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1 Abstract

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, | 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, | 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, | 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, | 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, | 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, | 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 Uncl13, | 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, | 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. | 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, | 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.



2 Zusammenfassung

2 Zusammenfassung

Tiere mussen sich in einer immerzu verandernden Umwelt zurechtfinden, um zu tberleben und sich
fortzupflanzen. Plastizitdt verleiht den Sinnesorganen die erforderliche Flexibilitdit, um mit
Veranderungen auf vielen verschiedenen Zeitskalen umzugehen und robuste Ergebnisse aufrecht zu
erhalten. Dies ist nur moglich, wenn ein Gleichgewicht zwischen Plastizitdt und Robustheit erreicht
wird. Um diese Wechselwirkung zu untersuchen, habe ich zwei Falle von Plastizitdt im Geruchssystem
von Drosophila melanogaster untersucht: lebenslange Entwicklungsplastizitdt sowohl kurzfristige,
durch Reize ausgel6ste Plastizitdat (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 Geruchsreprasentation, die auf mehreren Arten
von Geruchsrezeptorneuronen (ORN) beruht und durch ein Netzwerk lokaler, Gberwiegend GABAerger
Neuronen moduliert wird.

Das erste Manuskript gibt einen Uberblick (iber die aktuelle Literatur zur Adaptierung in der Peripherie
des Geruchssystems und bildet den Ausgangspunkt flir meine Arbeit. Hier vergleichen wir die
Anpassung an einen konstanten Hintergrund im Sehen mit der Anpassung im Geruchssinn.
Photorezeptoren und ORNs haben beide hintergrundabhdngige Reaktionen, zeigen jedoch
unterschiedliche Anpassungsstrategien, wodurch erstere auf der Ebene einzelner Neuronen
kontrastempfindlich sind, letztere hingegen nicht. Uberraschenderweise wird die Anpassung der ORN-
Feuerrate im Antennallobus ungeschehen gemacht, und die prasynaptischen Kalziumreaktionen der
ORNSs sind hintergrundunabhangig.

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 riickgdangig machen zu untersuchen, und die Rolle dieser Transformation fir
die Geruchskodierung zu verstehen. Zunachst habe ich durch optogenetische Aktivierung eines
einzelnen ORN-Typs festgestellt, dass eine multi-glomeruldre Aktivierung fiir hintergrundunabhangige
Reaktionen in einem einzelnen Glomerulus nicht erforderlich ist. Dieses Experiment bestatigte auch
frihere Beobachtungen, dass die Hintergrundinvarianz asymmetrisch ist — sie wird nur fiir ON-Reize
(Anstieg der Konzentration im Vergleich zum Hintergrund) beobachtet. Anschliefend bestatigte ich,
dass synaptische Aktivitat der ORN erforderlich ist, indem ich bestimmte ORN-Typen stilllegte und die
prasynaptischen Kalziumtransienten in diesen ORNs mall. Da ORNs cholinerg sind, wurde dieses
Ergebnis durch die pharmakologische Blockierung von Acetylcholinrezeptoren bestatigt. SchlieRlich
identifizierte die pharmakologische Blockierung von GABA-Rezeptoren einen homdoostatischen
Rickkopplungskreislauf, 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 Riickkopplungshemmung nur dann zu
hintergrundinvarianten prasynaptischen ORN-Reaktionen fiihrt, 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
calciumabhangige synaptische Plastizitat im aktiven Zonenprotein Unc13 aufhebt, stellte ich fest, dass
die Hintergrundinvarianz in PNs synaptische Plastizitat erfordert. SchlieRlich zeigt die Modellierung der
PN-Reaktionen, dass diese neuartigen Funktionen der Geruchsverarbeitung im Antennallobus es den
nachgeschalteten Schaltkreisen ermoglichen, hintergrundrobuste geruchsspezifische
Verhaltensweisen anzutreiben und gleichzeitig die Geruchskodierung auf ON-Reize abzustimmen, die
flir das Verhalten relevanter sind.

Im dritten Manuskript untersuchte ich, wie sich Entwicklungsplastizitat auf die Geruchskodierung im
Antennallobus auswirkt. In unserem Labor wurde gezeigt, dass eine Veranderung der
Entwicklungstemperatur die Verschaltungen des Geruchssystems erheblich verandert, was uns die
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2 Zusammenfassung

Untersuchung von Entwicklungsplastizitdat ermoglicht. Ich stellte fest, dass die Geruchskodierung in
PNs durch die Entwicklungstemperatur induzierten Unterschiede nicht verandert wurde, was auf ein
Gleichgewicht zwischen exzitatorischen und inhibitorischen Bahnen hindeutet, welche die Stabilitat
der Geruchskodierung unter verschiedenen Umweltbedingungen gewahrleisten.

Insgesamt habe ich eine (iberraschende Robustheit der Geruchsreprasentationen im Antennallobus
festgestellt, sowohl angesichts unterschiedlicher Geruchshintergriinde als auch angesichts von
Unterschieden in der Verschaltung, die durch Verdnderungen 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 fir weiterfuehrende
Forschung zu diesem Netzwerk funktionell und anatomisch vielféltiger Neuronen rechtfertigt und
bereitstellt.



3 Introduction

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 Rdssler, 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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3 Introduction

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; Brandao 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 | 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; Brandao 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, | 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 (Zufle et al., 2025 - manuscript in section 4.3); in this recently published study, |
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 | 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, | co-authored a review
paper where data from photoreceptors (fly and dragonfly) and ORNs (fruit fly and frog) are directly
compared (Brandao 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; Giir 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 (Brand3o 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 (ORNSs). 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; Branddo 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). Ca?*-gated CI" 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 Ca?*-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).
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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; ORNSs, 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 naive odor responses but
no response adaptation after pre-exposure to the odor (Stortkuhl 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 ¢ (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, | 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, | compile the three manuscripts that | 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 | 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, | 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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4.1 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 (Branddo et al., 2021).

| contributed to the preparation of the original draft and of the figures, and editing.
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Abstract

The olfactory system translates chemical signals into neuronal signals that inform behavioral decisions of the animal. Odors
are cues for source identity, but if monitored long enough, they can also be used to localize the source. Odor representations
should therefore be robust to changing conditions and flexible in order to drive an appropriate behavior. In this review, we
aim at discussing the main computations that allow robust and flexible encoding of odor information in the olfactory neural

pathway.

Keywords Olfactory system - Stimulus dynamics - Sensory adaptation

Introduction

Detecting changes in the world is the main challenge for
any sensory system. Signals in the form of light, pressure,
temperature, or chemicals are rarely static entities for an
observer. Either because sensory signals are dynamic, such
as cars moving on the street or odors carried by wind, or
because of the observer’s movement, there is no stimulus
that can be described as static. The external world acquires
meaning by connecting causes and effects across different
timescales. As a consequence, insight on the function of
a sensory system relies on the understanding of how it
processes changing stimuli (temporal processing) and how
it changes the way it processes stimuli based on their history
(adaptation or stimulus-driven plasticity). In this review,
we aim at discussing the current understanding of temporal
processing and stimulus-driven plasticity in insect olfaction.
We focus mostly on peripheral encoding and provide an
outlook on how odor stimuli are processed in higher brain
regions. We will mostly discuss the Drosophila olfactory
system, as this is where we have the best mechanistic and
functional insight, but also compare with other animal
models when relevant, to properly understand brain function.

The olfactory system aids two main behavioral tasks:
odor source recognition and localization. Odors rarely

< Carlotta Martelli
cmartell @ uni-mainz. de

Institute of Developmental Biology and Neurobiology,
Johannes Gutenberg University, Mainz, Germany

exist in isolation and the ability to localize an odor source
requires the ability to recognize it across a wide range
of stimulus conditions. Recent work in model systems
like Drosophila and mice has begun to quantify in detail
the behavioral responses to odors in different conditions
(Alvarez-Salvado et al. 2018; Demir et al. 2020; Radvansky
and Dombeck 2018; Tadres and Louis2020). Understanding
which decision the animal takes in response to a specific
stimulus and context is fundamental to infer the underlying
neural computations. This leads to the investigation of the
neural cirenits and molecular mechanisms that implement
or support these computations.

The main neural circuit in the insect olfactory system is
the antennal lobe (AL), the equivalent of the vertebrate’s
olfactory bulb (OB} (Wilson and Mainen 2006). The
principles underlying the architecture of the Al and OB are
very similar. They both have a glomerular structure resulting
from the axonal projections of olfactory receptor neurons
(ORNs) and the dendritic arborizations of projection
neurons (PNs) (Fig. 1). In the fly, the ORNs are located
on two main peripheral organs, the antennae and maxillary
palps (Joseph and Carlson 2015). Each ORN type expresses
a single or few chemosensory receptors and sends its axon
to a single glomerulus of the AL (Fig. 1) (Couto et al. 2005;
Fishilevich and Vosshall 2005; Marin et al. 2002). A large
class of PNs is uniglomerular and takes input from a single
ORN type (Stocker et al. 1990). The glomeruli are therefore
parallel functional units whose chemical sensitivity depends
on the receptor gene expressed in the ORNs (Hallem and
Carlson 2006). These functional units are coupled through
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Fig. 1 Temporal aspects of the

odor response within a single

neuron. ORNs (bluc) extend

their dendrites in hair-like

structures called sensilla. Single

sensillum recordings (a) are

carried oul in vivo [rom the

intact antenna and allow the

quantification of the LFP (b)

and the spiking activity of the f
neuron (¢) (Clyne ct al. 1997).
In a sliced antenna preparation,
it is possible to access the cell
body [or patch clamp (d) (Cao
et al. 2016). This technique
allows the quantification of
somatic and dendritic currents
(up to a certain distance from
the recording site) (e). ORNs
expressing the same OR send
their axons to a single glomeru-
lus in the antennal lobe, where
they make synaptic connections
with local neurons (LN, green)
and uniglomerular projection
neurons (PN, red). 2-photon
calcium imaging allows the
quantification of the presyn-
aptic activity (f) reported by
the calcium indicator GCaMP
genetically expressed in
specific ORNs (Riemensperger
et al. 2012). All the curves are
schematic representations of the
neuron response to a 1s odor
puff reported by the specified

technique. See main text for / /4
/ \/ /
ORNs

more detail

a diverse lamily ol local neurons (L.Ns), most of which are
inhibitory (Chou et al. 2010; Liou et al. 2018). Therelore,
odor stimuli are first encoded in the activity of single ORNs
and this peripheral representation is then integrated and
processed centrally in the AL.

What kind of computations should the olfactory system
support in order to aid odor source localization? As we
will see in the first section, odor concentration changes
in time and space, depending on the environmental
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conditions. The statistics of the stimulus set constraints
on which behavioral strategy and neural computation
will work best under different conditions. For example,
the problem of localizing the source of an odor that
diffuses, forming a smooth gradient, has a simple optimal
solution: moving up to the highest concentration gradient
(chemotaxis) (Gaudry et al. 2012). Therefore, the odor
gradient should be computed within the sensory pathway.
Does the olfactory system perform such computation?
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Is this computation implemented in peripheral sensory
neurons? Or downstream in the AL?

Sensory systems adapt to stimulus features that remain
constant over time, such as mean intensity or variance.
The function of adaptation is not to simply decrease
responsiveness to a stimulus feature, but rather to maintain
a robust sensory representation in different environmental
conditions. In vision, for example, adaptation aids contrast
invariant response in different luminance conditions {(Clark
and Demb 2016; Ketkar et al. 2020; Laughlin 1989).
Similarly, adaptation in olfaction could support the contrast
sensitivity necessary for chemotaxis. But, to what extent
we can stretch the analogy between different sensory
modalities depends on differences in the type of stimuli and
the organization of the corresponding neural circuitries.
Both in vision and in olfaction, stimuli are encoded by
parallel functional units of receptor neurons or their
postsynaptic circuitry. A visual scene is spatially mapped
into a retinotopic representation, in which neighboring cells
in the visual system encode information from neighboring
points in visual space. Correspondingly, in olfaction, a smell
is mapped into the combinatorial activation of the ORNs,
with similar odors activating similar combinations (Haddad
et al. 2008; Malnic et al. 1999). However, while the retina
is composed of computational units, photoreceptors, that
are identical in terms of the stimuli they detect (number
of photons of a given wavelength), ORNs sense stimuli
that are chemically different. Downstream of the sensory
periphery, the identity of an odor must be reconstructed by
pooling information across all the ORNs. So, when it comes
to the integration of these distributed inputs, mechanisms
for encoding information about changing stimuli could
largely diverge in olfaction and vision. In olfaction,
adaptive changes in the stimulus representation should
retain chemical specificity at least up to the AL, which
holds a representation of odor identity. Understanding how
adaptation occurs across parallel functional units is therefore
key to identify stimulus features that are robustly transmitted
to the brain (i.e., intensity, identity, contrast, etc.).

The olfactory system has another peculiarity: the AL
constitutes the only sensory processing layer before odor
information is integrated with other sensory inputs in higher
brain areas, the mushroom body (MB) and the lateral horn
(LH) in insects (Jefferis et al. 2007; Lin et al. 2007; Stocker
et al. 1997). These brain areas, although serving different
functions, must process olfactory information in a stimulus-
dependent manner to associate it to other sensory inputs. In
order to support context and experience dependent behavioral
responses to olfactory stimuli, these brain areas must retain
an adaptive and flexible representation of the stimulus.

In this review, we will discuss which neural computations
might aid odor source localization by keeping this task
robust, chemically specific, and flexible. First, we will

talk about odor stimulus properties and their relevance for
behavior. Second, we will describe peripheral computations
focusing on what stimulus features activate the ORNs and
how the ORNs adapt to static characteristics of the stimulus.
Third, we will highlight the major computations that occur
at the first olfactory processing center. Finally, we will
discuss the form of temporal processing and stimulus driven
plasticity in higher brain areas involved in multisensory
integration.

The dynamics of odor stimuli and what
matters for behavior

Describing the stimuli present in the environment is the first
step for understanding which information is available to the
animal and inferring what a sensory system is designed to
detect. In vision, a quantitative understanding of the statistics
of natural scenes has allowed major insight in the function
of the visual pathway (Dyakova and Nordstrém 2017). A
quantitative description of the stimulus is certainly what
makes the study of the olfactory system unsettling when
compared with other sensory modalities. Identifying the
specific molecules and relative abundance present in an
environment can be accomplished via the analysis of the
chemical content of a gas sample. However, obtaining
temporal and spatial resolution of a chemical stimulus is
an even more complicated issue (for a recent review, see
Pannunzi and Nowotny 2019). All mass-based approaches,
from the molecular specific GS-MS (gas-chromatography
mass-spectroscopy) to the more widely used fast PID
(photoionization detector), rely on sample collection and
analysis. Therefore, these methods perturb the stimulus,
such that the better we sample, the farther from the real
stimulus we get. However, these approaches are still useful
in laboratory conditions where the chemical composition of
a smell can be simplified down to a single component and
samples are available in nearly unlimited amounts.
Importantly, not only the absolute concentration, but
also the time-dependency of the concentration is odor
specific (Andersson et al. 2012; Martelli et al. 2013). Odor-
dependent differences in stimulus dynamics can be attributed
to two independent processes: liquid source evaporation and
surface interaction (Gorur-Shandilya et al. 2019; Pannunzi
and Nowotny 2019). These odor-specific properties then
couple with the finid dynamics of the odor delivery system.
Even when odors are delivered in a continuous air stream in
controlled lab conditions, the output odor concentration will
depend on the fluid dynamics of the specific delivery method—
which can attenuate or enhance odor-specific differences
in the stimulus (Gorur-Shandilya et al. 2019). As a result of
these observations, odor stimuli must be measured for every
experiment and experimental setup in order to draw conclusions
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about temporal processing in olfaction. Different dynamics
in the stimulus cause measurable differences in the temporal
response of the ORNs (Martelli et al. 2013; Su et al. 2011),
which necessarily provide additional odor-specific information
to higher brain regions. For example, it has been shown that
flies can discriminate odors sensed by a single ORN type, likely
using temporal information (DasGupta and Waddell 2008). In
this study, flies had to discriminate pairs of odors with very
different volatility, a parameter that correlates well with the
dynamics of the odor stimuli (Martelli et al. 2013). This
suggests that temporal differences used for odor learning
and discrimination might be already intrinsic to the stimuli
themselves, rather than arising from physiological processes at
the periphery. Mixtures of inhibitory and excitatory stimuli with
different dynamics can elicit mixture-specific temporal patterns
of ORN activation (Su et al. 2011), suggesting a possible role
for odor-dependent dynamics in the perception of mixtures.
The behavioral consequences of odor-specific dynamics in lab
assays and in natural conditions remain a relatively new area of
research that requires further investigation.

When it comes to quantifying the odor stimulus in more
realistic and behaviorally-relevant conditions (e.g., in 2D and
3D assays), measuring odor stimuli by sampling in space
and time is not the best solution, unless the stimulus is well
reproducible (Alva:rez—Salvado et al. 2018). Away from the
source and from surfaces, odor stimuli can be modelled as
scalar quantities (concentrations) superimposed on a vector
field (air speed). Therefore, a possible approach is to neglect
odor-specific effects (by using mono-molecular high volatility
inert compounds} and to use optical methods for quantifying
the spatiotemporal distribution of tracer molecules, such as
acetone (Connor et al. 2018) or smoke (Demir et al. 2020).
These approaches allow direct spatiotemporal quantification
of the stimulus used for behavioral analysis. But what did
we learn about the stimuli themselves? As shown by earlier
field studies (Cardé and Willis 2008; Murlis and Jones 1981;
Murlis et al. 2000; Riffell et al. 2008) and predicted by physical
models (Celani et al. 2014), odor signals in turbulent flow
conditions are intermittent due to chaotic changes in the speed
and direction of wind. This means that the odor concentration
measured at a given position downstream of a fixed source
will fluctuate abruptly as plumes come by. The statistics of
the plumes depend on air speed and geometrical constraints
dictated by the environment. Importantly, only those stimuli
that exceed the sensitivity threshold of the olfactory system
are relevant to behavior, This imposes a biological cut-off on
the stimulus statistics, which is equivalently hard to estimate,
given the variety of chemicals and the repertoire of sensors
available in each animal. In general, average odor concentration
decreases and plume intermittency increases with distance from
the source (Celani et al. 2014). These different conditions likely
induce different levels of adaptation in the olfactory pathway.
Although we do not know the true statistics of specific natural
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stimuli, we expect both a certain degree of flexibility in how
odor information is used and a robust encoding of stimulus
features at different distances from the source.

When animals localize an odor source, they must
deal with and take advantage of whatever information is
available. Pure odor-driven behavior is only achieved
in the absence of wind and visual cues and, therefore, in
conditions where the odor distribution is solely determined
by diffusion. In this case, the animal must climb a rather
smooth concentration gradient, similarly to what bacteria
experience during chemotaxis (Sourjik and Wingreen 2012).
In most cases, however, odors do not only diffuse passively,
but are also transported by the wind. Wind adds two factors
into the problem of odor source localization: (1) it modifies
the statistics of odor concentration, which is no longer
smoothly changing, but rather flickering, and (2) it engages
a second sensory modality: mechano-sensation. In close-
to-laminar conditions, when fluid particles move with little
mixing, the odor concentration is stable over time and wind
direction, detected by the mechano-sensory system, provides
a reliable cue for source localization. The detection of an
odor will thus induce a surge upwind (Alvarez—Salvado
et al. 2018). In flight, surging behavior is also aided by
the visnal system (Van Breugel and Dickinson 2014). In
between the two scenarios of pure chemotaxis vs pure odor-
driven upwind surging, a nearly infinite range of conditions
exists, for which localization of an odor source can involve a
variety of strategies that rely on the integration of olfaction,
mechano-sensation and vision (Baker et al. 2018). Tt could
be a general approach of the animal to make choices that
maximize the gain of information about the source location
(Vergassola et al. 2007). Surely, there is no odor source
localization without the olfactory system, but it remains
unclear whether and in which range of conditions wind
detection is necessary in addition to being useful. Turning
upwind at an odor encounter is not an optimal strategy if
the turbulence is too high and wind direction uninformative
(Demir et al. 2020). Similarly, it is not optimal to try to
estimate the mean stimulus intensity when the rate of plume
encounter is low (Boie et al. 2018; Victor et al. 2019).
Instead, behavioral decisions require a trade-off between
odor sampling accuracy and response speed.

