types and inhibition in the context of adaptation. 

Overall, computations in the AL can be summarized as three independent mechanisms (Barth-Maron 

et al., 2023). The first one is independent of LNs and intraglomerular, consisting of synaptic depression 

at the ORN-PN synapses; the second one is broad presynaptic inhibition performing divisive 

normalization and the third one is intraglomerular postsynaptic inhibition. But what is the input to the 

AL that goes through these computations? We have seen that ORN firing rate responses are transient 

and that they adapt to the mean concentration of a prolonged odor stimulus, so it would be fair to 

conclude that this is the input to the AL. However, when ORN responses are measured at the axon 

terminals in the AL, through calcium imaging, the responses of the same ORNs look surprisingly 

different: they are tonic in response to a sustained stimulus and they do not adapt to it (Nagel and 

Wilson, 2011; Martelli et al., 2013; Martelli and Fiala, 2019). These observations suggest that ORN 

dynamics and stimulus-dependent adaptation are undone at the AL level. Why, then, do ORNs even 

adapt at the periphery, if this adaptation is simply undone at the axon terminals? And what 

characteristics do PNs, the output of the AL, preserve and transmit to higher brain regions? 

3.6 Aims of the dissertation and summary of the findings 

In the next section, I compile the three manuscripts that I contributed to during my PhD. 

The first manuscript is a review on the current knowledge (before my work) about ORN response 

properties and adaptation. Together with my supervisor, we went through a comparative analysis of 

peripheral sensory adaptation in vision and olfaction to point out key differences in how receptors 

adapt to background stimuli (luminance or odors). This manuscript sets the motivations for my 

experimental work.  

The second manuscript is the main outcome of my work. Here I focused on understanding how 

peripheral firing rate adaptation of the ORNs is processed within the main olfactory neuropil, the 

antennal lobe. My experiments focused on identifying molecular and circuit mechanisms that undo 

firing rate adaptation at the ORN output synapses and on understating the role of this transformation 

for odor coding. The main finding of this work is that odor representations are invariant to the presence 

of a background odor and that this invariance requires presynaptic feedback inhibition and synaptic 

plasticity. This property of olfactory processing is key for downstream circuits to drive odor-specific 

behaviors.  

Finally, in the third manuscript, I investigated how developmental temperature affects odor coding. 

My work here is part of a collaboration with colleagues in the lab who have shown that changing 

temperature during pupation substantially alters the wiring of the olfactory system. My contribution 

showed that odor coding is actually robust to changes in connectivity induced by developmental 

temperature, suggesting that the circuit developmental program is designed to balance excitatory and 

inhibitory pathways to ensure odor coding stability across environmental conditions.  
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4 Manuscripts 

4.1 Adaptive temporal processing of odor stimuli 

This manuscript is published in Cell and Tissue Research (October 2020) and is available under the 

DOI: https://doi.org/10.1007/s00441-020-03400-9 (Brandão et al., 2021). 

I contributed to the preparation of the original draft and of the figures, and editing.  
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4.2 Undoing of firing rate adaptation enables invariant population 
codes 

This manuscript is published on bioRxiv (latest version on August 2025) and is available under the DOI: 

https://doi.org/10.1101/2024.09.26.614457 (Brandão et al., 2025). 

I contributed to conceptualization and design of the study. I performed all the experiments and 

subsequent visualization of the data except for glomeruli DM3 and DM6 in figure S2. The stimulation 

and analysis code was developed by Carlotta Martelli before I started working on this project, and I 

edited it for the different experiments as required. I helped to review and edit the manuscript.  
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4.3 Impact of developmental temperature on neural growth, 
connectivity, and function 

This manuscript is published in Science Advances (January 2025) and is available under the DOI: 

https://doi.org/10.1126/sciadv.adp9587 (Züfle et al., 2025). 

I performed the imaging experiments and data visualization for figure 4C,D. I also helped to review and 

edit the manuscript.  
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5 Discussion 

In this dissertation I have explored how plasticity impacts robustness of neuronal function and behavior 

in the olfactory system of Drosophila melanogaster. I have focused on the effects of two types of 

plasticity - long-term developmental plasticity and short-term stimulus-driven plasticity (adaptation) – 

on the first neuropil of the olfactory system, the antennal lobe (AL), a key structure that relays 

information directly to higher brain regions.  

We employed developmental temperature as a tool to probe developmental plasticity, since it was 

known that lower developmental temperatures (compared to the laboratory standard of 25°C) yield 

more synaptic connections and more postsynaptic partners in the fly visual system (Kiral et al., 2021). 