But what information about the stimulus is encoded in
the olfactory system? We will start from discussing which
stimulus features are encoded in the response of ORNs.

The dynamics of olfactory receptor neuron
response

The first step of odor sensing occurs when the odor
molecules bind to a chemosensory receptor. ORNs in flies
express one or few members of one of five families of
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chemical sensors (Joseph and Carlson 2015). Here, we focus
on ORNSs that express members of the odorant receptor (OR)
family (Clyne et al. 1999; Gao and Chess 1999; Vosshall
et al. 1999). ORs respond to fruit and plants odors, which
constitute cues for food sources (Hallem and Carlson 2006).
In insects, odors activate a heterodimer of the OR and the
OR co-receptor (orco), a receptor complex that functions
as an ion channel (Sato et al. 2008; Wicher et al. 2008).
Most ORNs express a single OR gene, which confers odor
sensitivity and selectivity (Hallem et al. 2004). Odor binding
opens the channel inducing membrane depolarization and
the ensuing generation of action potentials. ORN responses
in Drosophila have been quantified using single sensillum
recordings (SSR) and patch clamp recordings.

In SSR, a sharp pipette is placed into the sensillum at
the level of the dendrite and used to record ORN activity
in vivo, extracellularly from the intact neuron (Clyne
et al. 1997)(Fig. 1a). Most sensilla in Droesephila house only
two ORNSs, which express specific receptors in stereotyped
combinations and fire action potential of different
shapes. In addition to firing rates, SSR recordings allow
quantifying the sensillum local field potential (LLFP) and,
using receptor-specific ligands, it is possible to attribute the
LFP to a single neuron (Nagel and Wilson 2011). The LFP
should be representative of transduction events that drive
membrane depolarization at the dendrite (Vermeulen and
Rospars 2001). As initially reported in moths (Kaissling
et al. 1986), the LFP has more tonic dynamics and adapts
less than the firing rate (Fig. 1b, c¢). Qualitatively, similar
firing dynamics have been observed in cockroaches (Lemon
and Getz 1997) and locusts (Raman et al. 2010), but have
been studied in great detail in Drosophila. The fly’s ORN
responds to a short stimulus pulse (0 — C, from zero odor
to concentration ) with a transient increase in firing rate,
which then decreases to an adapted value (Fig. lc, arrow). At
odor offset (C — 0), the firing rate transiently reaches zero
and then recovers to spontaneous activity. There is enough
similarity in ON and OFF firing dynamics that linear-
nonlinear models can be used to fit ORN firing response
(Martelli et al. 2013; Nagel and Wilson 2011). The ORN
response can be well predicted by convoluting the stimulus
with a biphasic linear filter coupled to a rectifying non-
linearity (Martelli et al. 2013; Nagel and Wilson 2011). The
filters extracted from the response to bimodal flickering
stimuli (where at each time point the concentration is
either 0 or C) are similar to those obtained with fluctuating
stimuli with Gaussian distributed amplitudes around a
mean concentration C (Gorur-Shandilya et al. 2017). The
presence of a negative lobe in these filters indicates that the
ORN can compute temporal differences in concentration.
The linear filter has a width of about 200 ms (with small
variations due to stimulus statistics), suggesting that this is
the typical timescale on which an ORN computes changes

in the stimulus. However, this estimate could be an upper
bound due to the intrinsic dynamics of the stimulus used.
Importantly, ORNs do not caleulate a perfect derivative, as
the positive and negative lobes of the filter do not sum up
to zero. Consistently, on short timescales, the ORN firing
rate does not adapt back to basal activity after stimulus
onset. ORN firing rate rather adapts proportionally to peak
response and with the same degree of adaptation across
concentrations and adapted states (Martelli et al. 2013). This
is true in spite of transduction kinetics being slower than
in non-adapted conditions (Nagel and Wilson 2011). The
slower transduction is indeed compensated by faster spike
generation (Gorur-Shandilya et al. 2017). When the effect
of stimulus kinetics is deconvolved from the ORN response,
similar dvnamics are observed for different odorants and
receptor combinations (Gorur-Shandilya et al. 2017; Martelli
et al. 2013). Analogous conclusions were drawn from
measurements of calcium responses in the dendrites of larval
ORNs (Si et al. 2019). Here, ORN dynamics have slower
timescales than those measured in SSR, not only due to the
kinetics of the calcium reporter, but also because dendritic
calcium might contain a slower component involved in
adaptation (discussed below).

There are few exceptions to these rules. First, when
stimuli reach saturating concentrations, dynamics can fail
to follow the stimulus ON and OFF (Martelli, unpublished).
Moreover, there are reports of Drosophifa (Montague
et al. 2011) and mosquito (Turner et al. 2011) ORNs with
sustained responses to specific odorants delivered at non-
saturating concentrations. A short puff of these odorants
elicits minute-long activation of specific ORNs, impairing
responses to subsequent stimuli. This phenomenon is
possibly due to slow unbinding kinetics of the odor molecule
or slow deactivation of the receptor and can have important
behavioral consequences by masking response to other
stimuli.

Similar to observation in moths (Kaissling et al. 1986),
the dynamics of the sensillum LFP in flies is much
less transient than the firing rate and can be fitted with
monophasic linear filters (Gorur-Shandilya et al. 2017;
Nagel and Wilson 2011). This difference between the LFP
and firing rate suggested that ORN response dynamics
could, at least partially, be determined by mechanisms
involved in action potential generation. Knockdown of the
Na* channel a-subunit DmNa, makes ORN dynamics more
transient (Nagel and Wilson 2011), suggesting that the ratio
of Na +/K +conductance is a determinant of the kinetics.

In contrast to the tonic LFP signals, receptor currents
measured in patch clamp recordings in antennal slices show
transient and strongly adapting kinetics in response to an
odor puff (Cao et al. 2016)(Fig. 1d, e). These transient
receptor currents depend on calcium influx. In absence
of extracellular calcium, the peak current amplitude is
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also increased, arguing in favor of an immediate feedback
of calcium on channel inactivation. We do not know
whether the receptor complex and/or other channels
are being inactivated, but it seems clear that an adaptive
process is visible in the receptor current and not in LFP
measurements. Identifying which mechanisms determine
ORN dynamics and adaption is important because specific
mechanisms impose different computational constraints for
stimulus encoding. However, a direct comparison between
LFP and current is not straightforward. First of all, the
preparation (in vivo intact antenna vs sliced antenna) and
the odor delivery methods (gas vs liquid phase) are very
different. Second, the LFP is measured at the dendrite,
while currents are measured patching the soma at the
base of the sensillum; therefore, it is possible that these
techniques capture different electrical events. Importantly,
different ionic gradients might be present at the dendrites,
which bathe in the sensillum lymph, and at the soma,
which is surrounded by auxiliary cells (Vermeulen and
Rospars 2001). It will be important to compare firing rate
dynamics obtained with these techniques to understand how
the measured transduction dynamics depend on the stimulus
and the physiological conditions or the recording site.

Contrary to what was found for ORNs expressing
ORs, ORNs that express ionotropic receptors (IRs) show
sustained and non-adaptive currents (Cao et al. 2016). IRs
are a more ancient family of chemosensory channels that in
Drosophila are expressed in dedicated sensilla (coeloconic)
(Rytz et al. 2013). Functionally, they are more narrowly
tuned and less sensitive than ORs (Silbering et al. 2011;
Yao et al. 2005). In SSR, IR-dependent firing rate dynamics
adapt less than ORs to consecutive odor pulses (Getahun
et al. 2012). However, in contrast to the tonic transduction
current, ORNs expressing IRs show relatively phasic spiking
responses (Benton et al. 2009) and ectopic expression of
IRs in an ORN that normally hosts ORs is sufficient to
recapitulate the firing patterns measured in the endogenous
neuron (Abuin et al. 2011). This suggests that the cellular
context in which these different receptors are expressed is
similar and determines to some degree the conversion of
the transduction current into firing events. A more detailed
comparison of the firing dynamies of IR- and OR-expressing
neurons will be useful to understand to what degree their
response kinetics and adaptation properties differ and what
the relevant steps are that shape firing rate dynamics.

The fast and transient response of ORNs facilitates the
quick detection of changes in stimulus concentration. The
timing of odor detection has been shown to be very precise
across ORNs of the same type distributed on the antenna
(Egea-Weiss et al. 2018). Moreover, the speed of odor
processing is similarly fast across insect species (Szyszka
et al. 2014), suggesting a fundamental function in behavior,
for example when insects navigate complex odor plumes.
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The timing of an odor response is important not only for the
quick reaction to a stimulus, but also for stimulus identity
encoding. Indeed, ORNs respond with different delays to
different odors (Martelli et al. 2013) and concentrations
(Egea-Weiss et al. 2018) and this information can be used for
the quick recognition of an odor cue (Szyszka et al. 2011). A
“primacy coding” scheme has been proposed in vertebrates
as a mechanism to encode odor identity in the temporally
precise activation of the most sensitive ORNs (Wilson
et al. 2017). This mechanism supports a representation of
odor that is concentration invariant, since the sequence of
activated ORNG is the same across odor concentrations.

ORN adaptation and its functional
consequences

Unicellular organisms like bacteria perform chemotaxis by
comparing odor concentrations in space. To do so, they move
around and calculate the temporal difference of the ligand
concentration sampled at subsequent positions and bias
their locomotion towards where the concentration increases
(Sourjik and Wingreen 2012). This strategy also works well
for more complex organisms in windless environments, with
the advantage that they can rely on multiple sensors such
as two antennae or two nostrils (Duistermars et al. 2009;
Louis et al. 2008; Rajan et al. 2006) and they can move their
head for active sampling (Gomez-Marin et al. 2011, Alex
et al. 2010). Bilateral comparison clearly requires precise
temporal computations downstream of the sensors, but
here we will focus on computations downstream of a single
pathway.

Flies can perform chemotaxis with a single ORN
type (Louis et al. 2008), suggesting that differences in
concentration can be calculated along a single sensory
pathway. Calculating changes in the input is one of the
basic computations a single neuron or a single synapse can
perform (Brunel et al. 2014). To achieve responses across
a wide range of stimuli and under different adapted states,
changes are ideally calculated relative to the intensity of
the background stimulus, the definition of stimulus contrast
(ACIC,). Sensitivity to relative changes in the stimulus is
the main computation that mediates bacterial chemotaxis
(Sourjik and Berg 2002). For neurons that respond to
stimuli on a logarithmic scale, for example following a Hill
funetion, being contrast sensitive corresponds to shifting the
response function to match the background intensity. This
shift in logarithmic scale implies a decrease in response gain
inversely proportional to the background (Weber-Fechner
law). Neurons in the visual pathway can shift their response
around the mean luminance such that they can maintain
sensitivity to variation in light intensity. For example,
insect photoreceptors respond to light intensities covering
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around three orders of magnitude (Fig. 2a, black dots from
(Langhlin and Hardie 1978)). Adaptation to the background
shifts this response range along the stimulus intensity axis
for at least three-log units (Fig. 2a, colored dots).

A shift in sensitivity is often assumed and postulated as
a fundamental computation necessary for odor navigation
(Kadakia and Emonet 2019; Victor et al. 2019). Indeed,
also ORNs exhibit a different response function when
adapted to different background odor intensities (Fig. 2b).
However, the decrease in ORN activity cannot be strictly
interpreted as a shift. There are three important differences
when comparing odor adaptation to light adaptation. First,
when adapted to a background concentration, the saturated
firing rate is significantly reduced as compared with non-
adapted conditions, indicating a decreased coding capacity.
Second, ORNSs saturate at the same concentrations as in non-
adapted conditions. Third, the response function becomes
steeper, as also shown in moths (Kaissling et al. 1986).
Thus, while photoreceptors effectively shift their dynamic
range to match the background stimulation, ORNs decrease
their response without shifting it, ending up with a reduced
coding capacity. Another property of the ORN response in
adapted conditions is the asymmetric coding of increases
and decreases in concentration (AC vs — AC). We
mentioned that on short time-scales ORNs adapt their firing
rate proportionally to peak response. However, when the
stimulus is presented for longer times (> 10 s5), ORN firing
rate further decreases to a level closer to baseline activity
(Fig. 2b, arrows). As a consequence, in background-adapted
conditions, even a small decrease in odor concentration can
easily drive the firing rate to zero. Therefore, any decrease
in concentration is encoded as a zero, while an increase
is encoded depending on its amplitude. In conclusion,
in adapted conditions, ORNs respond to changes in
concentration, but do not strictly encode stimulus contrast
(Cafaro 2016; Kim et al. 2011), and respond asymmetrically
to ON and OFF stimuli.

For a comparison, we show the results of similar
experiments obtained in earlier studies in frog ORNs
(Reisert and Matthews, 1999). Background adaptation
reduces both currents and firing rate in response to an odor
stimulus, without shifting the concentration at which the
neuron reaches saturation (Fig. 2c). Notably, no spikes are
fired in response to stimuli presented on a background of
intensity within the dynamic range of the blank-adapted
ORN. These data have been interpreted as a decrease in ORN
sensitivity, because effectively, the ORN cannot respond to
low concentrations anymore. It also certainly does not gain
coding capacity at higher stimulus intensities, as would
happen with a shift of the response function.

So far, we considered pulse-shaped stimuli delivered on
a clean air stream or superimposed on a fixed background
concentration, conceptually similar to flashes of light in

dark or light adapted conditions. However, the neuron
response function might be different when tested with
different stimulus statistics. Gorur-Shandilya et al. have
shown that in response to small fluctuations around a
background stimulus, ORN gain decreases proportionally
to the inverse of the adapting stimulus, consistent with
the Weber-Fechner law (Gorur-Shandilya et al. 2017).
The result means that there is a precise relationship
between the background concentration and the change
that is necessary to elicit an equally-sized response. This
holds true for small fluctuation, about sixfold change in
amplitude, as reported by PID measurements. But as we
have seen, the result cannot be extended to large and quick
changes in the stimulus, as those generated by odor pulses
superimposed on a fixed background (Fig. 2). This is most
likely because large variations drive the neurons response
in a more nonlinear regime and out of the mean-adapted
condition.

These nonlinearities are partially due to properties
of the receptor kinetics itself, as proposed by models
(Gorur-Shandilya et al. 2017). Nonetheless, it is
conceivable that the ORN response adapts to other
statistical features than the mean. One study reported
that ORNs adapt their response gain to the variance
of a fluctuating stimulus with Gaussian amplitude
distribution (Gorur-Shandilya et al. 2017), although
another study did not observe any variance adaptation
(Kim et al. 2011). An important point to keep in mind
is that it is basically impossible to deliver white noise
stimuli in olfaction, as changing the concentration
requires a finite amount of time that depends also on
AC. Therefore, Gaussian stimuli with the same mean
and variance can vary substantially in correlation time.
In cockroaches, ORNs respond with different gain to
sinusoidal stimuli of different frequency (same mean
and amplitude) (Burgstaller and Tichy 2012) due to the
interplay between stimulus and adaptation timescales.
Moreover, in moths, the same linear-nonlinear model
for the ORN response cannot equally well predict the
response to temporally structured stimuli with different
statistics (Jacob et al. 2017) and differences in the
distribution of blanks and whiffs lead to distinct response
functions in ORNs (Levakova et al. 2018). These results
suggest that different mechanisms are engaged in the
response to stimuli with different correlation timescales.
More systematic investigation of how stimulus
autocorrelation affects ORN gain control could bring
insights on the multiple mechanisms that shape ORN
adaptation in Drosophila.

If we map these observations back to their behavioral
relevance, it seems that in the presence of smooth
gradients with no or small fluctuations, ORNs can
readily encode relative changes in concentration (both
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Fig.2 Comparing the effeet of background stimulus intensity on the
response of light- and odor-sensitive neurons. (a) Response of photo-
receptors to light stimuli of different intensity in dark-adapted condi-
tions (black) spans three-log units of light inlensity, In the presence
of an adapting background light {intensity indicated by the arrows),
photoreceptor sensitivity shifts up to more than three-log units {from
black to purple). Adaptation to the background stimulus increases the
basal potential (first data point of cach curve) and pushes response
saluration to higher light intensitics, kecping the response dynamic
range centered around the mean stimulus. Dara are from Laughlin
and Hardie (1978} reproduced with permission of S. Laughlin, (b}
Response of Drosophila ORN ab3A 1o two odorants at difTerent con-
centrations. Odor puffs are presented isolated (black) or on a back-

ON and OFF) which can be used downstream ol the
anlenna to supporl chemolaxis. However, in more
turbulent conditions, the nature ol odor plumes will
resull in large (Muctuations in concentration (O — € — 0
or Cy — C; — Cy). In this case, mean and variance
adaptation likely have no time to occur or develop less
than in the presence of Gaussian stimuli or possibly on
different timescales. Unless saturated, adapted ORNs
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ground of the same odorant at concentrations indicatcd by the arrow.
Data are same as in Fig. 4 of Martelli et al. (2013), but plotted as a
funetion of the total stimulus concentration (4 + C\.,,) for compari-
son with the data of the photoreceptors. Adaptation (o the background
only slightly increases the basal firing rate (first data point of each
curve). The response reaches saturation at lower firing rates and at the
same concentration as in no-background conditions. (c) Response of
frog ORNs: reeeptor current (top) and firing rate (bottom) from (Rei-
serl and Maltthews 1999), reproduced with permission of J. Reiserl.
Adaptation to the background decrease receptor current and firing
rate. The ORN dynamic range does not simply shill 1o the right, and,
for the highest background, the neuron stops firing spikes

can still respond last to increases and decreases of
concentration. However, even a long exposure (o a slable
background does not seem to shilt ORN sensilivily,
rather the ORN response amplitude and, therefore, it
coding capacity are greatly reduced. More insight in what
adaptation does or does not do could be brought about by
identification of the molecular mechanisms. This will be
discussed in the next paragraph.
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Candidate mechanisms of ORN adaptation

We know surprisingly little about the molecular mechanisms
that determine ORN response dynamics and adaptation.
Although the phasic part of the firing rate response could
be linked to mechanisms of spike generation (Nagel and
Wilson 2011), adaptation to the mean of the stimulus seems
to occur already in the LFP and therefore at the transduc-
tion site of the ORN response (Gorur-Shandilya et al. 2017).
This is consistent with the adaptive current measurements
in patch clamp recordings (Cao et al. 2016). On the con-
trary, the fact that the ORN response saturation occurs at
the same concentrations across adapted conditions (Fig. 2b)
suggests that adaptation does not directly affect the recep-
tor activation kinetics, although this has been proposed as a
likely adaptive step. In addition, the response mediated by
a specific OR can be decreased by activation of a second
OR ectopically expressed in the same neuron (Nagel and
Wilson 2011). This implies that the activity of the receptor
itself is not necessary for adaptation. However, it does not
exclude a modulation of the receptor or of the coreceptor
Orco. More experiments are needed in order to exclude one
or the other mechanism.

Patch clamp recordings demonstrated a role of extra-
cellular calcinm in shaping the dynamics of the transduc-
tion current mediated by OR activation (Cao et al. 2016).
The source(s) of the calcium and the target(s) of the cal-
cium feedback remain unknown. Is calcium that is flow-
ing in through the receptors sufficient to drive adaptation
or are there other channels involved? Does this feedback
loop directly affect receptor activation or an amplification
step? Contrary to evidence in Drosophila, earlier studies
in moths showed that extracellular calcium is not neces-
sary for a response, but that calcium released intracellu-
larly mediates response termination (Pézier et al. 2007). In
Drosophila, inositol triphosphate (IP,) has been proposed to
mediate adaptation, possibly by activation of the IP, recep-
tor and the release of calcium from internal stores (Desh-
pande et al. 2000). Similar conclusions have been reached
by imaging calcium transients in the antennal lobe (Murmu
et al. 2011), but these candidate mechanisms need to be
confirmed by more detailed and controlled experiments.

ORN odor responses in the fly are dependent on the
phosphorylation state of Orco, which is in turn determined
by ORN activity (Guo et al. 2017). However, this modula-
tion occurs over long timescales (several minutes) and there
is no direct evidence that this mechanism may affect the
ORN response dynamics described above. Several other
modulatory metabotropic pathways are present in ORNs
(Wicher 2018), but they have not been directly linked to
stimulus-induced adaptation on the timescales or with the
functional role described above.