We observed similar results in the olfactory system, in the AL: the number of postsynaptic partners of 

olfactory receptor neurons (ORNs) was increased in flies developed at 18°C when compared to flies 

developed at 25°C (Züfle et al., 2025 - manuscript in section 4.3 - figure 1L). However, different ORN 

types (which innervate different glomeruli) recruited different postsynaptic cells (defined by their cell 

body location), with possible differential effects on odor coding across glomeruli (Züfle et al., 2025 - 

manuscript in section 4.3 - figure 1M-O). Consistently with this, I found that ORN responses (measured 

from their axon terminals) are larger in flies developed at lower temperatures for some of the glomeruli 

but not for all (Züfle et al., 2025 - manuscript in section 4.3 - figure 4C). Surprisingly, the responses of 

projection neurons postsynaptic to each of these glomeruli were independent of developmental 

temperature (Züfle et al., 2025 - manuscript in section 4.3 - figure 4D). This result is exciting because 

it shows that the antennal lobe can wire differently and process stimuli differently while still 

producing a robust outcome, i.e. the same odor representations. In the future, it will be interesting to 

study how. Our hypothesis is that inhibitory LNs are differentially recruited across temperatures and 

drive different amounts of inhibition. This hypothesis can be tested experimentally, for example, by 

silencing LNs (blocking their synaptic output) and testing if odor representations are disrupted at lower 

temperatures.  

Background adaptation is observed in the peripheral firing rate responses of ORNs (Brandão et al., 

2025 - manuscript in section 4.2 - figure 2b). My main project investigated if and how adaptation in 

single ORNs leads to robust combinatorial odor representations in downstream circuits in the olfactory 

system. We find that ORN adaptation is undone in the antennal lobe: odor representations in both 

presynaptic ORNs and postsynaptic PNs are robust to the background for ON stimuli (Brandão et al., 

2025 - manuscript in section 4.2 - figures 3 and 6). On the other hand, responses for OFF stimuli collapse 

in a low activity state (Brandão et al., 2025 - manuscript in section 4.2 - figures 3 and 6). This undoing 

of adaptation is possible thanks to a homeostatic inhibitory feedback loop and synaptic plasticity 

(Brandão et al., 2025 - manuscript in section 4.2 - figures 4 and 7). Interestingly, we found that only an 

adaptation strategy of firing rate where modulation occurs in the activity domain (as opposed to the 

stimulus domain, as is the case for photoreceptors) can achieve this background invariance (Brandão 

et al., 2025 - manuscript in section 4.2 - figure 5). We propose that the antennal lobe uses contrast 

information encoded in the ORN populations to enhance the separation between ON and OFF 

stimuli, while keeping odor identity information robust for ON stimuli. 

5.1 The neurons behind the homeostatic inhibitory feedback loop 

We have identified LNs as the likely neurons implementing the homeostatic inhibitory feedback loop 

but have not determined which LN subtype is specifically relevant for background normalization 
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(Brandão et al., 2025 - manuscript in section 4.2 - figure 4k). The AL is innervated by a very 

heterogeneous population of LNs with different anatomical and physiological properties (Chou et al., 

2010; Barth-Maron et al., 2023; Schenk and Gaudry, 2023). Schlegel et al. (2021) have described 4 

anatomical types of LNs based on EM connectome data. Two of these, patchy and full LNs, have been 

functionally characterized (Barth-Maron et al., 2023). Full LNs have widespread responses throughout 

the AL, making them good candidates to implement inter-glomerular background compensation 

(Barth-Maron et al., 2023). On the other hand, patchy LNs have been found to respond in graded 

potentials that are restricted to the activated glomerulus and could be involved in local background 

compensation (Barth-Maron et al., 2023; Schenk and Gaudry, 2023). However, future work is required 

to determine which LNs are responsible for undoing ORN adaptation. This can be done by silencing 

specific LNs. Besides physiological characteristics discussed above, an in-depth analysis of the 

connectome should inform which LNs to investigate, since we know we are looking, for example, for 

LNs that not only receive substantial inputs from ORNs but also have outputs on the same ORNs. 

Overall, we reveal background compensation as a novel function of antenna lobe LNs, providing a 

new functional framework to understand the role of this very diverse family of neurons.  