As it remains unclear where adaptation exactly happens,
two types of computational models have been proposed to
explain ORN adaptive response. Spike frequency adapta-
tion (SFA) is a common mechanism for neuronal adapta-
tion (Benda and Herz 2003). Although the specific currents
involved might differ across neurons, the general mecha-
nism is a slow hyperpolarizing conductance that is activated
upon spike generation. Computational studies have proposed
SFA as the main adaptation mechanism in ORNs (Farkhooi
et al. 2013; Nawrot 2012; Rapp and Nawrot 2020). This
inhibitory feedback could in principle involve calcium influx
and would be able to reproduce the linear scaling between
adapted and peak firing rate (Lin and Wang 2001), a promi-
nent feature of the ORN response (Martelli et al. 2013).
However, a direct comparison of these models to experi-
mental data has not been attempted. Another set of mod-
els has instead considered adaptation of the transduction
current, which implies the feedback of a second messen-
ger (presumably calcinm) on the receptor activity (Gorur-
Shandilya et al. 2017; Kadakia and Emonet 2019; Lazar
and Yeh 2020; Nagel and Wilson 2011). These models can
reproduce a number of features of the ORN response to
dynamic stimuli, but the molecular basis will need to be
validated experimentally.

In conclusion, a role for calcium in shaping the dynam-
ics of ORNs is plausible, but further studies are necessary
to identify its source and molecular targets. Computational
models can help in this process. To better understand what
ORN dynamics and adaptation are good for, we should next
consider (1) their role in odor coding and (2) the information
processing steps downstream of ORNs.

Temporal processing and adaptation
in the first olfactory processing center

The limited capability of single ORNs to adapt their sen-
sitivity is likely not a limitation for the olfactory system.
QOdors are encoded in the combinatorial activity of a large
population of ORNSs, each responding with different sensi-
tivity to the specific odor (Hallem et al. 2004). When the
odor concentration increases, one ORN might get saturated,
but another ORN, expressing an OR with lower affinity to
the odor, will be activated. For example, the Drosophila
larva uses multiple sensors with different sensitivity to the
same odor in order to maintain a robust behavioral response
over a large range of concentrations (Asahina et al. 2009;
Kreher et al. 2008). But how is odor information preserved
in the combinatorial activity when the single ORN adapt?
And which information is preserved? Consider two ORNs
with different sensitivity to the same odorant (Fig. 3a). Here,
a background stimulus could elicit adaptation in the more
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sensitive ORN and therefore a change in its response func-
tion, but would leave the response of a less sensitive ORN
unaffected (Fig. 3c, d). As a result, peripheral adaptation
could change the combinatorial representation of a test stim-
ulus superimposed on the background, possibly confounding
the encoding of odor identity (Fig. 3a, b). So, how can we
make sense ol what an adaptive change in sensilivity implies
for the combinatorial code?

This question can be answered by looking at olfactory
responses downstream of the antenna, where the axons of
ORNSs expressing the same receptor form dense synaptic
structures called glomeruli (Fig. 1). Within a glomerulus,
ORNSs connect to PNs and LNs. The network of GABAe-
rgic LNs performs a normalization of the incoming ORN
odor representation that prevents PN response saturation

Fig.3 Adaptation changes the
combinatorial representation.

a Response of two ORNs to
stimuli of increasing intensities.
Red and blue arrows indicate
the response of two ORNS to a
given stimulus intensity (dotted
line). b In the presence of a
background the odor represen-
tation in the two ORNs (red
and blue arrows) diflers [rom

Q

response (no back)

the non-adapted response (a).

¢, d A background stimulus,
indicated by the black arrow,
changes the response function
of ORN1. ORN2 is not sensitive
to the background stimulus

and its response function is
unaffected by the background

response

by adjusting the gain of synaptic transmission ( Olsen and
Wilson 2008; Olsen et al. 2010; Root et al. 2008; Silbering
and Galizia 2007; Silbering et al. 2008). This transforma-
tion is mostly considered an instantaneous computation that
involves quick inhibitory feedback [rom the [.Ns. However,
odor representations in PNs are dynamic and adaptive. In the
locust, complex spatiotemporal responses measured in PNs
are the result of temporally structured spiking patterns of the
ORNSs converging on a highly plastic neural network within
the AL (Raman et al. 2010). How do dynamic and adaptive
ORN representations drive AL output?
Electrophysiological studies in flies have shown that the
synapses between ORNs and PNs are strong and depress-
ing (Kazama and Wilson 2008). Short-term depression is a
mechanism by which a synapse can compute changes in the
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presynaptic neuron activity (Abbott et al. 1997). Short-term
depression at ORN-PN synapses likely results from vesicle
depletion (Kazama and Wilson 2008) and works as a band-
Ppass filter for the transmission of information from ORNs to
PNs. Electrophysiological measurements from PNs indeed
showed that their response peaks earlier than that of ORNs
(Bhandawat et al. 2007) as if they were computing changes
in the ORN firing patterns (Kim et al. 2015). Consistent
with these observations, PN activity can be fitted by bipha-
sic linear filters (Geffen et al. 2009). Similar conclusions
have been reached in studies that compared ORN and PN
response to pheromones in moths (Rospars et al. 2014). It
remains unclear whether spike frequency adaptation plays
an additional role in shaping PN responses, in addition to
synaptic depression, as proposed by computational models
(Farkhooi et al. 2013).

But how does a phasic firing pattern, like the one from the
ORNE, get through such depressing synapses? Differential
encoding of the stimulus in the ORN input and synaptic
depression at the ORN output constitute two consecutive
filtering steps. Computational models show that these two
filtering steps would result in very transient PN responses
(Nagel et al. 2015). On the contrary, in the fly, prolonged
stimulation elicits sustained and stable PN responses. A few
additional mechanisms might explain this discrepancy. First,
a slow acetylcholine-driven component in the PN response
current allows integration of the input over longer timescales
making the response more sustained (Nagel et al. 2015).
Moreover, transient lateral inhibitory inputs sharpen and
stabilize synaptic activity, tuning the effect of incoming fir-
ing patterns (Nagel et al. 2015).

To better investigate presynaptic regulation, a recent
study combined SSR with imaging of the presynaptic cal-
cium dynamics (Martelli and Fiala 2019). Calcium transients
are usually interpreted as a read-out of firing activity. Con-
sistent with this assumption, the amplitude of ORN firing
rate measured from the sensillum and the calcium response
measured from the presynapses of the same ORN in the AL
are strongly correlated in response to short odor pulses deliv-
ered in isolation. However, adaptation to the background did
not decrease the calcium responses measured at the axon ter-
minals, in spite of an adaptation-dependent decrease in firing
rate. Moreover, calcium signals remained sustained (for up
to two minutes of odor stimulation), while firing rate was
transient (Fig. 1c—f). These non-adaptive dynamics in the
presynaptic caleium signal do not seem to rely on inhibitory
lateral inputs and point at a role of cell-intrinsic regulation
of calcium transients. Additional experiments are needed
to understand the mechanistic bases of the calcium regula-
tion and how it is modulated by lateral inputs. From a func-
tional point of view, presynaptic calcium seems to be able
to reconstruct the non-adapted ORN response, indepen-
dently of the strength of the background. This way, the odor

representation is preserved at the population level in adapted
conditions and does not change over repeated or sustained
stimulations (Martelli and Fiala 2019). A direct comparison
between firing rate and presynaptic calcium is difficult in
vertebrates, because it is hard to reach the olfactory epithe-
lium in a live preparation. However, there are indications of
similar differences between peripheral firing adaptation and
ORN caleinm activity in the olfactory bulb. Indeed, ORN
response is suppressed for odor stimuli presented at frequen-
cies comparable with the respiration rate (Ghatpande and
Reisert 2011; Zufall and Leinders-Zufall 2000). In contrast,
calcium transients in ORN axon terminals measured in vivo
report more sustained ORN responses (Carey et al. 2009;
Lecogq et al. 2009; Pirez and Wachowiak 2008; Storace and
Cohen 2019; Verhagen et al. 2007).

These observations would fit in a scenario where adapta-
tion occurs (or reoccurs) at the level of the antennal lobe, as
a coordinated change across all glomeruli. Calcium imaging
from Drosophila PNs indeed shows that the odor representa-
tions at the population level are adapted to the stimulus sta-
tistics and encode stimulus contrast, preserving information
about the stimulus identity (Martelli and Fiala 2019). The
quantification of synaptic release showed that a slow compo-
nent of the PN response dynamics originates presynaptically,
through depletion of vesicle release and independently of
the calcium dynamics (Martelli and Fiala 2019). This slow
component is consistent with models of vesicle recyceling
that involve two pools of vesicles (Hallermann et al. 2010).

Adaptive processes through the AL almost certainly
involve LNs. LLNs are an extremely diverse population of
neurons which differ both anatomically and functionally
(Chou et al. 2010; Liou et al. 2018; Nagel and Wilson 2016;
Seki et al. 2010). They are not very selective to odor iden-
tity, but they show different preference to features of the
stimulus (ON vs OFF) depending on the input they receive.
Moreover, their temporal dynamics are extremely diverse
depending on intrinsic cellular properties (Nagel and Wil-
son 2016). This means that the effective amount of inhibition
a glomerulus receives will depend on the type of LN that
innervates it in combination with the stimulus dynamics.
Inputs from a fast LN will drive strong transient inhibition
when the stimulus strength steps up or down, while slow
LNs will drive more tonic inhibition through the entire
stimulus presentation. Furthermore, a considerable subset
of LNs has patchy morphology connecting only subsets
of glomeruli (Chou et al. 2010) and not all glomeruli are
equally sensitive to inhibition (Hong and Wilson 2013).
Additionally, some commonly used LN driver lines seem
to be dispensable for an odor response to isolated pulses
(Strube-Bloss et al. 2017), indicating that they might have
a function in other stimulus conditions. Although adapta-
tion has not been directly studied in LNs, we expect that the
rich dynamics and tuning of inhibitory inputs play a role in
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adapting the PN odor representation to the statistics of the
stimulus. Lateral inhibition in the Al mediates a divisive
normalization of the input from ORNSs, which rescales PN
activity based on the overall activation of the AL (Olsen and
Wilson 2008; Olsen et al. 2010). What happens to this trans-
formation when stimuli are sustained or repeated remains an
open question. Work in moths shows that ORN adaptation
drives a shift in frequency of odor-induced oscillations in
the AL, suggesting a role of adaptation in engaging lateral
inhibition to synchronize the PNs population dynamics (Ito
et al. 2009). Moreover, early studies in the locust have shown
that plasticity in the AL driven by repeated stimulus presen-
tations decreases PN activity, but increases firing precision
and population synchrony (Stopfer and Laurent 1999). This
is independent of ORN adaptation, occurs at different time
scales, and could be mediated by tuning of the inhibitory
synapses (Bazhenov et al. 2003).

Al plasticity also occurs on longer timescales. Hour- and
days-long exposure to odors induces reversible changes in
the activity of specific glomeruli and reduces behavioral
response selectively to these odors (Das et al. 2011; Devaud
et al. 2001; Sachse et al. 2007; Sadanandappa et al. 2013;
Sudhakaran et al. 2012). These forms of long- and short-
term habituation have been attributed to the selective poten-
tiation of recurrent GABAergic inhibition specifically onto
PNs (reviewed in (Ramaswami 2014)).

Overall, these studies suggest that different subsets of
LNs have different functions and operate on a large range of
timescales. Connectomics data will provide useful informa-
tion to investigate the computational function of LN subsets
(Bates et al. 2020; Berck et al. 2016; Horne et al. 2018).
Targeted behavioral experiments should finally aim to disen-
tangle the different functions that lateral inhibition seems to
mediate adaptive and robust encoding of stimulus features,
modulation of odor preference, and context integration.

Stimulus history modulates odor
representations in higher brain regions

Downstream of the AL, PNs form synapses onto the Kenyon
cells of the mushroom body (MB) and lateral horn neurons
(LHNs). How do odor-driven dynamics and plasticity in
PNs affect the representation of odor information in these
downstream neurons? LHNs have been shown to be faster
and more accurate in responding to odors compared with
their presynaptic PNs (Jeanne and Wilson 2015). This is
due to a dynamic spike threshold that is activity depend-
ent and enables the detection of simultaneously incoming
spikes. It remains to be investigated how these physiological
properties adapt to sustained or repeated stimulation. LHNs
have been recently characterized in terms of their anatomical
properties and odor response spectrum (Frechter et al. 2019;
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Jeanne et al. 2018). This neuron population is incredibly
diverse suggesting that it supports different functions. Cur-
rent models suggest that the LH mediates innate behavior
and olfactory navigation (Schultzhaus et al. 2017). How-
ever, further studies should be aimed at understanding which
specific LH neurons are involved in navigation and which
computations and stimulus features are used in the LH to
help the fly localize an odor source.

Stimulus-driven plasticity in the olfactory system might
have multiple roles. So far, we have discussed how this plas-
tieity can support robust function by keeping an invariant
representation of stimulus features of possible behavioral
relevance. However, when looking at neural computations
downstream of the AL and their behavioral implications, we
must distinguish between what the fly can do and what the
fly wants to do. On the one hand, stimulus-driven plasticity
could support robust encoding of stimulus features for goal-
directed odor tracking. A recent theoretical study showed
that adaptation in the olfactory pathway supports sparse
odor representations in the MB, facilitating the quick recall
of memories necessary to drive animals during navigation
(Rapp and Nawrot 2020). On the other hand, stimulus-driven
plasticity could support flexible representations that allow
the fly to change its goals. In flies, the short-term history of
the chemical composition of an odor scene can change the
animal behavioral response to an odor (Badel et al. 2016). A
model of preference normalization based on olfactory con-
text suggests a plastic role in the circuit downstream of the
AL in integrating PN output (Badel et al. 2016). Whether
this type of normalization happens in the LH or in the MB is
unclear. In their behavioral assay, Badel et al. did not asso-
ciate odors to a reinforcement or to a behavioral outcome,
rather the odor preference seems to rescale based on the
valence of the previously experienced chemical context. This
phenomenon indicates a form of stimulus-driven short-term
plasticity which could in principle involve either the MB
or the LH. That stimulus context shapes MB output has
been shown in several studies (Briicker et al. 2013; Lewis
et al. 20135), but whether context integration is adaptive and
on what timescales past stimuli are integrated remains to
be clarified.

Stimulus-driven adaptation is a mechanism that enhances
the encoding of novel features of a stimulus. On short time-
scales, novelty can be an increase or a decrease in concentra-
tion, but on longer timescales, novelty can depend on how
familiar the animal is with the stimulus. At least one mush-
room body output neuron in the fly encodes the novelty of an
odor stimulus (Hattori et al. 2017) and requires odor-driven
activity in dopaminergic neurons. While sensory represen-
tations must be stable to reliably report stimulus informa-
tion, the brain must remain flexible to what that information
means for the animal. Stimulus-driven plasticity in brain
areas that support learning has been previously reported in
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rats (Best and Wilson 2004) and more recently in zebrafish
(Jacobson et al. 2018). Changes in the odor representation in
higher order areas are sometimes referred to as adaptation,
habituation or plasticity. The common aspect is that they
are driven by stimulus history, which in turn indicates that
the underlying neural substrates must contain information
about stimulus history and filter sensory information based
on stimulus history. These changes in the coding space could
either lead to changes in behavior (flexibility) or support
behavioral invariance (robustness). Which of the two sce-
narios occurs depends on the specific local and downstream
circuit.

Remarks and conclusions

At the sensory periphery, the encoding of the olfactory
stimuli consists of two main steps: the activation of indi-
vidual ORNs in specific combinations and the coordinated
integration of this combinatorial input within the AL. Here,
we have discussed in detail the temporal aspects of these
encoding steps, with a main focus on their adaptive features.
However, our understanding of this encoding process is still
lacking essential insights.

First of all, it would be beneficial to understand which
molecular mechanisms mediate adaptation of the ORN
response. Although limited compared with other sensory
modalities, the ORN response function changes depending
on stimulus history, which means that based on stimulus
history, the ORN selects which information should be trans-
mitted downstream. Mechanisms of olfactory adaptation are
better understood in vertebrates, but the kind of computa-
tion they mediate has been extensively debated (Reisert and
Zhao 2011). Therefore, across organisms, a clear function
for ORN adaption is still missing.

A missing tile in understanding the role of adaptation
in olfaction is certainly the link between molecular mecha-
nisms, neural function and behavioral output. The tools to
investigate these links are one strength of model systems like
Drosophila, but in the specific context of stimulus-driven
adaptation, little has been done. Whether a certain neural
computation, e.g. stimulus differentiation, plays a functional
role in behavior, such as climbing odor gradients, needs to
be investigated experimentally. Having more mechanistic
insights on adaptation will make it easier to link computa-
tion to function.

Similarly, it will be important to study behaviorally rel-
evant stimuli using electrophysiclogy and imaging, since
basic design principles of the olfactory system might be hid-
den by using simplified stimulation protocols (like single
puffs). There is a trade-off between generating naturalistic
and reproducible stimuli in the lab, but new approaches

are being developed to control and measure the stimuli
delivered.

One conclusion we would like to draw here is that in
order to understand adaptation in olfaction, one must look
downstream of the receptor neurons. The combinatorial
aspect of odor coding requires integration of information
across parallel channels. This central integration is what
makes the olfactory system different from a chemical sen-
sor, like a single cell. The AL network is likely doing more
than a global divisive normalization. The diversity of LNs
alone speaks for multiple functions, selective integration
of incoming stimuli, and temporal processing on different
timescales. The mechanisms of stimulus induced plasticity
in this network and their role in olfactory navigation deserve
further investigation.

Finally, odor perception involves also long-term state-
dependent modulation. How the internal state affects periph-
eral odor representations has been analyzed so far only in
terms of response amplitude to isolated odor pulses (Ko
et al. 2015; Martelli et al. 2017). Is hunger only shaping the
valence of an olfactory perception? Or is a hungry fly better
at localizing an odor because of enhanced peripheral pro-
cessing? Currently, there are no answers to these questions.
However, one interesting possibility is that the internal or
behavioral state may directly modulate odor processing in
the AL, similarly to how the behavioral state shapes visual
processing (Maimon 2011).

Current theories of adaptive behavior suggest a role for
top-down modulation of sensory perception (Mtynarski and
Hermundstad 2018). This means that not only behavioral
states, like resting or walking, but also behavioral output
could potentially affect fundamental sensory computations.
After an evaluation of the smell has been made, different
strategies might be used to localize an odor source (Baker
et al. 2018; Gaudry et al. 2012). Therefore, behavioral output
might feedback onto odor processing in order to adjust or
improve the search strategy.

New tools for stimulus quantification and behavioral
analysis are being developed and implemented to study
how animals use olfaction to move around aimfully. These
approaches will allow the field to address long-standing fun-
damental questions concerning the identification of neural
computations that mediate animal decision-making in the
presence of odor cues.
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Summary

Neural adaptation supports coding efficiency by tuning responses to prevailing stimulus statistics.
However, when information is represented by neural populations, adaptation of individual units could
degrade behaviorally relevant signals. Here we investigate how the fly olfactory system implements
adaptation in Olfactory Receptor Neurons (ORNs) and the consequences for combinatorial coding in
downstream circuits. We show that adaptation of ORN firing rate is compensated at the axon terminal,
where calcium transients remain background-invariant through inhibitory presynaptic feedback.
Background invariance requires an adaptation strategy that shifts ORN response amplitude rather than
sensitivity, diverging from efficient coding principles in single neurons. This property supports contrast
encoding in ORN populations necessary for background compensation across the glomeruli.
Downstream, the modulation of presynaptic Uncl3 proteing maintains postsynaptic projection neurons
responses to ON stimuli background invariant. We identify a new coding strategy where olfactory
neuronal populations encode asymmetrically contrast information by implementing circuit
computations that compensate peripheral firing rate adaptation.

Introduction

Neural adaptation is an essential strategy of sensory systems that allows the encoding of stimuli over a
range of intensities exceeding the limits of the individual sensory cell'. To do so, neurons tune their
stimulus-response function to the relevant statistics of the stimulus®. For instance, efficient coding
theories at the single-neuron level predict that a shift in neuron sensitivity that matches the mean
stimulus optimizes the encoding of relevant information within the neuron’s dynamic range®. Such
shifts in sensitivity have been observed in several sensory systems, from audition to vision, in artificial
and natural conditions*™®. However, much less is known about the role of adaptation in odor coding.
The olfactory system is by design endowed with a large array of sensory receptors with different
affinities to the same odorant’®. When the stimulus intensity (concentration) increases, the more
sensitive receptors saturate while new ones with lower affinity are recruited. Therefore, the system as a
whole is rarely out of its broad dynamic range. While the benefits of adaptation in single neurons have
been widely discussed™®, the benefits of single neuron adaptation for population coding require a
deeper understanding. Studies in the visual cortex suggest that neuronal adaptation can improve coding
accuracy at the population level in a stimulus-dependent manner''. Here we investigate the function and
potential benefits of adaptation in populations of olfactory neurons.

In both vertebrates and invertebrates, the firing rate of Olfactory Receptor Neurons (ORNs) decreases
upon persistent stimulation'*™¥, inducing a change in their response curve. Yet, the coding function of
this adaptive change remains unclear. On one hand, a decrease in ORN response could lead to a decrease
in perception of the odor stimulus. However, the relationship between ORN adaptation and decreased
stimulus perception is so far correlative'® since a decreased behavioural tesponse to persistent odour
stimuli could derive from plasticity (e.g. habituation®*?*) in higher brain areas rather than from
decreased receptor sensitivity. On the other hand, adaptation of the sensory neurons could play a role
in odor-driven navigation. Behavioral studies in Drosophila suggest that flies can implement a
chemotactic strategy for odour-guided searching behaviour™?*'. In single cell organisms, such as
bacteria, chemotaxis relies on receptor adaptation for contrast computations®®. Such contrast
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computations could in principle also occur in the ORNs***", although the contrast sensitivity of these

neurons across a physiological range of concentrations is marginal®*°. Importantly, contrast
computation in single ORNs prior to the encoding of odor identity across the ORN population could
interfere with information transmission in downstream circuits.

To understand the role of peripheral ORN adaptation it is necessary to analyze odor coding principles
in downstream pathways. ORNs expressing the same chemosensory receptor send axons to the same
olfactory glomerulus, where they connect to projection neurons (PNs) in insects and mitral/tuft cells
(M/T cells) in vertebrates™®. Synaptic depression in these first order connections® and lateral inhibition™
mediated by local neurons (I.Ns) modulate odor representations in the insect antennal lobe™ (AL) and
in the vertebrate olfactory bulb®. However, a role of these two circuit mechanisms in adaptation has
not been investigated so far.

Here we combine computational and experimental approaches in Drosophila to understand how ORN
adaptive properties shape odor representations in populations of second-order olfactory neurons, the
PNs. We start with a computational analysis to show that the odor information encoded in populations
of ORNs depends on adaptation properties of single neurons. Specifically, an adaptive change in
response amplitude, rather than in response sensitivity, supports the encoding of both contrast and
intensity in a population of ORNs. We show that adaptation by a change in response amplitude is
required to drive the proper amount of feedback inhibition in the ORN presynapses to maintain calcium
responses invariant to background stimuli, undoing the effect of firing rate adaptation. This invariance
is specific for ON stimuli (increase in concentrations compared to the background) creating an
asymmetry between ON and OFF odor representations. Such asymmetric invariance persists in
postsynaptic PNs and 1s disrupted by mutation of a modulatory domain of Unc13, suggesting a role of
presynaptic plasticity in achieving the response invariance. We propose that adaptation in ORN firing
rates enhances the separation of ON and OFF stimuli in the downstream population of PNs, while
allowing a background-invariant representation of odor identity for ON stimuli which requires the
encoding of contrast information in ORN populations.

Results

Single neuron adaptation shapes odor information coding in ORN populations.

Adaptation has often been described in both peripheral and central sensory neurons as a mechanism that
tunes neuron sensitivity to the stimulus statistics. For example, adaptation to an increasing background
luminance leads to a shift in the response curve of fly photoreceptors towards higher luminances® . This
shift is consistent with the efficient coding hypothesis'® and implies that the neuron encodes contrast
rather than absolute luminance. ORNs in both insects and vertebrates do not seem to follow the same
adaptive strategy as visual neurons since they do not exhibit a shift in sensitivity (in the stimulus
domain), but rather a decreased response (in the activity domain) after adaptation to an odor background
(reviewed in **). An important difference between vision and olfaction is that stimulus sensitivity across
ORN3s is highly heterogeneous due to the expression of large odorant receptor repertoires, leading to an
early combinatorial encoding of odor information by the ORN population”® (Fig. 1a). To understand
how single neuron adaptation shapes odor coding at the population level, we simulated the response of
a population of ORNs under three different strategies for background adaptation (Fig. 1b): T) sensitivity-
shift (core mechanism in contrast-sensitive visual neurons), II) amplitude-compression and III)
amplitude-shift, the latter two being plausible based on measurements in ORNs'***. For each scenario,
we simulated the population response to increasing concentrations of a single odor presented in isolation
or after adaptation to a background of the same odor. For all three cases, we described the population
responses in a low-dimensional manifold focusing on its capability to encode either stimulus intensity
or contrast (relative to the background). If single ORNs adapt by shifting their sensitivity (Fig. 1¢), the
population responses lie on a one-dimensional manifold where the stimulus intensity strongly correlates
with the first principal component, which explains most of the response variance across all backgrounds
(Fig. 1d). Background adaptation leads to similar representations of iso-intensity stimuli (Fig. 1d, black
dots). Conversely, the encoding of contrast information in this population is ambiguous, as the same
contrast can be represented by very different representations (Fig. le, black dots). Therefore, an
adaptive strategy that allows the enceding of contrast in single neurons leads to population responses
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that retain mostly information about intensity. On the contrary, in a population of neurons that adapt
their response amplitude by a compression or a shift, odor representations lay on a 2-dimensional
manifold (Fig. 1f, i), allowing the parallel encoding of both intensity and contrast information (Fig. 1g-
h and j-k, black dots). These results generalize across different update rules for the parameters (see
Methods).

Altogether, we find that adaptation strategies at the single neuron level determine how odor information
is represented by the population. Importantly, a strategy that is commonly used in other sensory systems
(strategy [) performs poorly at encoding stimulus features such as contrast at the population level when
compared to adaptive strategies that modify response amplitude (strategies 1I and 111). This counter-
intuitive result has a simple explanation. When adaptation induces a shift in sensitivity, the total amount
of activity generated by the ORN population is the same across background conditions. Instead, when
adaptation leads to a change in response amplitude (a compression or shift), the total activity in neural
space decreases with background intensity. This shifts the representational space, creating a dimension
to encode contrast as combination of background and stimulus intensity. In the following we ask
whether and how this coding scheme is passed to or used by downstream neurons.

non-adaptated b 1. sensitivity Il amplitude 11 amplitude
SUI“U'I]S-V@SDOHSF} curves shift compression shift
background

@ no back adapted
= R
s}
o
0 —
Q ﬂ'

stim intensity

encoding of encoding of

adantati ON stimulus intensit ON stimulus contrast

Cc adaptation | d os ane Y e P

sensitivity shift

° - 3
w
c
S /
a #
] ; 2
= : &
i i o increasing
[§]
slim intensity g 3 background
PC193%
f adaptation Il g & . h
amplitude compression -
3 | =
5 ! 2 - increasing
& | 2 L background
o o
= O
a
. . PC1 50%
stim intensity
. . -
| adaptation Il ] = k
amplitude shift -
-
8 =
S B-Q - . .
a2 2 £ increasing
] o background
= 4 I_
PGC150%

stim intensity
Figure 1. Encoding of intensity and contrast in neuron populations with different adaptive properties. a) Simulated
stimulus response curves for a population of ORNs with different stimulus sensitivities (stimulus in log scale). b) Three
types of background-induced adaptation for individual neurons, implemented as a change in a specific parameter for each
adaptation case (see Methods). ¢) Response curves of the same neurons as in a) after adaptation to a background stimulus
indlicated by the dotted line. Adaptation to the background induces a shift of the response sensitivity towards higher
stimulus intensities. d) 2D-manifold of the population responses to stimuli of different intensity (color coded) in different
background adapted conditions. Black circles highlight an iso-intensity response curve across all backgrounds. e) Same
data as in d) but color ceded by stimulus contrast. Black circles highlight an iso-contrast response curve across all
backgrounds. f-g-h) as in e-d-¢) for a pepulation of neurons that adapt by a compression in amplitude. i-j-k) as in ¢-d-¢)
for a population of neurons that adapt by shifting their response amplitude.
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ORNs transform adapted firing rate responses to ON odor stimuli into
background-invariant calcium representations.

To understand the computational role of ORN firing rate adaptation, it is essential to examine how these
signals are processed in the olfactory glomeruli, where ORNs project their axons (Fig. 2a). We have
previously characterized the response dynamics of ORNs™ which we briefly summarize here. ORNs
exhibit phasic firing rate responses to an increase in odor concentrations, with activity peaking shortly
after stimulus onset and subsequently relaxing to an adapted steady-state. In the adapted state the
neuron’s response to subsequent odor stimuli is weaker (Fig. 2b, data from®®). This form of background-
dependent adaptation, typical of sensory neurcns, is observed at the dendritic terminals within the
antenna (Fig. 2a, b). The dendritic firing activity drives calcium transients in the axon terminals of
ORNs within specific glomeruli of the antennal lobe (Fig. 2a). We have previously shown that these
presynaptic calcium signals exhibit sustained, rather than phasic, dynamics (Fig. 2¢) and, importantly,
that their amplitude remains invariant to background odor levels despite adaptation of the firing rate
(Fig. 2¢ and more data in’®). Therefore, when odor stimuli are presented in isolation, presynaptic
calcium transients, assayed by fluorescence indicators, depend linearly on firing rate, but this
relationship is altered by background adaptation (Fig. 2d, data adapted from™). These findings led us
to hypothesize that presynaptic calcium dynamics and therefore synaptic release are regulated in an
activity-dependent manner,
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Figure 2. The undoing of firing rate adaptation at central synapses. a) Schematics of the olfactory pathway. Olfactory
Receptor Neurons (ORN) located in the antenna extend their axons to a specilic glomerulus in the antennal lobe and make
synapses onto Local Neurons (1.Ns) and uniglomerular Projection Neurons (PNs). PNs” axons innervate the Lateral Hom
and the calix of the Mushroom Body. The labels (b and ¢) indicate the location of recordings of the comesponding panels.
b) Top: Schematics of the stimulus protocol and firing rate response of the ab2A ORNs in control and back ground adapted
conditions {data adapted from*®). Botfom: schematics of the ORNs firing response in control and background-adapted
conditions. The circle indicates the mtensity of the background stimulus. €) Top: ORN calcium responses induced by an
odor pufl in control and adapted conditions measures from the ab2A ORN axon terminals in the corresponding glomerulus
DM4. Bottom: schematics of the ORN calcium response curve showing background-invariant responses. d) Mean firing
rate and mean calcium responses for odor pufts of different intensity tested in adapted (blue) and non-adapted (gray)
conditions (data from™®). The lines arc lincar regressions. Errer bars indicate SE

Activation of a single glomerulus is sufficient for background-invariant ORN
presynaptic activity.

Odor stimuli can recruit more than one ORN type, raising the question of whether the background
invariance of ORN presynaptic responses depends on multi-glomerular activation. We used an
optogenetic approach to restrict activity to a single ORN type (expressing the odorant receptor Or42b)
targeting the glomerulus DM (Fig. 3a). Using a combination of background and test stimuli, we show
that, as with odors, ON stimuli elicited the same response irrespective of background, while OFF stimuli
always lead to drops in calcium below the non-adapted response (Fig. 3b, ¢). We refer to this encoding
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145  property of the olfactory system as “asymmetric background invariance”. We further measured firing
146 rates from the abl sensillum that contains the Or42b-ORNs to verify that the firing rate responses are
147 actually adapted to the stimulus background (Fig. 3d). Optogenetic activation leads to lower firing rates
148  and a smaller dynamic range compared to odor stimuli (response saturates at around 40 Hz rather than
149  the usual 250 Hz). Yet, as with odors, background adaptation leads to a striking change of the dose-
150 response curve for both ON and OFF stimuli (Fig. 3d). We conclude that presynaptic calcium is
151  regulated such that both uni-glomerular (Fig. 3) and multi-glomerular (Fig. 2) odor representations are
152 normalized to achieve asymmetric background invariance.
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Figure 3. Asymmetric background-invariance in ORN upon optogenetic activation. a) Schemates of the
experimental protocol. b) Mean calcium respenses from ORN axen terminals in the glomerulus DM in control (black,
no background) and adapted (shades of red) conditions. Columns represent different background intensities, rows
different intensities of the test stimulus. Test intensities are: 0.01, 0.03, 0.055, 0.08 uW/mm? (from light to dark red).
The plots on the diagonal (gray quadrants), comresponds Lo the same intensily of the lest and background stimuli.
Quadrants above this diagonal, are OFT stumuli and quadrants below are ON sumuli, Boxplots show median, quartiles
and min/max values ol the response averaged in 3 sec aller simulus onset (N=4-5, ¥p<0.05). ¢) Mean response plotied
as a function of the test stimulus intensity, error bars indicate SE. d) Same as ¢) but for [iring rate responses (N=3). A
similar range of stimuli was used for the electrophysiology (pl-p6 = 0.06, 0.1, 0.2, 0.4, 0.7, 0.92 yW/mm?). Gray
boxes indicate the intensity of the background stimulus

153 Homeostatic feedback regulates ORN presynaptic calcium responses.

154  Next, we investigated the potential mechanisms that compensate the firing rate adaptation and achieve
155  ON background invariance. Specifically, we asked whether ORN presynaptic calcium is regulated in a
156  cell-intrinsic manner or through a circuit computation. To distinguish between these two cases, we
157  expressed the temperature-sensitive dynamin mutant shibire®in Or42b-ORNs to block neurotransmitter
158  release and measured odor responses at the same presynapses (Fig. 4a). To capture slower adaptive
159  processes, we presented the test odor 8 consecutive times (Fig. 4b). As expected, flies of the control
160  genotype showed tonic and background-invariant responses (Fig. 4¢). In contrast, blocking synaptic
161 release led to more transient and background dependent responses (Fig. 4d-f), reminiscent of firing rate
162 adaptation (Fig. 2a, b). Similar results were obtained for the glomerulus DL1 (Fig. S41a-d). Therefore,
163 ORN presynaptic calcium depends on other circuit components to compensate the change in firing rate
164  induced by background adaptation. Importantly, lateral inputs from other glomeruli, activated by this
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165  odor but unaffected by the manipulation (e.g. from DM4), are not sufficient to compensate adaptation
166 of the DM1-ORNs. Together with the optogenetic manipulations previously discussed, this data
167  provides further evidence for an intra-glomeruli mechanism.

168  ORN synapses release acetylcholine in the AL. Pharmacological block of acetylcholine receptors
169  (AChRs) also led to transient and background-dependent responses (Fig. 4g-j) for different
170 combinations of test and background stimuli (DL1, Fig. S2a-c¢), further indicating that the regulation of
171  the presynaptic calcium is not a cell-intrinsic property and requires a synaptic feedback loop. ORNs
172 make most of their synapses with PNs and LNs. Genetically silencing PN output had no effect on
173 presynaptic calcium in ORNs, excluding an output gain control mechanism (Fig, S41e-f). LNs form a
174 diverse population of inhibitory neurons mediating different types of gain control in the AL**, but
175  their role in the context of background adaptation remains unexplored. Pharmacological block of GABA
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Relative adaptation measure as the response ratio in adapted and control conditions. f) Response transiency measured as
the relative change in response at stimulus onset and offset (transiency=1-f e/ fone) N=7, 8. g) Calcium responses from
the DL1 glomerulus before and after drug application, Pure 2-butanone was used in airflow dilutions of C7 for the
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receptors led to similar effects as blocking of AChRs (Fig. 4m-p, and Fig. S2a), suggesting that
GABAecrgic LNs play a major role in tuning background adaptation in this glomerulus.

We observed similar or partial effects in other glomeruli (DM3, DM6 in Fig. S2b), but not in all (DL5,
Fig. S2). Some of this variability might be attributed to differences in drug penctration. However, DL3
recordings were obtained from the same preparation, on the same focal plane and with the same stimuli
as for DL 1, minimizing potential diffcrences in drug access. The background-invariant response of DL3
ORNGs is unaffected by the blockage of either AChRs or GABA receptors (Fig. S2a,b). Additionally,
thesc neurons display an unusual slow increase in baseline calcium across stimulus repetitions, forming
aramp resistant to drug application. This makes us postulate the existence of a cell-intrinsic mechanisms
for the regulation of pre-synaptic calcium in DL3.

Overall, our data indicate that, in many glomeruli, inhibitory inputs on the ORN presynapses are
necessary to mediate a form of input gain control that counteracts firing rate adaptation, making
responses to ON stimuli background invariant. Some glomeruli might implement a redundant or
alternative strategy relying on cell-intrinsic homeostatic control of presynaptic calcium.

An amplitude-shift adaptation mechanism is required to achieve background
invariance through inhibitory feedback.

192 We next asked how inhibitory feedback from the

a if’;:‘ggg;{ LNs can lead to invariant calcium dynamics across
ORNs—— PNs different background conditions. To address this
question, we implemented a dynamic model of the

\ calcium ORN presvnaptic calcium response where ORN

’ \ firing rates provide the excitatory inputs while LN

L i
|. sensitivity | sample

shift I test stim
_

drive the inhibitory feedback (Fig. 5a and

calcium response (a.u) Methods). We show that to achieve response

! invariance across all background conditions, single

‘ ORNSs must implement an adaptation mechanism of

l their firing rate that acts as a differential operator in

1 the responsc domain (Eq. 7 in Methods). Strikingly,

S this mechanism corresponds to the amplitude-shift

! adaptation mcchanism that we showed to prescrve

1 both intensity and contrast information at the

Il amplitude J l population level (Fig. 1i-k). To further understand

compression || ' \ the role of firing ratc adaptation for background

d ‘ invariance of calcium responses, we modeled ORN
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understand the interaction between divisive normalization and background adaptation, we also

implemented a stationary model of divisive normalization with an inhibitory input provided by adaptive
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LN neurons (see Supplementary Material). We show that also in this case background invariance is
guaranteed only for an adaptation mechanism that is amplitude dependent - in this case a combination
of both shift and compression (Fig. S3a).

Altogether, we demonstrated that inhibitory feedback can mediate ON background invariance only if
the input firing rate adapts by an amplitude dependent mechanism, highlighting a new computational
role of adaptation that deviates from efficient coding predictions at the single-neuron level.

Olfactory projection neurons inherit a background-invariant representation of
ON odor stimuli

To understand the relevance of these axenal computations in ORNs, we investigated whether
background adaptation is preserved in the postsynaptic neurons. ORNs make most of their synapses on
uniglomerular PNs. ORN-PN synapses undergo depression on both fast” and slow® timescales. We
reasoned that even a tonic activation of depressing synapses would result into phasic and adaptive
responses in postsynaptic neurons. Indeed, contrary to ORNs, PNs calcium dynamics are phasic (as also
shown in %), but surprisingly their responses to odors are independent of background adaptation, as in
the ORN axons (Fig. 6a).

To validate the generality of this observation, we explored a range of ON and OFF stimuli, i.e. odor
pulses higher or lower than the adapting background stimulus (Fig. 6a, b). PN responses to ON stimuli
had similar amplitudes independently of background adaptation (Fig. 6a, Fig. S4a), also for high
background concentrations (Fig. S4b). In contrast, OFF stimuli, even of small amplitude, always
produced large decreases in caleium (Fig. 6b, Fig. S4b, ¢). To capture the transition between ON and
OFF responses irrespective of experimental noise in the generation of the stimuli, we quantified relative
adaptation as a function of contrast. We use response contrast (defined as the relative difference
between the response to the control pulse and the response to the background) as a proxy for stimulus
contrast and define relative adaptation as the relative difference in the response to the pulse between
control and adapted conditions (Fig. Sdc). Zero contrast means that the tested stimulus equals the
background, and zero adaptation means that PNs respond in a background-invariant manner. By binning
the single trials based on contrast value, one can capture the sharp transition between ON and OFF
stimuli (Fig. 6¢), which demonstrates background-invariance only for ON stimuli in the PN dendrites.
Responses to OFF stimuli instead fall much below the non-adapted response also for very small contrast
values. Therefore the asymmetric background invariance of ORN axonal calcium is preserved in PNs.