5.2 Glomerular variability 

While lateral inhibition clearly plays a role for background compensation in most glomeruli, it might 

not be the sole mechanism. At least in one glomerulus (DL5), blocking of acetylcholine (ACh) receptors 

and of gamma-aminobutyric acid (GABA) receptors did not affect responses, and the outcome of these 

experiments had some variability between some glomeruli where a phenotype was observed (Brandão 

et al., 2025 - manuscript in section 4.2 - figure S2b). In these experiments, the glial sheath around the 

AL is removed manually and only where it is exposed. However, glial cells also establish a network of 

processes inside the AL (Oland et al., 2008). This network is quite sparse when compared to other 

organisms, not forming a continuous border around the glomeruli (Oland et al., 2008). Moreover, it is 

not homogeneous, with different amounts of glial processes not only around but also infiltrating each 

glomerulus (Oland et al., 2008). If the glial processes formed a complete glial envelope around each 

glomerulus, one would expect that only surface glomeruli that are exposed and where the glial sheath 

is removed would be affected by drug application. This means all the other glomeruli would be equally 

protected and not affected, which would not explain our findings. It is the variability of glial infiltration 

combined with its sparseness that makes it possible that the differences in pharmacology we observe 

are a result of the different degrees of insulation by the glial sheath, leading to differences in drug 

penetration that would not be explained only by the anatomical location of the glomeruli. But 

variability in pharmacology can be overcome by using genetic tools. One approach is to downregulate 

GABA receptors in ORNs; another possibility is to silence LNs by blocking their synaptic output. If 

glomerular variability is still observed, other mechanisms must be considered, such as a potential role 

for PNs, which was only excluded so far for glomerulus DM4 (Brandão et al., 2025 - manuscript in 

section 4.2 - figure S1e).   

5.3 Background invariance – from ORNs to PNs 

We have discovered an inhibitory feedback compensation responsible for undoing peripheral 

adaptation in ORNs, resulting in calcium responses in ORN axon terminals that are not only background 

invariant but also tonic. Moreover, we found that synaptic plasticity is required for background 

invariance to be relayed to PNs. Our working model posits that the tonic calcium response in ORNs 

during the background modulates synaptic transmission resulting in background-invariant PN 

responses, thereby linking presynaptic to postsynaptic background invariance.  
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Unc13 proteins have been previously shown to mediate different types of presynaptic plasticity 

through calcium-dependent pathways at the neuromuscular junction in Drosophila melanogaster 

(Böhme et al., 2016, 2019; Walter et al., 2018; Jusyte et al., 2023; Blaum et al., 2025). We have shown 

that synaptic plasticity through Unc13 proteins is required for PNs to maintain background-invariant 

responses (Brandão et al., 2025 - manuscript in section 4.2 - figure 7). It remains unclear, however, 

whether this requirement comes directly from the ORN-PN synapses or from ORN synapses to/from 

LNs. This question will be answered in the future by comparing presynaptic ORN calcium responses in 

Unc13 mutant flies to control flies.   

More work is also required to clarify which GABA receptors are involved in background compensation 

in ORNs, since both ionotropic GABA-A and metabotropic GABA-B are expressed in the AL (Wilson and 

Laurent, 2005; Root et al., 2008; McLaughlin et al., 2021). This can be assessed by downregulating each 

receptor type in ORNs and measuring presynaptic ORN calcium responses. By repeating this 

experiment but measuring postsynaptic PN responses instead, we can confirm if tonic calcium 

responses in ORNs are indeed required for PN responses to be background invariant. 

Finally, we must elucidate how GABAergic inhibition modulates presynaptic ORN calcium and synaptic 

plasticity, which will depend on the GABA receptors found to be involved. In a preliminary experiment, 

I depleted calcium from internal stores with caffeine (data not shown) and found that ORN calcium 

responses in glomerulus DL1 became transient and background dependent, recapitulating the 

phenotype of blocking GABA receptors in this glomerulus (Brandão et al., 2025 - manuscript in section 

4.2 - figure 4k). This indicates that calcium release from internal stores is required for background 

compensation in ORNs, suggesting the involvement of metabotropic GABA-B receptors. Subsequent 

experiments will focus on disrupting the different mechanisms that can lead to calcium release from 

internal stores to identify the responsible pathway.  

Altogether, future research is imperative to understand how GABAergic inputs to ORNs undo 

peripheral adaptation and how synaptic output is modulated to elicit background-invariant PN 

responses. Nevertheless, this study marks the beginning of the generalization of synaptic plasticity 

mechanisms that, in Drosophila melanogaster, were once confined to the neuromuscular junction 

to central brain computations that are fundamental to sensory processing. 