These observations contrast with a previous study that described background adaptation in PNs firing
rates®®. This could be attributed to a more precise control of test and background stimuli in our
experimental setup (Fig. S4f, g). However, it could be also due to the different measures of neural
activity: calcium versus voltage. PNs’ subthreshold potentials and firing rates follow a linear
relationship™, therefore, to support our observations, we performed optical voltage recordings from
their dendrites. Using the voltage sensor ASAP2s™, we show that PN dendrites depolarize similarly
(Fig. 6d, DM]1) or even slightly more (rather than less, Fig. S4d, e, DM2 and VM7d) when odor stimuli
are presented on a background (ON stimuli). Consistently with calcium measurements, OFF responses
are not background invariant (Fig. 6d). Finally, we asked whether these properties are preserved in the
PNs output. Calcium imaging from the axonal innervations of PNs in the LH shows phasic and
background invariant odor responses (Fig. 6e) further supporting the relevance of these dynamics for
information transmission.

We conclude that both PNs’ dendritic and axonal activities encode a background-invariant
representation of ON odor stimuli overcoming the background adaptation of ORN firing rates™'* and
the depression of ORN-PN synapses™ ~°,
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Figure 6. Asymmetric background-invariance of PN responses. a, b) Schematics of the stimulus protocol and caleium
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AF/F, shaded area SE, N=9-11. The arrows indicate the control (Feenrrol, green), background (Fuack, black) and test responses
(Fieat, 0live) used to deline the contrast stimulus and relative adaptation. ¢) fop: Relative adaptation as a function of contrast
for each single trial, including two independent datasets recorded from two different glomeruli. Relative adaptation is
defined as (Fies-F controlVFcontrol. Since stimulus concentrations are too low to be measured, we use response contrast as a
proxy for stimulus contrast (Fies-Fuack)/Foace under the assumption that the response is monotonic. Boffom: relative
adaptation averaged in bins of contrast; color coded by glomerulus type. Low and Aigh indicate two different datasets
where different ranges of backeround concentration where used (N=9-11, see also Fig. S4). d) Control and background
adapted responses measure in DM using the voltage sensor ASAP2s. Thick lines indicate the mean AF/F and the shaded
arcas SE. Liquid dilution of methyl acetate is 102, flow dilutions arc B6C9 for ON stimuli and BOC6 for OFF stimuli,
N=10. Boxplots represent median, quartiles, min‘max values and outliers e) Calcium responses measured from the PNs
axons in the LIL, N=6. Odor stimuli were chosen to excite a single glomerulus (DM4, B5C3 with 10 and 106 liquid
dilutions).

PN’s background invariance requires modulation of ORN synaptic release.

Next, we asked how the depressing ORN-PN synapses could preserve background invariance. One key
difference between presynaptic ORN and postsynaptic PN calcium is their dynamies: tonic in ORNs
and phasic in PNs. We reasoned that tonic levels of presynaptic calcium — induced by the sustained
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background - might be associated with enhanced engagement of the neurotransmitter release machinery
(Fig. 7a). Conserved Uncl3 proteins mediate several types of presynaptic plasticity (e.g. short-term
facilitation and fast and long-term potentiation)**™. The two Uncl3 splice variants, Unc13A and
Uncl3B, are differentially organized at the ORN-PN synapses and mediate different postsynaptic
currents *%. Unc13-dependent plasticity has been linked to three domains that can be modulated directly
or indirectly by calcium: the Ca*'/calmodulin binding CaM domain (only present in Unc13A), the C1
domain binding diacylglycerol (whose metabolism is Ca’*-dependent), and the C2B domain, that binds
phosphoinositides in a Ca’**-dependent manner**. The C1 and C2B domain were shown to exert
autoinhibition on the vesicle priming reaction, which makes vesicles responsive to action potentials®.
Activation of the Uncl3-C1 domain enhances action-potential induced transmitter release and
diminishes multiple forms of presynaptic plasticity (i.e. short-term facilitation, post-tetanic potentiation,
and homeostatic potentiation)’”". A single amino acid exchange (H—>K) in the C1 domain
reconstitutes this enhanced potentiation and blocks synaptic plasticity (short term facilitation and
potentiation) “"****_ We used the Unc13-C1"* mutation to test if ORN presynaptic plasticity is required
to achieve background invariance. We used three stimulus conditions combining two concentrations of
the background and test stimulus which, in control flies, led to background-invariant responses in both
DL5 ORNs and PNs (Fig. 7b, c¢). It should be noted that in this glomerulus the background
compensation 1s initially overestimated, and background invariance is achieved only at the second odor
pulse. Such invariance was lost in Unc13-C1™ mutants for two of the three stimulus conditions tested
(Fig. 7d). We did not see major effects of the C1 domain mutation for the high contrast condition, which
indicates that the caleium modulation probably involves more than one mechanism. Comparing control
and mutant flies across three different glomeruli (including DL1 and DM4), we observed significant
effects of the mutation on relative adaptation for most stimulus conditions tested (Fig. 7e). Unlike
expected from a loss of function of Unel3 in ORNs*, the C1 gain-of-function mutation had no
significant effects on the controls and specifically affected only the response to background adapted
stimuli (Fig. 7f). This indicates that only activity-dependent modulation of the domain 1s disrupted,
while synaptic transmission itself is not impaired or attenuated in this context, consisted with enhanced,
but non-plastic synaptic transmission at the larval NMI"V.

Overall, we conclude that modulation of Unc13 proteins is necessary to keep PN postsynaptic response
background invariant and stable over time. This pathway might act redundantly or synergistically with
other calcium-dependent modulations of presynaptic function.
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Figure 7. Unc13-C1 domain is required for background-invariant PN response. a) Schematics of hypothesis. b) Mcan
calcium response from ORN axon terminal to 8 odor pulses in control and adapted conditions for three combinations of
background and test stimuli. Shaded arcas indicale SE. Right, quantification of thc mean responsc (o cach odor pulse. ¢,d)
same as b) for PNs in control and Unc12-C1H* mutant flics (WT N=06-7, mutant N=7-11). ¢} Background adapted response
divided by the control for cach stimulus condition tested in three different glomeruli. For DL5 and DL1, pure 2-butanone
was used for background and pulse. For DM4, we used methyl acetate with liquid dilution of 105,10 (B5CS and B5C6)
and 10-*.10* (B3C3). Bar plots are generated from all flies measured and all 8 puffs in each trial (DL1: control N= 6-7,
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CI1™ mutant flies for 8 consecutives odor puffs in control adapted conditions. Error bars indicate SE.

A population code with asymmetric background invariance

Having identified the mechanisms that ensure background invariance in PNs, we ask how odor
mnformation is represented in the background-invariant population responses of PNs compared to the
background-dependent population rates of ORNs. We model ORNs based on their peripheral firing
dynamices using the amplitude-shift model of adaptation (as in Fig. 1i) with the update rule that ensures
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background invariance (Fig. Sd and Eq. 8 in Methods). We model individual PNs as background
mvariant and using gaussian noise to recapitulate their sharp response transition between ON and OFF
stimuli (Fig. 6¢) which we attribute to low signal-to-noise in their input (Fig. 85 and Methods). As
shown in Fig. 1 for ON stimuli, a population of ORNs encodes both intensity and contrast information,
but the odor representations shrink close to zero contrast leading to a continuous transition to OFF
stimuli (Fig. 8a, b). On the contrary, the response space of the PN population exhibits a discontinuity
that separates ON and OFF stimuli across different backgrounds while preserving a background-
invariant representation of ON stimuli (Fig 8c).

Since the background-invariant responses of PNs do not encode contrast explicitly at the population
level, there is a remaining question of why ORN populations should encode this feature. We have shown
both expenmentally (Fig. 3) and computationally (Fig. 5) that finng rate compensation can be
performed in a glomerulus-intrinsic manner. However, when multiple glomeruli are active, background
mvariance must be achieved in a coordinated way across the AL, We ask whether this task could be
achieved by multiglomerular LNs that would be able to read out both intensity and contrast information
from ORN activity (Fig, 1). LNs mediate a form of normalization that relaxes the non-linearity of the
ORN-PN transformation®***. This normalization is mostly presynaptic®** and relies on a measure of
overall activity across receptor types. We studied the effects of such normalization by including an
interglomerular LN to the local ORN-PN circuit (Fig. 8d and Methods). Adding this interglomerular
normalization factor enhances the encoding of low contrast sumuli in ORNs (Fig. 8e). We show
analytically that with this normative input at the presynapses, ON background invariance of the PNs
response can only be achieved by the amplitude-shift mechamsm if multiglomerular LNs encode
contrast information, in agreement with our hypothesis (Methods). Remarkably, in the absence of
background stimuli, the encoding of contrast equals the encoding of mntensity consistently with reported
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Figure 8. Combinatorial representation of ON and OFF stimuli in ORN and PN populations: a) Schematics of the
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of ORNs with different stimulus sensitivities in control ({¢p) and background adapted conditions (botton). b) 2D-manifold
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as b) for PNs, but responses are color-coded by stimulus intensity. PNs ON background-invariance was modeled as described
in Fig. 84. d) Schematics of the circuit model that implements both syvnaptic compensation and interglomerular normalization.
Right: response curves for a population of ORNs with different stimulus sensitivities in control (top) and background adapted
conditions (bottom). ¢) Samc as b) but responscs of singlc ncurons arc normalized by a term proportional to simulus contrast.
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normative function of the LNs*. Using a divisive rather than a linear model of lateral inhibition leads
to similar results (Supplementary Material, Appendix 1 and Fig. S3).

Overall, we propose that the AL implements a circuit computation that extracts contrast information
encoded in ORNs to enhance the discriminability between ON and OFF stimuli in postsynaptic PNs
while preserving information of odor identity for ON stimuli.

Discussion

Odors are detected by single sensory neurons that work combinatorially to represent complex natural
stimuli at the population level. Despite the key role of adaptation for information coding in both single
neurons and neuronal populations, the adaptive properties of the olfactory system downstream of the
receptors have been largely overlooked. In this work, we investigated adaptation as a coding strategy
of single ORNs that shapes the encoding capabilities of olfactory neural populations. By combining
experiments and computational models, we identified a novel property of the olfactory pathway that we
defined as asymmetric background invariance. We show that the adapted firing responses of single
ORNs are compensated to achieve an asymmetric representation of ON and OFF contrast stimuli, where
ON responses are background invariant while OFF responses collapse in the representation space of the
downstream populations, the PNs. Mechanistically background invariance requires a feedback
compensation induced by ORN synaptic release and involves a GABAergic inhibitory pathway that
modulates ORN presynapses. We propose that this feedback compensation facilitates vesicle release
through interaction with the Unc13-C1 domain, which stabilizes the background invariance of the PNs.
The PN population therefore preserves ON stimulus identity necessary for downstream computations.

The role of adaptation at the single neuron and population level.

Efficient coding principles provide an explanation for how single sensory neurons adapt their response
function to changes in stimulus statistics over behaviorally**! or evolutionary’*™? relevant time scales.
Similar principles have been used to understand how the response function of neurons in a population
should adjust to tile the stimulus space in a flexible manner®. This is of particular importance to
understand coding principles in the olfactory system, which uses a repertoire of receptors to detect and
discriminate odors within neuronal populations. Receptor repertoires are tuned, through evolutionary
times, to the ecology of the animal®, leading to efficient sensory codes in the ecologically relevant
stimulus space®. A similar adaptive strategy also applies on shorter timescales. For instance, the
expression levels of the receptors are plastic in mammals, providing a mechanism to optimize the
composition of a receptor repertoire to changes in the environment®.

Similar adaptive changes in the coding capability of a receptor repertoire could in principle oceur also
on shorter time scales, but there is limited evidence of such a strategy in the olfactory system®. In this
work, we provided evidence that the fly olfactory system does not adapt the odor representation to the
background. Rather, it implements mechanisms that keep odor representations robust with respect to
changes in the background. While efficient coding theories of single neurons predict the conventional
sensitivity-shift strategy widely observed in the visual system, both ORNs and PNs do not follow this
principle. ORNs adapt by modifying their response amplitude (and not their sensitivity), which ensures
the compensation necessary to achieve ON background invariance in downstream neurons, the PNs.
Therefore, even though a persistent stimulus (the background) induces synaptic depression and a
corresponding decrease in postsynaptic activity®®, it also primes the synapses to respond to ON stimuli
as strongly as in the absence of background. The mechanisms underlying adaptation involve inhibitory
feedback potentially provided by LNs. Both dynamic and stationary models for ORN adaptation
through inhibitory feedback confirm the role of an amplitude-based adaptation that can come as a single
amplitude shift or as a combination of both amplitude-shitt and -compression.

Our findings raise the question of why ORNs would adapt at all if the goal was to encode absolute
stimulus intensitics. We argue that firing rate adaptation is beneficial to the asymmetric encoding of
ON and OFF stimuli, where only ON stimuli preserve stimulus identity, while OFF stimuli collapse
into a low-response state. Such asymmetry would not be possible if the ORNs simply encoded stimulus
intensity. From a more speculative perspective, another potential benefit of adapting firing rate and then
compensating it downstream could be a lower total energetic cost of sending information through the
brain with no loss. However, further work is necessary te assess whether the synaptic computations that
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compensate firing rate adaptation are indeed less energetically costly than implementing a non-adaptive
spiking code.

The role of asymmetric odor encoding downstream of PNs.

PNs send odor information to both the LH and MB, contributing to higher order computations. Odor
representations in the Kenyon cells (KCs) of the MB are used to form associative memories based on
the co-occurrence of an odor and a reinforcement™. For memory retrieval, it is critical that the same
KCs are activated by the conditioned stimulus in training and test phase and therefore it is critical that
the odor is represented independently of possible backgrounds. Altogether, memory retrieval provides
a potential function for background-invariant encoding in PNs. Consistently with this hypothesis, a
recent study showed that locusts leamn in a background-invariant manner®, suggesting that the MB has
access to a background-invariant representation of odors.

Odor cues are used not only to evaluate, but also to explore the environment. Animals use odor
gradients®*°, plume statistics®”** and odor motion® to direct their behavior in complex olfactory
environments. These computations require the detection of gradients and contrast in an odor-specific
manner. It is plausible that such computations do not occur in the AL, where odor representations are
formed, but in downstream neurons that can read out a population response from the AL to then compute
stimulus-specific information on contrast. The LH provides the cellular complexity’™! to perform odor-
specific computations in parallel”?, including the encoding of contrast’. We suggest that the encoding
of background-invariant ON responses through the compensation of ORNs adaptation 1s essential for
downstream stimulus-specific computations that drive key behaviors in flies. These computational
requirements do not generalize to OFF stimuli, which have a very different relevance for the fly
behavior compared to ON stimuli, leading to an explorative search rather than an oriented behavior *7*.

Cell intrinsic and circuit mechanisms that maintain ON stimulus invariance.

Asymmetric background invariance is the most robust observation we made across all our
measurements in both ORNs axons and PNs dendrites. However, we also encountered differences
across glomeruli. Firstly, ORN calcium dynamics range from being slightly phasic (DM1), completely
flat (DL1), to slightly ramping up (DL3). This secems to correlate with background invariance to be
achieved already on the first (DM]1), or only on the second or third (DL1, DL35) odor pulse. Moreover,
we showed that background invariance of DM and DI 1 ORNs requires synaptic transmission, whereas
DL3 background invariance does not. Moreover, blocking GABA receptors has differential effects
across glomeruli, which unlikely can be attributed solely to differences in drug penetration. Glomeruli
such as DL5, which do not receive substantial GABAergic inputs under the condition tested, may
instead rely on cell-intrinsic mechanisms - for example the regulation of internal calcium storages’.
In other glomeruli, these intrinsic mechanisms may act in combination with feedback inhibition, which
1s recruited in a stimulus-dependent manner.

In all tested glomeruli, we find that a gain-of-function mutation of the Unc13-C1 domain, Unc13-C1%¥,
occludes PNs background invariance. So far, we do not have direct evidence that plasticity involving
Unc13 i1s mediated by the tonic and background-invariant presynaptic calcium nor that it i1s downstream
of lateral inhibition. However, our current working model postulates a link between presynaptic calcium
regulation and enhanced vesicle priming. As the Unc13-C1™ mutant does not abolish background
invariance for all stimulus conditions, other calcium-dependent mechanisms are likely involved in this
plasticity, perhaps through modulation of other synaptic proteins (e.g. synaptotagmin-3 or -77).
Overall, our data suggest a key role for presynaptic plasticity in PN background invariance, linking the
same molecular pathways usually studied under artificially induced homeostasis*®™"® to sensory
computations in natural conditions. At ORN-PN synapses, the homeostatic set point is the non-adapted
response. Differently from other models of synaptic homeostasis, the feedback compensation is not
calculated based on synaptic output (PN response) but based on the input drive to synaptic release (ORN
firing rate). This synaptic strategy is, to our knowledge, unique in its design and perhaps specific to the
computational demands of the olfactory system.

14

48



bioRxiv preprint doi: https://doi.org/10.1101/2024.09.26.614457; this version posted August 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the authorfunder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

441

442
443
444
445
446
447
4438
449
450
451
4352
433
454
455
436
457
458
459
460
461
462
463
464
465

466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

4 Manuscripts

made available under aCC-BY-NC-ND 4.0 International license.

The undoing of a neural computation: evolutionary considerations

Undoing an upstream computation is rather an uncommon observation that becomes counterintuitive
from an efficient coding perspective, where computations are expected to optimize information
processing across neuronal layers. However, if we look at neural circuits as ongoing projects of
evolution that continue to adapt to optimize behaviorally relevant trade-offs”*°, more examples of
undoing can be found. For example, some amacrine cells in the visual system undo the color opponency
calculated in upstream neurons to preserve the balance between opponent and non-opponent units in
the retina® such that both types of information are transferred in downstream neurons. The logic of this
computation could result from the order in which these mechanisms evolved (discussed in™").

From an evolutionary perspective, the olfactory system is designed to ensure adaptability, which is
implemented primarily by the evolution of chemosensory genes. Our considerations focused on the
combinatorial aspect of odor coding, and therefore the fact that stimuli are encoded in populations of
sensory neurons, with identity defined by the OR they express. However, this system evolved from an
ancestor that expressed only one or few ORs™. In such a low dimensional system, firing rate adaptation
might not only have been parsimonious, but also an efficient strategy for odor encoding, as it is the case
for visual neurons. The olfactory system might have selected for mechanisms that support background
invariance only after the emergence of a combinatorial coding strategy with multiple ORs.

Olfactory systems also evolved specialized channels that encode unique chemicals, such as
pheromones® or harmful substrates™, crucial in certain ecological contexts. These stimuli therefore do
not rely on a population code and might implement different strategies for adaptation. A combination
of mechanisms can be therefore expected within the same sensory system depending on the function of
specific subcircuits. Further insight into these questions might benefit from the study of downstream
areas like the LH that read out combinatorial or specialized representations for behavioral-relevant
computations.

Material and methods

Experimental model / fly husbandry

All flies were kept on a standard molasses-based food at 25°C and on a 12h:12h light-dark cycle or at
room temperature in the laboratory. For optogenetic experiments, flies were kept in the dark and on
food that was supplement with 1mM all-trans retinal (Sigma-Aldrich, Table S1) for at least 4 days
before experiments. For shibire™ experiments, flies were incubated for at least 1h at 36-37°C before the
start of recordings, which lasted a maximum of 45min. Female flies were used for all experiments. The
complete genotypes are given in Table S2.

Fly mutagenesis Unc13-C17%

The mutation of the Uncl3-C1 domain was based on the corresponding mutation of the mouse
homologues Munc-13-1 where histidine 567 was changed to lysine™. Sequence alignment with
Drosophila Unc13A identified histidine 1723 as the relevant target. Note that the two Drosophila splice
isoforms Unc13 A and Unc13B harbor a C1 domain® and that this modification therefore affects both.
CRISPR-mediated mutagenesis was performed by WellGenetics Inc. using modified methods of Kondo
and Ueda® to generate a break in unc-13/CG2999. A PBacDsRed cassette containing two PBac
terminals and 3xP3-DsRed and two homology arms with point mutations (one to induce the amino acid
change and one to introduce a TTAA sequence to recognize proper integration on the other homology
arm) were used for repair. The DsRed marker was intermittently used to identify flies with successful
integration events in the F1 generation. The marker was later excised and the presence of the point
mutation and successful removal of the cassette in the final fly line validated by PCR and sequencing
from genetic DNA.