5.4 Odor representations downstream of the antennal lobe 

Why would a neuronal circuit implement a computation – single neuron adaptation – just so that it can 

be later undone? We have found that ORN firing rate adaptation makes it possible to reach asymmetry 

between ON and OFF stimuli, with ORN calcium responses to OFF stimuli collapsing in a low-response 

state while responses to ON stimuli become background invariant. Another potential benefit regards 

decreased energy consumption, but one would have to quantify how much energy is saved by ORN 

firing rate adaptation and compare it to the energy cost of undoing it at the AL to verify this possibility.  

The asymmetric background-invariant odor representation that we found in PNs is then sent to the 

lateral horn and the mushroom body. We have discussed before that finding an odor source in an 

environment without wind would simply require the encoding of the odor gradient through contrast 

(see Introduction, section 3.3). While we found that contrast is not encoded explicitly at the level of 

the AL, background-invariant PN responses allow for contrast computations for ON stimuli in 

downstream circuits while also having access to other stimulus information such as odor identity. The 

lateral horn could be the substrate for such computations (Kim et al., 2025). Interestingly, we found 

that representations of OFF stimuli collapse in a low response state. This suggests that precise 

information about the OFF stimulus, such as identity and contrast, cannot be accessed, and perhaps is 
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not needed during navigation. Asymmetry between ON and OFF coding is consistent with the very 

different behaviors elicited by ON (upwind walk) and OFF (local search) stimuli (Álvarez-Salvado et al., 

2018).  

Background invariance of ON responses might also be useful in associative learning. In the mushroom 

body, associative learning occurs when an odor and a reinforcement are experienced concurrently and 

it leads to a change in the animal’s response to the odor (Cognigni et al., 2018). This memory can only 

be functional if retrieval can happen independently of any possible odor backgrounds, which is only 

feasible if the odor representation is background invariant. However, whether odor representations in 

the mushroom body are also background invariant remains to be tested and could be the subject of a 

follow-up study.  

While we have gained a new insight into how first- and second-order neurons at the periphery of the 

olfactory system manage background stimuli to ensure that robust odor representations reach higher 

brain regions, further work is needed to confirm the functional advantages of asymmetric background 

invariance. This will help to elucidate how such coding strategies shape odor representations in 

downstream regions and how they ultimately influence behavior. 

5.5 Conclusions and outlook 

In this dissertation I have looked at plasticity in the olfactory system in response to changes in 

temperature during development and in response to odor background stimuli. In both studies, my 

focus was on the first relay in the olfactory system – the antennal lobe. I have found evidence that odor 

representations in this neuropil are robust in both contexts, with functional output being unchanged 

by developmental temperature and by background odors. Our data point to a critical role for inhibitory 

local neurons in both these conditions. These results suggest a possible strategy where the antennal 

lobe consolidates the combinatorial odor representation (through background compensation, divisive 

normalization and intraglomerular inhibition) while prioritizing robustness. This should ensure that all 

important information about the stimulus can be sent to and recovered in all these conditions by higher 

brain regions such as the lateral horn and the mushroom body.  

In both conditions, the local network of inhibitory neurons in the antennal lobe seems to play central 

roles. Throughout development, LNs are flexibly recruited to keep AL function invariant across 

temperatures; acutely, different amounts of LN activity are recruited across background conditions to 

ensure odor coding invariance. In the future, these two frameworks will be useful to assign functions 

to the different LN types and to explain their functional and anatomical diversity. 

Altogether, this work advances our understanding of the computations performed in the complex 

network of the antennal lobe while establishing new paths for future research. Moreover, it highlights 

the remarkable ability of neuronal circuits to maintain robustness despite variation-induced plasticity 

across a wide range of timescales.  
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8 Appendix 

8.1 List of Abbreviations 

ACh acetylcholine 

AL antennal lobe 

cAMP cyclic adenosine monophosphate 

CNG cyclic-nucleotide gated 

GABA gamma-aminobutyric acid 

GC granule cell 

IP3 inositol triphosphate 

Ir ionotropic receptor 

JND just noticeable difference 

LN local neuron 

MC mitral cell 

Or odorant receptor 

Orco odorant-receptor co-receptor 

ORN olfactory receptor neuron 

PGC periglomerular cell 

PN projection neuron 

SCN suprachiasmatic nucleus 

TC tufted cell 
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