In vivo calcium imaging

Flies 6-10 days post-cclosion were anesthetized on ice and mounted on a custom holder using the
Bondic repair system (Bondic cartridge with Bondic liquid plastic and Bondic UV-LED). The proboscis
was secured, and the maxillary palps were covered using low melting temperature wax. Saline solution
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(5mM Hepes, 130 mM NaCl, 5SmM KCI, 2 mM MgCI2, 2mM CaCl2, 36 mM Saccharose — pH 7.3) was
added and the cuticle covering the fly’s brain, as well as obstructing trachea and fat tissue, were
removed.

Functional imaging was performed on an Investigator two-photon microscope (Bruker) coupled to a
tunable laser (Spectraphysics Insight DS+) with a 25x/1.1 water-immersion objective (Nikon). Laser
excitation was tuned to 920 nm, and less than 20 mW of excitation was delivered to the specimen.
Emitted light passed through a SP680 short-pass filter, a 560 Ipxr dichroic filter and a 525/70 filter.
PMT gain was set to 850 V. The microscope was controlled with the PrairieView (5.4) software.

Stimulation

Test and control stimuli were 5 sec long, background stimuli were 15 sec. In Fig. 4,5,6, test and control
stimuli were repeated 8 times with 10 sec between repetitions.

Optogenetics: light from a 625 nm LED was directed to the fly’s antenna using an optic fiber. The LED
was controlled by the imaging software and activated during the laser flight-back, allowing
simultaneous acquisition and excitation. In electrophysiological experiments, the LED was controlled
by an Arduino board.

Odor delivery: a flow of clean air was presented to the fly continuously (11./min). To this main airflow,
either an odor (odorant airflow; 100mL/min) or more clean air (balancer airflow; 100 mL/min) was
added through a solenoid valve (LEE), so that the final airflow reaching the fly was always around
1.1L/min. To create the gas dilutions for the odorants, four mass flow controllers (MFCs) were used
(Analyt-MTC) and controlled using a custom MATLAB (MathWorks) script and an Arduino board.
Another 3 MFCs were required to keep the constant airflows for the main airflow and the balancer
airflows. Odors were prepared in 20ml glass vials as a liquid volumetric dilution with a total volume of
5 mL in mineral oil. Airflow dilutions used are described in Table 53. Liquid dilutions were prepared
in 20 ml glass vials always to a total volume of 5 mL in mineral oil.

Electrophysiology

Single-sensillum recordings were performed as previously described' using a silver-chloride electrode
and glass pipettes filled with sensillum lymph ringer. Electrical signals were amplified using an
extracellular amplifier (EXT-02F-1, npi) with head stage (EXTEH), bandpass filtered (300-5000 Hz),
digitized at 20KHz using a NI board (NI-6212). Data were acquired with the MATLAB toolbox
kontroller” (https://github.com/emonetlab/kontroller). Spikes were sorted using a custom MATLAB
script. Odor delivery: flies were exposed to a constant airflow (11./min) and an odor stimulus was
delivered by switching a 3-way solenoid valve that directed a secondary airflow (100 mI/min) through
a Pasteur pipette as in'**. The pipette contained a filter paper with 50ml of the odor dilution. Volumetric
odor dilutions were prepared in cither mineral oil or MiliQ Water. Stimuli were controlled by custom-
made software in MATLAB and Arduino.

Pharmacology

Acetylcholine receptor blockage was performed using 100 pM atropine + 20 uM tubocurarine + 200
nM imidacloprid (IMI). Stock solutions of 2 mM atropine and 20 mM tubocurarine were prepared in
water and aliquoted and frozen at -20°C. Stock solution of 1 mM IMI was prepared in DMSO and kept
at room temperature. Final solution was dissolved in saline solution used for in vivo calcium imaging
and kept at 4 °C. For controls, instead of the drug solution, vehicle solution was applied, consisting of
the saline solution previcusly mentioned with 3.1% water + 0.02% DMSO. It was also kept at 4 °C.
GABA receptor blockage was done using 25 uM CGP54626 + 5 uM picrotoxin (PTX). Stock solutions
of 25 mM CGP54626 and 100 mM PTX were prepared in DMSQO, aliquoted and kept at -20°C. Final
solution was dissolved in saline solution used for in vivo calcium imaging and kept at 4 °C.

For all pharmacology experiments, flies were prepared for in vivo calcium imaging as explained before,
with the addition of a final step during dissection where the brain was de-sheathed. All flies were imaged
before application of drug solutions with the same stimulation protocol used after drug was added in
bath application.

For acetylcholine receptor blockage experiments, normal saline solution was replaced by 100 uM
atropine + 20 pM tubocurarine + 200 nM IMI solution 2 consecutive times and then again 10 min after.
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Recordings were started 20 min after the drug solution was initially applied. Vehicle solution was
applied in the same manner to control flies.

For GABA receptor blockage, normal saline solution was replaced by 25 uM CGP54626 + 5 pM PTX.
This was repeated 1 min, 2 min and 10 min after this initial drug application. Recordings were started
40 min after the drug solution was initially applied.

Adaptation model: population response
For a population of ORNs, we model the peak firing rate of each individual neuron { , F(s), as a
function of the odor stimulus, s , as

Fi(s) = a; w_yi (1)
where we have included an explicit dependence on the parameters o;, §; and y; that control the
amplitude-compression, sensitivity-shift, and amplitude-shift adaptation respectively. Neurons within
the population are set with an initial random stimulus tuning f; and equal parameters o; = o andy; =

y. The adapted firing rate, F’;(s), is described by the same equation but different parameters, ', &’;
and ¥';, which are updated in a background response-dependent way. For the simulations in Fig. 1, we
used the update rules,

L pi= Bi+cg F(sp) fixed a;,y;
. a; = a;—c, F(sg) fixed B, y; (2)
ol ' = y; +¢, Fsp) fixed o, B;

with ¢, = ¢, = 0.8 and ¢g = 1. Our results in Fig 1 show that the adaptation mechanisms II and III
(response domain) lead to a population code whose variance is mostly explained by two main principal
compenents. Yet, for the mechanism I (sensitivity domain), only ene component is needed. We tested
the generality of these results for a larger set of weight parameters cg, ¢, ¢, € {0.5, 0.6, ..., 1.5} for
which we quantified the ratio of explained variance between the two first principal components. For
each adaptation mechanism we got the ratios r3 = 1546 + 0.76,1, = 1.62 £ 0.53 andr, = 1.63 £
0.51, where the error corresponds to the std across all the different weight parameters. Ratios near to
unity indicate that both principal components contribute significantly to the population response, while
large ratio values indicate a predominant representation of the first principal component. Altogether,
we show that the results shown in Fig. 1 hold for different weights in the update rules of Eq. (1) and
Eq. (2).

Adaptation model: firing rate and calcium response

We model the ORN calcium response R as a linear function of the difference between the ORN firing
rate, Fg(s, £),and an inhibitory rate, F; (s, £),coming from LNs:

R[F(s,0)] = a- [Fg(s,£) — Fy(s, )], (3)

where a 1s the is the proportionality factor between calcium and firing rate in absence of background as
shown in Fig. 2e. We model the dynamics of each ORN firing rate as the exponential process:

Fus.0=F9 [ () +1) "

where Ty is the excitatory time constant, F(s) is the firing rate described by Eq. ( 1) and [ is the
excitatory baseline. We consider the inhibitory drive to have similar dynamics, inherited from the ORN
responses, but a different baseline, thatis t; = T and Iz — I; = A; = 0.05 respectively. Note that here
we do not model the LN firing dynamics, but a general inhibitory input to the pre-synapse. While some
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593 LNs types have been shown to have more transient activity®, this inhibitory drive could result from
394 specific subtypes or from the signaling cascade downstream of the receptors®.

395 Using Eq. (4) under these excitatory and inhibitory response conditions, the calcium response of Eq.
396  (3) becomes proportional to the difference between the excitatory and inhibitory rates, that is,

597

R[F (s, )] = ah,F(s). (5)
398
399  The calcium sustained response to a given stimulus s in the presence of a background, sg, is
600  proportional to the sum of the sustained calcium response to the background and the stimulus caleium

601  response after the firing rate is adapted, that is,
602

RIF(s, 55,8)] = RIF(s5, )] +RIF'(s5,0)]. (o
603
604  The background invariance of ORN calcium responses implies that R[F(s,s5, £)] = R[F(s, £)] for any
605  background. By using Eq. (5) in Eq. (6) we obtain that the adapted firing rate response F'(s) has to
606  satisfy:
Fi(s) = F(s) — F(sp) - (7
607

608  This implies that firing rate adaptation has to occur as a change in the response domain rather than in
609  the stimulus domain. Using the firing rate model defined in Eq. ( 1), we calculate the adaptation rules
610  that satisfy this calcium invariance for each type of adaptation strategy. Specifically, we calculate the
611  adapted value of the parameters that control sach of the three adaptation mechanisms considered:

612
pB’'= s —tanh™! [2 (@ + y) - 1] for sensitivity-shift

a' = a [1 — F;(SS) for amplitude-compression (8)
Y =v+ % for amplitude-shift

613
614  This demonstrate that the only adaptation mechamism that depends uniquely on the background
615  adaptation response and satisfies the calcivm invariant condition is the amplitude-shift adaptation. The
616  other two mechanisms require information of both the adapted and non-adapted responses, which are
617  not accessible simultaneously to the circuit.
618
619  Adaptation model: effects of inter-glomerular activity
620  Tounderstand how inter-glomerular activity further shapes the adapted responses of ORNs, we modeled
621  asecond inhibitory mechanism that reads out odor information from the population of ORNs and acts
622  atthesingle ORN level (see Fig. 8). Specifically, we introduce in our model an LN neuron that connects
623  to several glomeruli”** and provides an inhibitory input to the presynaptic terminals. This can be
624  formalized by modifying Eq. (3) as,
625
R[F(s, )] = a-[Fs(s,0) — Fi(s,t) — F;(s,0)]. (9)

626
627  where F; (s, t) = ¥; w; F; (s, t) corresponds to the LN term that integrates the ORN population activity.
628  Assuming that the dynamics of the global feedback is slower than the dynamics of the local feedback,
629  our previous arguments hold up to Eq (6). Similarly, as we did before, we use Eq. (9) to write a new
630  relation between the caleium responses of non-adapted and adapted ORNs:
631

Fi(s) = F(s) — F(sg) — Fg(s) + Fg(sg) + F'(s) (10)
632

18

52



bioRxiv preprint doi: https://doi.org/10.1101/2024.09.26.614457; this version posted August 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the authorfunder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

633
634
635
636
637
638

639
640
641
642
643
644
645
646
647
648
649
650
651
652

653
654
655
636

657
658
659
660

661
662
663
664
665
6606
667
668

669
670
671
672

673
674
675
676
677
678
679

4 Manuscripts

made available under aCC-BY-NC-ND 4.0 International license.

We showed in Fig. 1 that a population of ORNs encodes both stimulus intensity and contrast in a two-
dimensional manifold, making it possible for two downstream neurons to extract such an information
as a linear combination of single ORNs. Consequently, if we assume that the LN neuron that connects
to multiple glomeruli extracts contrast information from the population, we can write F;(s) = 5 — 55,
which at zero background equals the stimulus intensity. We can then write Eq. (10) as,

F'(s)= F(s)— F(sg) —s+sg+5—5g, (11)

showing that the amplitude-shift mechanism continues to support ON-background invariance if contrast
information is extracted from ORN populations by inter-glomerular LNs. In the absence of an odor
background, the encoding of contrast information equals the encoding of the intensity value, which is
in agreement with the literature on the role of inhibitory LNs™"*%,

PN model of asymmetric background invariance

We show that PNs inherit the ON background-invariant responses from ORN calcium responses.
Consequently, we model the adapted responses of PNs in the same way as for the calcium responses of
ORNs (Fig. 5). To account for the sharp but continuous transition from OFF to ON responses near small
contrast stimuli (Fig 6¢), we implement a noise model for the relative adapted responses of PN neurons
with a probability N(s — s, ), where s is the background stimulus and o is the noise standard
deviation. We show that this noise model reproduces the transition from OFF to ON stimuli observed
in the experiments (Sec 54). We then use this model to simulate the adapted responses of PNs (Fig. 8c).

Data Availability

All data are available in the main text or the supplementary materials. Raw data, scripts and software
for data curation and analysis have been deposited in Zenodo and are accessible at
10.5281/zenodo.15937307.

Code Availability

Additional resources are available on GitHub
https://gitlab.rlp.net/mrtlllab/brandao_ramirez_adaptation2024
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Table $1: Key resources
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Reagent or Resource Source | Identifier

Chemicals

Methyl acetate Sigma-Aldrich Co Art. #45999, CAS 79-20-9
2-butanone Carl Roth Art. #T920.1, CAS 78-93-3
Mineral Oil Sigma-Aldrich Co Art. #330779, CAS 8042-47-5
CGP 54626 hydrochloride Tocris Bioscience Art. #1088, CAS 149184-21-4
Picrotoxin Sigma-Aldrich Co Art. #P1675, CAS 124-87-8
Atropine Sigma-Aldrich Co Art. #A0132, CAS 51-55-8
Tubocurarine Sigma-Aldrich Co Art. #12379, CAS 6989-98-6
Imidacloprid Sigma-Aldrich Co Art. #37894, CAS 138261-41-3

All trans retinal

Sigma-Aldrich Co

Art. #R2500, CAS 116-31-4

Bondic cartridge with Bondic liquid | Bondic Art. HBONKART
plastic
Bondic UV-LED Bondic Art. #BONLED

Experimental Models: Organisms/Strains

D. melanogaster: or42b-Gal4

Bloomington Drosophila

RRID: BDSC 9972

Stock Center (BDSC)
D. melanogaster: orl0a-Gal4 BDSC RRID: BSDC 9944
D. melanogaster: GH146-Gal4 Gift from A. Fiala Gift from A. Fiala
D. melanogaster: orco-Gald BDSC RRID: BSDC 23292
D. melanogaster: UAS-GCaMP6f | BDSC RRID: BSDC 42747
D. melanogaster: UAS-CsChrimson | BDSC RRID: BSDC 82181
D. melanogaster: UAS- shibire®™ Gift from M. Silies
D. melanogaster: UAS-ASAP2s Gift from T. Clandinin
D. melanogaster: lexAop- BDSC RRID: BSDC 44277
GCaMP6f
D. melanogaster: orco-Lex A Gift from H. Scholz
Software and algorithms
Fiji RRID: SCR 002285
MATLAB MathWorks RRID: SCR 001622
Adobe Ilustrator Adobe RRID: SCR_010279
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Table S2: Genetic D. melanogaster strains
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Unci3H1723K

Name Genotype Figure
GHI146 > GCaMP6f w-; GH146-Gal4/UAS-GCaMPEf; + ba-c, Oe,
Sda-c

GHI146 > ASAP2s w+A-; GHI146-Gal4/UAS-ASAP2s ; + 6d, S4d.e

or42b > GCaMP6f, csChrimson w+aw-; UAS-GCaMP 6 UAS-CsChrimson; 3b-d
or42b-Gald/+

or42b > GCaMP6f, shibire” wt+iw-; UAS-GCaMP6f/+; ord2b-Gal4/UAS- | da-f
shibire®

or42b > GCaMP&f (control) w+/w-; UAS-GCabMiP6f/+; or42b-Gal4/+ da-f

orlOa > GCaMP 6}, shibire® w-; orl Oa-Gald/UAS-GCaMP&f; UAS- Sla-d
shibire”/+

orlOa = GCaMP&f (control) w-; orl Da-Gal4/UAS-GCaldP6f: + Sla-d

GH146 =shibiré*; w-; GH146-Gal4/lexAop-GCaMPof ; orco- Sle-f

orco > GCaMP6f LexA/UAS-shifts]

GH146; orco > GCaMP&f (control) w-; GH146-Gal/lexAop-GCaMP6&f ; orco- Sle-f
LexA/TM2

orco >= GCaMP6f wt+-; UAS-GCabiP6f/+; orco-GAL4/+ dg-n, Tb,

S2
GH146 > GCaMP6f w-; GHI146-Gal4/UAS-GCaMPOf ; + Tc
GHI146 > GCaMP¢f: Uncl3HI723K | w-; GHI46-Gal4/UAS-GCaMP6f ' +; 7d

Table 83: Airflow dilutions for odor

C= test stimulus Odor airflow Equivalent
B = background (scem) dilution
C4/B4 0.03 109
C5/B5 0.10 10
C6/B6 0.30 107
C71/B7 1 10°
C8/B8 3 1027
C9/B9 10 107
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Supplementary Figures
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Figure S1: Role of synaptic release for ORN background invariance.
a) Genetic blockage of Orl0a-ORNs neurotransmitier release. Stimulation protocol in control (light gray)
and background adapted conditions (dark gray). b) Calcium response of the DL1 glomerulus in genetic
control flies showing background-invariant responses. ¢} Caleium response in flies with blocked ORN
synapses showing background dependent responses. d) Quantification of peak response for each of the 8 test
pulses. Error bars indicate sem (N=4, 7).
¢) Blocking of PN synaptic output docs not affect ORN presvnaptic calcium responses. Traces represent
mean calcium responscs of DM4 ORNs in control (light colors) and background adapted conditions (dark
colors) for control (blue) and test flies (red). Test flies express shi* under control of GH146-GAL4 that labels

PNs. f) Quantification of peak response lor each of the 8 test pulses. Error bars indicate sem.
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Figure S2: Glomerulus specific mechamsms for presynaptic calcium modulation.

a) Pharmacological blockage of AchRs (100 uM atropine + 20 uM tubocurarine + 200 nM imi, see
Methods). al) Traces represents mean calcium responses of DLL1 ORNs in control (light colors) and
background adapted conditions (dark colors) before (blue) and after (red) drug application. a2)
Quantification of peak response for each of the 8 test pulses. Error bars indicate SEM but might not be
visible. a3) Boxplot quantification of the degree of adaptation and response transiency, indicating
median, quartiles max/min and outliers. Same organization for glomerulus DL5.

b) Pharmacological blockage of GABA receptors (25 pM CGP54626 + 5 uM picrotoxin, see Methods)
in 4 glomeruli. Same organization of the plots as in a). 2-butanone was used for DL1 and DL5 and butyl
acetate for DM3 (10 liquid dilution in PO) and DM6 (107 liquid dilution in PO). *p<0.05, **p<0.01,
**%p<0.001. Sample size is indicated for each dataset in the figure.
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Figure S3: Population of ORNs with divisive normalization. a) Firing rate and calcium response for
an adaptive function combining amplitude-compression and amplitude-shift as predicted by a model of
background compensation and response normalization (Appendix 1). As in Fig. 5, Orange lines indicate
the value of the adaptive background stimulus. Curves with different shades of red/blue correspond to
different adapted conditions. Dotted lines indicate a representative test stimulus. b) 2D-manifold of the
ORN population response to stimuli of different ON (color coded) and OFF (black) contrast in different
background adapted conditions. The histogram represents the distribution of population states
calculated on the first principal component. Same as plots b) and ¢) in Fig. 8 but now for the combined
amplitude adaptation mechanism.

62



4 Manuscripts

OFF stim ON stim
& —>

¢  coodl O d |1 ——
’ CO""H—L GCaMP6t

R I 5 S e x-  background invariant 3

Bl B N\ MM_, ’
s

< 100} ASAP2s

200% AF/F

ET AT 3 nearly invariant %

s : wananlly

z

8 J\. M T

b & back  test
e
4 f response
0 £ DM2 VM7d
< = e s -
3 L w 20 20
= w E
2 © <-10 10
2 £
e 9 ° Oé J. o
C5 C6 C7 C8
>
odor concentration (a.u.) db(,‘-o(\\@@c}
10s <

no background control
f ) Methyl acetate  packground acapted 9 2-butanone

D
o
PID (V)

N

160

time (s) time (s)

Figure S4: PNs response to ON and OFF stimuli. To cover a range of ON and OFF responses of PNs,
we conducted two sets of experiments using different liquid solutions of the odors. To generate main
Fig. 6¢ we analyzed the single trials of these two datasets. Here we show mean responses (a, b) and
some examples of response to small contrast stimuli (¢).

a-b) Peak calcium response to different combinations of ON, OFF and background stimuli using methyl
acetate. Green: mean response to non-adapted control. Black: mean response to background stimulus.
Dark green: mean response to the same stimulug as in green after 15 seconds of background adaptation.
Error bars indicate SEM, the shaded area indicated the stimulus that equals the background
concentration. Liquid dilution of methyl acctate for the background was 10 in a) and 107 in b),
therefore the higher background response in b). The liquid dilution for the pulse was 102 in a) and 10-
*in b). Labels on the x-axis corresponds to gas phase dilutions generated by the odor delivery system
as indicated in table S3.

¢) Three single trials from the dataset showing responses to ON and OFF stimuli with small contrast.
The shaded area indicates the difference in response between test and background stimulus. The dotted
line indicates the response to the control stimulus. These traces show how a small positive contrast leads
to nearly perfectly invariant response (same as controls), while a small negative contrast leads to a
strong decrease in calcium, much lower than the test stimulus amplitude. d) Control and background
adapted response measure in DM2 using either a caleium or voltage sensor. Thick lines indicate the mean
AF/F and the shaded arcas sem. Liquid dilution of methyl acetate is 10 for the background and 1072 for the
pulse. e) Boxplot representing median, quartiles, min/max values and outliers of ASAP2s signals from two
glomeruli. (DM2 N=19, VM7d N=23, *p<0.05, Kruskal-Wallis).

f) Average PID response to methyl acetate using a liquid dilution of 1072 and background airflow
dilution of C6 and pulse C7 (N=4) with stimulation protocol in control (blue) and background adapted

conditions (red). g) Same as d) for pure 2-butanone with a background airflow dilution of C7 and pulse
C8 (N=4).
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Figure S5: Modeling PNs relative adaptation for different contrast stimuli. We model the responses
of PN neurons in a background adapted condition as a noisy process with probability N(s — s, ),
where sg is the background stimulus and ¢ is the noise std. We simulate PN responses across different
contrast stimuli and show that a standard deviation of & = 0.5 fits the experimental observations shown
in Fig. 6¢. For each contrast value, we average the relative adaptation over a set of 10 different
background conditions ranging from -4 to 4 in the stimulus log. scale.
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Appendix 1

Adaptation model: firing rate and calcium response with divisive normalization

In the main text we have modeled the dynamics of calcium responses in ORNs as a linear function of
their firing rate and the inhibitory mputs from LNs (Fig. 5 and Methods). However, previous work by
Olsen et al. ! has shown that LN inhibition in the Al performs a divisive (rather than linear)
transformation from ORNs to PNs firing rates. Therefore, we ask if a divisive model would also be able
to support the background compensation. It should be noted that the divisive model was not originally
proposed to fit the transformation between ORN firing rate and ORN axonal calcium. Moreover, the
model is based on mean responses and does not capture response dynamics nor considers adaptive
processes. Nonetheless, in the following we show that also when assuming a divisive effect of LN
activity on ORN calcium, background invariance can only be achieved if the firing rate adapts in the
amplitude domain, rather than by a shift in sensitivity.

We consider the calcium response of ORNs without odor background to be:

.

This relationship implies that the effect of inhibition is not linear (as in Eq. 3 of the main text) but
dependents on the input stimulus: A; = 1/(F(s) + ¢) with ¢ a constant. Background invariance is
achieved if R[F(s,sg)] = R[F(s)] = R[F(s5)] + R[F'(s)] (Eq. 4 of main text). Using Eq. (s.1), we
obtain:

F'(s) F(s) F(sg) (5.2)

L(F(s)) F(s)+o Flg+o

where we assume a general form of the normalization factor L(F'(s)) in adapted conditions. For
equation s.2 to hold, it is required both that:

F'(s) = o-(F(s) — F(sp))
and, using 8.3 in 8.2, that:

L(F'(s))=A-F'(s)+a'
with A = and o" = (F(sg) + ¢)2. Eq. (s.3) indicates that to achieve background invariance the
adapted firing rate should be a combination of an amplitude compression (first term) and an amplitude
shift (second term), as we obtained in the case of the dynamic linear model (Eq. 7, 8 in main text). In
addition, Eq. (s.4) indicates that background invariance with divisive normalization requires adaptation
of the LN feedback and therefore a background dependent normalization term. Specifically, in adapted
conditions the normalization factor is still linear but a stronger effect (A > 1and ¢’ > o)

Including Eq. (1) into Eq. (s.4), we find the update rules,

F(Sp)+a
a

o’ ﬁ[ [F (s5)]]
a' = a|l+ RgqlF(s
, o RealF(52)] (55)

=V TF RAFGD

This shows that the combined adaptation mechanism depends uniquely on the background adaptation
response in both ORNs and LNs. Furthermore, it satisfies the calcium invariant condition. As done for
the main dynamic model, we studied the consequences of this combined adaptation mechanism for
single ORNs and for the population responses. We show that background invariance is indeed preserved
for all test odors similarly to the ORNs implementing an amplitude-based adaptation (Fig. S3a).
Regarding the encoding of ORNs at the population level, we performed the same analysis shown in Fig.
8, and show that the combination of both amplitude -shift and -compression mechanisms also preserve
information about input contrast and lead to ON-background invariant responses in populations of PN
neurons (Fig. S3b).
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Olsen, S. R., Bhandawat, V. & Wilson, R. I. Divisive normalization in olfactory population
codes. Neuron 66, 287-299 (2010).
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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 (Ziifle et al., 2025).

| performed the imaging experiments and data visualization for figure 4C,D. | also helped to review and
edit the manuscript.
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DEVELOPMENTAL NEUROSCIENCE

Impact of developmental temperature on neural
growth, connectivity, and function

Pascal Ziifle'+, Leticia L. Batista’t, Sofia C. Brandao’, Giovanni D'Uva’,

Christian Daniel’, Carlotta Martelli™2*

Environmental temperature dictates the developmental pace of poikilothermic animals. In Drosophila, slower
development at lower temperatures results in higher brain connectivity, but the generality of such scaling across
temperatures and brain regions and its impact on function are unclear. Here, we show that brain connectivity
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Attribution License 4.0
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scales continuously across temperatures, in agreement with a first-principle model that postulates different meta-
bolic constraints for the growth of the brain and the organism. The model predicts brain wiring under tempera-
ture cycles and the nonuniform temporal scaling of neural development across temperatures. Developmental
temperature has notable effects on odor-driven behavior. Dissecting the circuit architecture and function of neu-
rons in the olfactory pathway, we demonstrate that developmental temperature does not alter odor encoding in
first- and second-order neurons, but it shifts the specificity of connections onto third-order neurons that mediate
innate behaviors. We conclude that while some circuit computations are robust to the effects of developmental
temperature on wiring, others exhibit phenotypic plasticity with possible adaptive advantages.

INTRODUCTION

The wiring of the nervous system follows a complex genetic plan
during development. However, because of stochastic processes and
environmental factors, genetically identical individuals seldomly show
the same phenotypic outcome (1). Temperature is the environmental
factor with the broadest effects in biology, as it determines the rates of
all biophysical reactions of an organism (2). In poikilothermic animals,
such as insects, worms, fish, amphibians, and reptiles, temperature
determines the speed of development. Mathematical theories of
growth have shown that developmental times scale exponentially with
temperature because of a constraint imposed by the rate-limiting
metabolic reaction (3). The development of the nervous system is
certainly not exempted by the effects of temperature.

It has been widely reported that development at different tem-
peratures correlates with variation in behavioral phenotypes with
examples in amphibians (4), reptiles (5-7), bees (8, 9), ants (10), and
fruit flies (11, 12). Social insects invest a lot of resources to keep
their broods at the correct temperature throughout daily and seasonal
cycles. Even small variations in developmental temperature can
affect learning in bees (13) and the synaptic organization of key
brain areas forlearning (12, 14, I5). Therefore, temperature does not
just determine the speed, but also the outcome of development,
although the mechanistic bases of this phenotypic variation are
largely unknown.

A recent study in Drosophila reported that the number of synap-
tic connections between neurons of the visual system inversely cor-
relate to temperature, i.e., when flies develop at lower temperature,
these neurons make more synapses and have more postsynaptic
partners (16). This leads to the questions of whether synaptic scaling
occurs similarly throughout the brain and what consequences it has
on neural computations and behavior. Answering these questions is
key not only to predict the consequences of temperature changes on

'Johannes Gutenberg University, Mainz, Germany. “Institute for Quantitative and
Computational Biosciences, Mainz, Germany.

*Corresponding author, Email: cmartell@uni-mainz.de

tThese authors contributed equally to this work.
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animal behavior in the wild, but also to fully understand the organi-
zation of development in poikilothermic animals.

Here, we investigate how developmental temperature affects the
wiring and function of the fly olfactory circuit. We show that develop-
ment at lower temperatures leads to higher connectivity at all stages of
olfactory processing and changes the neural composition of local
circuits. To explain these findings, we develop a first-principle theory
that postulates the existence of different metabolic constraints for the
growth of the whole animal and the brain. This theoretical framework
explains changes in connectivity associated with different develop-
mental conditions and predicts the nonuniform temporal scaling
of neural growth across temperatures. Temperature manipulation
during pupal development affects odor approach behavior, even when
flies are adapted for 10 days at a common temperature. By measuring
odor responses in first- and second-order olfactory neurons, we con-
clude that the behavioral differences cannot be attributed to a change
in odor representations or sensitivity, which are robust to develop-
mental temperature. Instead, we provide evidence that these odor
representations are processed differently in downstream circuits that
drive innate behaviors. Our results therefore indicate that the effect of
developmental temperature on neural circuit function is not due to a
general scaling in connectivity, but to a change in connection specificity
across brain regions.

RESULTS

Impact of developmental temperature on the connectivity
of an olfactory glomerulus

To investigate the effects of temperature on the development of simi-
lar, but functionally distinct neural circuits, we focus on the olfactory
system of Drosophila. Olfaction mediates key behaviors in animals,
induding foraging and mating, plays a major role in the organization
of animal societies, and supports adaptation to the environment. We
set out to investigate the effect of developmental temperature on the
wiring of olfactory receptor neurons (ORNs) within the antennal lobe
(AL), the main olfactory area in the insect brain. We used trans-Tango
(17), a genetic tool for trans-synaptic labeling, to analyze postsynaptic
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neurons of Or42b-ORNs, 1.¢., ORNs that express the odorant receplor
Or42b and target the glomerulus DM (Fig. 1A). Flies were developed
al either 187 or 25°C belween the larval stage 1.3 and the end of pupal
development (which we name P-100%, because the absolute develop-
mental time depends on temperature). Flies were then kept at 25°C
for 10 days before dissection, to minimize acute effects of temperature
on brain wiring and transgene expression. Notably more postsynaptic
neurons were labeled in flies that developed at 18°C, as suggested by

denser innervations in both the AL and downstream areas (Iig. 1, B
and C). We quantified these differences by counting the cell bodies
of the postsynaptic cells in each {ly, which were more than double al
18°C as compared (o 25°C (Tig. 11).

To demonstrate that the anatomically labeled postsynaptic neu-
rons are functionally connected to the ORNs, we modified the trans-
‘Tango experiment to express a calcium reporter (GCaMP6s) in the
postsynaptic ncurons, and CsChrimson in Or42b6-ORNs (Fig. 1E).
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Fig. 1. Developmental temperature affects the connectivity of ORNs in the AL. (A} Schematics of the trans-Tango tool. (B and €) Example brains from flies developed
at 18° and 25°C, Immunostaining labels ORNs that express green fluorescent protein (GFP, green), postsynaptic partners expressing dsRed (red), and all synapses (Brp,
blue). (D) Cell body locations of postsynaptic partners In left (L) and right {R) hemispheres in two individual flies and corresponding boxplot, Kruskal-Wallis, P < 1077,
n=10{18°C) and 10 (25°C). (E} Schematics of the experiment: The usual trans-Tango reporter dsRed was replaced by GCaMP6s, and activity of presynaptic neurons was
induced by CsChrimson. (F} Example responses for flies developed at different temperatures, Color bar indicates AF/F calculated for each pixel. White lines indicate the
region of interests used for quantification. (G) Optogenetic response to 0.05 mW/mm? quantified in the DM1 glomerulus, in the rest of the AL and in the mlALT. (H) Boxplat
quantifies the response in 9 s following stimulus onset. Significant differences were observed in the AL [Kruskal-Wallis, # = 0.02, n =4 {18°C),and 7 (25°C}] and in the mlALT
[P=0.01, n=4{(18°C), and n =7 (25°C)]. (I} Anti-Brp staining of synaptic puncta and 30 reconstruction within the ORN mask created from Brpsm“-GFP fluorescence.
(J) Volume of the BrpSh“”-mask, number of puncta, puncta velume, and intensity within the ORN mask (error bars indicate SEM, n =16 hemibrains at 18°C and n =25 at
25°C, Kruskal-Wallis test). (K} Allocation of ORN output synapses onto individual partners for the three glomeruli, as quantified from electron microscopy (EM) data (see
Materials and Methods). Top: Spatial location of the synapses analyzed. (L) Fold change in number of synaptic partners relative to 25°C. (M to O) Number of synaptic
partners labeled by trans-Tango in different cell clusters of the AL Sample size at 187 and 25°C: DM1 n = 20 and 23, DL5 n = 10and 10, DL1 n =10 and 10, Kruskal-Wallis.
*P < 0,05, #4P < 1072, #¥#P < 1077, #+#*%p < 107°, Boxplots indicate median and quartiles, and whiskers indicate maximum and minimum values.

ZifNe et al., Sci. Adv. 11, eadp9587 (2025)
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This allowed us to optogenetically activate Or425-ORNs and mea-
sure the response of their postsynaptic partners. Optogenetic acti-
vation of ORNs is sufficient to induce postsynaptic responses in a
dose-dependent manner (fig. S1A). We then measured calcium sig-
nals in the trans-Tango experiment upon optogenetic activation of
the ORNs. Calcium transients measured within the DM1 glomeru-
lus mostly report activity from the single uniglomerular projection
neuron (UPN, which receives most of the ORN synapses) and do not
differ between the two temperatures (Fig. 1G and fig. S1A). How-
ever, activation in the rest of the AL is higher in flies developed
at 18°C (Fig. 1, F to H), which is consistent with a larger number
of multiglomerular neurons being connected to DM1. Moreover,
activity is stronger in the mediolateral AL track (mlALT; Fig. 1, G
and H) through which a class of multiglomerular inhibitory PNs
(vPNs) project their axons to the lateral horn (LH). Therefore, the
trans-Tango labeled neurons are functionally connected to Or428-
ORNs; moreover, ORNs drive more activity in flies developed at
18°C, which is consistent with the recruitment of new synaptic part-
ners compared to higher temperatures.

The observed phenotypes are unlikely caused by the effect of
temperature on the expression strength of the UAS-GAL4 system, as
higher temperature should increase (and not decrease) the activity of
this veast-derived expression system (18). This was also confirmed
by a quantification of the expression of the frans-Tango components
[figure $3 in (17)]. Although we cannot exclude that other aspects of
this tool might be temperature dependent, these effects should be
minimized by our protocol because we have kept adult flies at a refer-
ence temperature of 25°C for 10 days before dissection. Furthermore,
we show that the differences between temperatures are consistent
across ages (fig. S1B) and that frans-Tango can potentially even report
a decrease in connectivity induced by antennal clipping (fig. 51 C), to-
gether arguing that this is a suitable tool to track changes in connec-
tivity related to developmental temperature.

Higher connection at lower temperatures could result {rom ei-
ther a different distribution of synapses across postsynaptic partners,
an increase in synapse number, or both. To quantify the number
of synapses, we expressed a green fluorescent protein (GFP)-tagged
BrpShmt in Or425-ORNs to label presynapses specifically in these
cells and stained the endogenous Brp to count synaptic puncta (19)
(nc82; Fig. 11). The Or42b-ORNs presynaptic volume defined by
the Brpsm”"t signal was consistent across the two developmental tem-
peratures, indicating no change in the glomerulus volume (Fig. 1]).
However, flies developed at 18°C had higher BrpShort intensity, an
increased number of nc82-labeled Brp puncta within the presynap-
tic volume, larger puncta volumes, and stronger intensity (Fig. 1]). A
similar increase was observed when considering the whole volume
of the DM1 glomerulus, which includes connections between other
neuron types (fig. S1D). Together, these results demonstrate that a
lower developmental temperature leads both to more synapses, larg-
er active zones, and more synaptic partners which are functionally
connected to the ORN.

Temperature-induced wiring differences across

olfactory glomeruli

We asked whether developmental temperature scales connectivity
similarly across glomeruli. Trans-Tango likely reports synaptic part-
ners with synapse counts above a certain threshold. We used the
hemibrain connectome data (20, 21) from flies developed at 25°C to
quantify the nurnber of synapses per synaptic partner in Or425-ORNs

Zifle et af, Sci. Adv, 11, eadp9587 (2025) 15 January 2025

(fig. S1E). Comparing this with the number of postsynaptic neurons
reported by trans-Tango at 25°C, we estimated that frans-Tango re-
ports connected neurons with more than 10 synapses (total across
ORNS of the same type; fig. S1E). Development at 18°C likely increas-
es connectivity with available partners, which pethaps are already
connected with few synapses at 25°C (fig. S1E). To test this hypothe-
sis, we considered two additional ORN types (expressing Or7a and
Orl10a) that, based on connectome data, distribute similarly their syn-
apses onto synaptic partners (Fig. 1K). We reasoned that the same fold
change in synaptic partners should be expected for these ORN types
if lower temperature shifted the overall connectivity up. Consistently,
the fold change in postsynaptic partners between 18° and 25°C was
remarkably similar for the three glomeruli (Fig. 1L).

We nextlooked at the identity of the postsynaptic partners of these
ORNs. We hypothesized that, despite a similar scaling of connectivity,
the identity of synaptic partners recruited by these different ORNs
should depend on available neurons in the relevant glomerulus vol-
ume. AL neurons postsynaptic to ORNs have their cell bodies distrib-
uted in four clusters (22). We used cell body location as a proxy for cell
type. On the basis of frans-Tango experiments, there were more
neurons postsynaptic to Or42b-ORNs in the ventral and ventrolateral
clusters (Fig. 1M) that host cell bodies of 66.6% of all multiglomerular
PNs (mPNs) (23) including vPNs (24-27). This suggests that Or42b-
ORNs might drive more activity in this population of neurons when
flies develop at 18°C as compared to 25°C. This anatomical finding is
consistent with increased calcium activity in the mIALT, which is used
by these neurons to reach the LH (Fig. 1H). On the contrary, in glom-
eruli DL5 and DLI, ORNs increase connectivity more prominently
with neurons of the lateral cluster (Fig. 1, N and O) that contains a
large population of LNs, and mPNs mostly of unknown function (28).
An analysis of the connectorne data confirms that more mPNs inner-
vate the DM1 glomerulus than the DL1 or DL5 glomeruli, where we
instead find a larger percentage of LNs, which are mostly inhibitory
(S1F). These findings suggest different functional consequences of
developmental temperature in different glomeruli. In general, we pre-
dict a stronger recruitment of local inhibition in all glomeruli at lower
temperatures. For the DM1 glomerulus, we predict it might drive ac-
tivity in more mPNs that send axons to the LH with potential conse-
quences for behavior.

Scaling of brain connectivity across temperatures

Next, we asked whether synaptic connectivity scales continuously
across a wider range of temperatures. Drosophila melanogaster lives
in different climates, with a thermal range between 11° and 31°C
(29). The extreme conditions are highly stressful, and if persistent,
female reproductive success would approach zero (30). However,
flies were viable when temperature shifts were restricted to pupal
development. We first looked at the anatomy of the ORNs axons
targeting the DM1 glomerulus in flies developed at 12°C. Compared
to 25°C, ORNs grow axonal extensions protruding radially from the
glomerulus (Fig. 2, A and B) and innervate a more anterior glom-
erulus, VA2, that is normally not targeted by this receptor type (Fig.
2, B and C). We used frans-Tango to characterize connectivity pat-
terns of Or425-ORNs and its postsynaptic partners in flies that de-
veloped at extreme temperatures (12 to 31°C). In flies developed at
12°C, ORNs established a larger number of synaptic partners, in-
cluding neurons that target regions outside the canonical olfactory
pathway (Fig. 2, D and F), including neurons that arborize in the
saddle (details and controls in fig. 52A). Development at lower
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Fig. 2. A first-principle model for network connectivity at different temperatures. (A and B) 0r42b-ORN axons labeled by GFP in flies developed at 25° and 12°C. (C) Prob-
ability of the mistargeting phenotypes at 12°C. Sample size is indicated on the bars. (D and E) Example brains of flies expressing trans-Tango under control of Or426-Gaf4
developed at 12° or 31°C. (F) Boxplot of the number of postsynaptic partners as a function of developmental temperature. (G) Single data points as in {F), normalized by the
mean number of neurons connected at a reference temperature {25°C) and plotted as a function of the difference from the reference temperature {n = 20 to 38 hemibrains).
The line indicates the exponential fit. (H} Hypothetical growth curve showing the effects of developmental temperature. {I) Same as (H) but normalized by eclosion time.
(J) Developmental times for the four temperature regimes. (K) Fold change in developmental time with respect to the temperature difference from 25°C and exponential fit
(n =8 to 20). (L) Schematics of the growth model showing percentage of development as a function of time for the brain and whole animal at two developmental tempera-
tures. Parameters of the growth dynamics are hypothetical. (M) Brain growth curved scaled by body developmental time. (N) Staining of PNs labeled by GH146 at three devel-
opmental times corresponding to 25, 50, and 75% of ontogenesis at the two temperatures. The arrow indicates the LH. (O) Probability that PNs axon terminals innervate the
LH (n = 6 to 10 hemibrains). {P) Schematics of the temperature and light cycles. {Q) Fold change with respect to the mean temperature in the number of synaptic partners for
development on temperature cycles of amplitude AT (n = 18 to 30 hemibrains). The solid line indicates model prediction (see Materials and Methods).
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temperatures therefore leads to the recruitment of new synaptic
partners. Flies developed at 31°C instead showed very few neurons
connected to Or42b-ORNs (Fig. 2, Eand F). Across all developmental
termperatures tested, the number of ORNs was constant (fig. S2B),
but the number of synaptic partners scaled exponentially with tem-
perature (Fig. 2G).

A metabolic theory for brain wiring at

different temperatures

To understand this scaling in connectivity, we took a theoretical
approach. We started from the observation that temperature deter-
mines developmental time, which we define as the time of eclosion
ofthe adult. We assumed that development follows a growth process
whose rate depends on temperature, such that the adult ecloses later
at lower temperatures (Fig. 2H). In general, one could expect that
normalizing time by the adult eclosion should collapse the develop-
mental process at the two temperatures on the same growth curve
(Fig. 2I). This would be consistent with the model introduced by
Gillooly et al. (3), which links growth rate to metabolism and tem-
perature. The model postulates that the rate of development Escales

with temperature proportionally to the Boltzmann factore % of a
hypothetical rate-limiting metabolic reaction (3) (£ being its activa-
tion energy). Assuming that flies eclose at a similar mass across tem-
peratures, developmental time f should scale with the temperature T

_E ey
asti =e rz(1-1To) (see Materials and Methods), where £, is the de-

velépmental time at a reference temperature T, (here T, = 25°C), £
is the activation energy of the rate-limiting metabolic reaction, K
is the Boltzmann constant, and T, is the water freezing point (273 K;
see Materials and Methods). This model fits our experimental data,
with a scaling factor for the developmental time (x= %) equal

to 0.128(+0.009) (Fig. 2, ] and K), which is in agreement with esti-
mates in other animals (3). This simple exponential model fails
to fit developmental times at the highest temperatures above 30°C
(3I); nonetheless, we took it as a starting point for our theoreti-
cal framework.

We reasoned that if the development of the neural circuit was
limited by the same reaction rate as ontogenesis (development of the
whole organism), then development should result in the same brain
connectivity at all temperatures (Fig. 2I). If, otherwise, the develop-
ment of the neural system was limited by a reaction with lower acti-
vation energy E’ < E, then it should scale differently compared to
body development when temperature changes (Fig. 2L). The neural
circuit will therefore develop (extend axons and form synapses) at
its own, faster pace, but for an amount of time that is determined by
ontogenesis, therefore leading to a larger number of synapses. To
calculate the fold change in connectivity, we assumed that axonal
growth and synaptogenesis scale with a */, power law: % ~an (n
indicating a measure of neuronal mass and synapses; see Materials
and Methods), as for body mass (3). Many biclogical processes, in-
cluding growth, scale allometrically with the */, law (32, 33). This
phenomenclogical observation has received a first-principle expla-
nation based on the fractal nature of the distribution of nutrients
and resources in a three-dimensional (3D) volume by a space-filling
network of branching tubes (34, 35). Given the tree-like structure of
axons, along which mitochondria and proteins need to be transport-
ed, and of other energy suppliers in the brain (such as trachea and
glia), the */; law is a reascnable assumption for the growth of the
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neural system. From this, we derived an analytical function for the
. . . . # 4o (T-T,)

scaling of synaptic connectivity with temperature: —=e

0

with AE = E — E' (see Materials and Methods). We define p = %

as the scaling factor for synaptic connectivity. When AE =0, the
same number of connections is established across temperatures.
This law fits well the exponential change in connectivity in the ol-
factory circuit (Fig. 2K) with p = 0.133(£0.011). From p and, we
calculate the activation energy E' = 0.61 eV of the rate-limiting
metabolic reaction for brain development, which falls in the range
of feasible value for the metabolism (36). It should be noted that
can, in principle, be different across subcircuits if their development
and growth are differently regulated. In the visual system, Kiral ef al.
(I16) reported a fold change of ~1.5 that corresponds to a smaller
value of p compared to what we {ind in the olfactory system. Whether
these differences are technical or biological remains to be determined,
but the proposed model could easily accommodate differences
across circuits.

Nonuniform scaling of neural growth during development
Qur model makes some predictions, which might be counterintuitive.
First of all, by normalizing the time axis of the brain growth curves
based on edosion time (ontogenesis; Fig. 21), the model predicts that
the brain is in a more advanced developmental stage at lower as com -
pared to higher temperatures (Fig. 2M). This implies that at propor-
tional times of pupal metamorphosis (P-25%, P-50%, and P-75%), the
branching anatomy of a given neuron type is expected to be more
advanced in flies developed at 18°C, as compared to 25°C. We experi-
mentally tested this prediction by looking at the advancement of
PN development across times and temperatures. Consistent with the
model prediction, we found that PN axons already targeted the LH at
P-25% when flies developed at 18°C, while these axonal innervations
were not yet visible at P-25% in flies developed at 25°C (Fig. 2, Nand
0), consistent with previous data (37). This prediction of the model is
independent of the analysis of synaptic partners. Overall, the model
and the experimental data agree that developmental temperature in-
duces a nonuniform temporal scaling of neural circuit development
as compared to ontogenesis.

Brain wiring under temperature cycles

A second prediction of the model concerns development on diur-
nal temperature cycles. In more ecologically relevant conditions, an
animal does not experience constant temperatures during develop-
ment. Does development under cycling temperatures result in the
same wiring outcome as for flies developed at the mean tempera-
ture? We first answered this question using our metabolic model.
Integrating the growth equation over temperature cycles (see Mate-
rials and Methods), we derived that circuit connectivity scales in-
versely with the amplitude AT of the temperature fluctuations as:
H_ [cosh(yAT)
" cosh(aAT)
development on temperature cycles and at the mean temperature,
and y =0 — 4E with o and p estimated from the fixed temperature
experiments (Fig. 2, G and K). Because y < «, fluctuating tempera-
tures should always lead to less connections than at the mean tem-
perature T. An intuitive explanation of this result is to be found in
the fact that the time spent at low and at high temperature does not
lead to equal amount of development. Rather, the brain grows more

4
] , where # and # are the number of connections for
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in the high-temperature phase of the cycle compared to the low tem-
perature phase. Therefore, the outcome is skewed toward the high-
temperature phenotype, leading to less connections during cycles
compared Lo the mean lemperalure. To lesl this experimentally, we
developed {lies on ecologically realistic temperature cycles with the
same mean temperature but different amplitudes (20° to 28°, 18°
Lo 30°, 16° 1o 32° and 14 lo 34°C; Fig. 2P). Trans-Tango experiments
showed that these conditions lead 1o different connectivity of Or42b-
ORNs in the AL, which make more synaptic partners when tempera-
ture cycles had smaller amplitudes, following the prediction of the
theory (Fig. 2QQ). Moreover, the lemperalure experienced after eclo-
sion does not strongly affect connectivity (fig. S2C). We noticed that
developmental times, however, seem to deviate from the theory
prediction (fig. S2D), probably because the temperature fluctuations
reach extreme values up to 34°C (lig. 2K). Overall, we conclude that
temperature-dependent wiring is consistent with a growth model with
different rate-limiting metabolic reactions for the development of the
whole organisms and for the development of neural circuits, although
deviations to this rule might occur at extreme high temperatures.

Impact of developmental temperature on

odor-driven behavior

We next asked whether wiring consequences of developmental tem-
perature alfect odor-driven behavior. We tested the odor response of
individual, 10-day-old flies, tethered to walk on a spherical tread-
mill (Fig. 3A). On average, a puff of 2-butanone clicited a stronger
increase in walking speed in flies developed at 18°C compared to 25°C
(l'ig. 3B). These odor responses were highly reproducible across rep-
ctitions of the stimulus (Fig. 3D, left), although variable acress indi-
viduals (Fig. 313, right). Similar results were obtained with vinegar
(fig. 83, A Lo C). Basal walking speed was, on average, lower [or flies
developed at 25°C (Fig. 3C). In general, we found no correlation
between basal speed and response, as slow and fast walking flies
could respond equally well to odors (fig. S3B).

To test whether these findings were specific to this assay and to
better understand the effect of temperature on walking behavior, we
used a “free-walking” arena. We tracked the flies’ positions while
Lhey explored a large circular arena (40 ¢m in diameler) hiding an
odor source in a random position. At all times, more flies raised at
18°C visiled the odor source and spent more lime al the odor than
flies raised at 25°C (Fig. 3E). The diilerence in behavior between
developmental conditions was maximal in the first 7 min of the assay,
when the odor landscape was novel. Similar resulls were oblained
wilh vinegar (lig. $3, D (o F) and for a higher tesling lemperature of
32°C (fig. §3, G and H).

To separate the effect of developmental temperature on baseline
walking speed and odor approach, we analyzed data collected in
control experiments with no odor. Because flies move in bouts of
activity (Fig. 3L top trace), we asked whether developmental and
Lest temperatures affect how often the {ly is walking (activity level)
and/or how fast it walks when it is active (mean speed). To assess
this, we plotted the probability of walking speed for all conditions
tested (Fig. 3F). The peak at zero represents flies that are not walk-
ing. 'The second peak contains all walking flies and can be fitted by a
Gaussian. ‘The mean of the Gaussian indicates how fast flies walk
when they are moving (mean speed; Fig. 31T). The amplitude of the
Gaussian indicates how often the flies are walking instead of stand-
ing still (activity level; I'ig. 3G). An increase in testing temperature
shifts the Gaussian curve right, to higher walking speed, while an

Zufle et al., Sci. Adv. 11, eadp9587 (2025) 15 January 2025

A 18°C B 2-Butanone C
dZS“C § 10 loj == o g X
‘f-’b §E 5 ﬁ’l\\ 5 qé:Es
- o SE L N B
’%\ ! e o s = ° 18 25
10 days D @ R 5 )
. oo 10| "
1N 3 T —"
P

stg g B -
* ilaibidsalilifuiaal.
N
Repetitions
(mean across flies)

—escacaniinil
X

Individual flies
(mean acrass rep)

Walking
E Fo e MM _iint AN
25°C 03 0:
T T J
‘,/ N \ﬁ%g\ Ey g‘f[ L Effectof Dy 18°C,test 25C
VA a 0 testtemp Dev test 25
| | ) - ] SLEMP pay 18°C, test32=c
\e - %.j\}fi - 2 001 Dev 25°C, test 32°C
N © _// ol & s Effect of
— 0.005 dev temp
5 40 > i R b 3 7 B
o /
S 30 £ 02 Speed (cm/s)
© % %107 w
0 20 v G © H £
a o 01 - = o
1o o © 6 5
& = E @
0 4 @
%5 10 1O 18 25 = =
Time (min) Z2 %
7 @
0 =
Dev:18 25 1825 1825 1825
Test: 25 32 5 32

Fig. 3. Developmental temperature affects odor-driven behavior. (A} Flies were
kept at 25°C for 10 days before behavioral experiments. Odor response was tested
at 32°C on a spherical treadmill (see Materials and Methads). (B) Odor response was
calculated as change in moving speed as a function of time in response to 5-s stim-
ulation (Amovspeed = speed — basal speed); bar plot, mean change in moving
speed within the first 2 s of stimulaticen [P < 1073, n = 13 (18°C) and 13 (25°C)].
(C) Basal walking speed is estimated within 3 s before stimulus onset (P = 0.02).
(D) Mean response to each consecutive stimuli repetitions averaged across all flies
{right), and mean response of each individual fly across repetitions (left). (E) Top:
Same protocol as in (A), but odor preference was tested at 25°C in a free walking
assay consisting in a circular arena of 40-cm radius with an odor source randomly
placed in one of six possible locations. Flies were tracked for 15 min (see Materials
and Methods). Bottom: Average percentage of flies at the odor source and odor
occupancy (bar plot). Shaded area and error bars indicate SEM [P < 1074 0 =19
(18°C) and 20 (25°C)]. (F) Top: Example of walking speed for one fly, showing bouts
of activity. Bottom: Probability of walking speed calculated from all data (flies and
times) at each of four conditions, showing a bimodal distribution with a large peak
in zero that represents inactive flies; dotted lines indicate Gaussian fit ae_( %,‘ to
the walking speed of active flies. (G and H) Parameter estimates from the Gaussian
fit: amplitude (a) as an estimate of the activity levels (probability to be active) and
mean (b) as an estimate of the mean walking speed during active times. Error bars
indicate confidence intervals on the fitted parameters.

increase in developmental temperature slightly lowers the ampli-
tude of the Gaussian, to lower activity. This means that developmen-
tal temperature does not affect walking speed but activity level, two
parameters that were confounded in the analysis of the ball assay
data (Fig. 3C). We conclude that developing (lies at 18°C rather than
25°C does not induce major motor deficits but has a slight influence
on the propensity of the flies to walk. Because the activity levels of
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flies developed at 18°C are higher and the walking speed is the same
compared to 25°C, the higher odor occupancy of these flies cannot
be attributed to inactivity nor to poor locomotion. Together, this
argues that approach behavior toward 2-butanone and vinegar is in-
creased when flies develop at lower temperatures.

The effect of developmental temperature on odor coding

Next, we asked whether the enhanced response to appetitive odors
is due to altered odor representations in the AL and related to
temperature-dependent wiring, Extracellular recordings [rom sin-
gle sensilla showed that Or426-ORNs transduction currents (fig.
S4A) and firing rates (Fig. 4A) elicited by odor stimuli de not differ
in flies developed at different temperatures. Similar results were ob-
tained for Or59b-ORNs, innervating glomerulus DM4 (fig. 54, B and
C). Moreover, within the antenna, the number of cell bedies labeled
by the Or-specific GAL4 line did not differ between the two tem-
peratures (Fig. 4B). We then expressed the calcium sensor GCaMP6&f
in ORNs (labeled by Orco-GAL4) and imaged activity in their axon
terminals in the AT in response to odor stimuli. The glomeruli DM
and DM4 showed higher presynaptic calcium responses in flies de-
veloped at 18°C (Fig. 4C). Because the number of action potentials
and the number of ORNs did not differ with temperature, we con-
clude that larger calcium transients in these glomeruli reflect the
larger number (and size) of synapses (Fig. 1, 1 and J). This raises the
possibility that uPNs postsynaptic to the Ord2b- or Or596-ORNs
might be activated more strongly by an odor stimulus. Unexpect-
edly, the odor responses of uPNs in all glomeruli tested were not
different in flies developed at 18° and 25°C (Fig. 4D). Similarly, we
found that the odor responses of a subset of mPNs—measured from
their axonal projections in the LH—were the same in flies developed

A Developmental

temperature: |
18°C, 25°C A g E}
£\ £
2 \:\-‘N\ g,a
] [
I m
s \ £
Limeaed T
1z
Benz 2-But Vinegar -
L 4 D1 q
" 100 z o
I PR | des e
Ll L —
20¢ é
DM4 [y ¥
100
|/--] e ] ﬁ.,l?
ISR I U i N AP -
200
DLS )
F":'l mr‘-EUD
J |- ,Aha._h. ————— 0} © TEa@
200y
& oLl
EI 1001 45
£ hl E‘l‘
B A e M e g ®Fae
5s Aol b
e

Or42b-DRN, 2-butanone

at the two temperatures, with a significant difference only for benz-
aldehyde (fig. S4D).

We conclude that odor representations in the output of the AL are
robust to changes in developmental temperature, also for the appetitive
odors that we tested behaviorally. Innate odor preference is certainly
affected by metabolic and feeding state (38) and usually so through
modulation of olfactory sensory pathways (39, 40). The fact that
the odor responses in PNs are the same at the two developmental
temperatures indicate that feeding-dependent pathways previously
reported to modulate odor preference are not activated, probably
because flies are adapted to the same temperature for 10 days before
the experiments and are not in an acute feeding deficit.

Impact of developmental temperature on wiring and
function of the LH

Because the measured output activity of the AL is invariant to
developmental temperature (Fig. 4), the different behavioral pheno-
types observed could result from differences downstream of the
AL. Innate odor preference is determined by the wiring of uPNs onto
LH neurons (41} and modulated by mPNs (24-27). We therefore
asked whether the connections of these cell types onto LHNs were
also altered by developmental temperature.

First, we used a pan-neuronal retrograde tracer, refro-Tango
{42), 1o label all the presynaptic partners of the LHN PD2al/bl
(Fig. 5A). We chose PD2al/b1 because it was shown to be function-
ally connected to DM1 (43), although its role in driving innate be-
havior remains unclear and could be context dependent (44-46).
Retro-Tango labels a larger number of presynaptic neurons at the
lower developmental temperature, consistent with a general scaling
of connectivity throughout the brain. The change in connectivity
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Fig. 4. Scaling and normalization of odor responses in input and output neurens of the AL. (A) Single-sensillum recordings from the ab1 sensillum containing a
single Or42b-ORN. Left: Firing rate response to a 1-s pulse of 2-butanone at 1073 dilution calculated in 100-ms sliding window. Right: Mean peak response far each con-
centration tested [ = 10 (18°C) and 11 (25°C)]. (B) Confocal image of the antenna showing GFP expression in Qr426-ORNs. Bar plot indicates mean and SEM [n =9 (18°C)
and 11(25°C)]. (€) Calcium imaging from ORN axon terminals in the AL, quantified within four glomeruli for flies developed at the different temperatures [*P < 0.05,
P value calculated for the average activity during the first second of the stimulus, n = 6 (18°C) and 10(25°C)]. (D) Same as (C), but the calcium reporter was expressed in
uPNs and responses were quantified in the dendritic arborizations within corresponding AL glomeruli, n = 16 (18°C) and 18 {25°C). Shaded areas indicate SEM.
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was larger in the ventral cluster, which contains mPNs (Fig. 5A).
An analysis of the AL innervations revealed denser and more sym-
metric AL innervations of PD2al/bl presynaptic partners at 18°C
compared to 25°C (Fig. 5, B to D). This is consistent with a more
reliable recruitment of mPNs that innervate the whole AL at 18°C. At
25°C mPNs seem to be more stochastically connected to PD2al/bl
leading to notable asymmetries and patchy innervations of the AL
(Fig. 5B and fig. S5A).

In a second approach, we aimed at identifying the glomeruli con-
nected to PD2al/bl by uPNs, by using the genetically encoded retro-
grade tracing tool BAcTrace (47) (Fig. 5E). Differently from retro-Tango,
this tool only labels presynaptic partners from a pool of genetically
targeted neurons, in this case 27 uPNs and three mPNs (VT033006-
LexA). Although the innervation of uPNs’ axons into the LH have been
shown to be stereotypic across individuals (48), we found a large de-
gree of interindividual variation and asymmetry in connectivity across
AL hemispheres (Fig. 5F) [also reported in (47)]. An analysis of con-
nection probability shows that developmental temperature influences
the connectivity pattern of PD2al/bl to AL glomeruli, with a stronger
effect in the DM4 glomerulus (Fig. 5, G to I). Temperature, however,
does not affect the total number of connected glomeruli (fig. 85, B and
C) nor the number of PD2al/bl neurons labeled (fig. S5D). Similarly
small, but significant shifts in connectivity were observed for two other
LHNs, AV4al and AD1cl (Fig. 5, and fig. S5, E to H).

To link these changes in wiring to function, we performed calcium
imaging from PD2al/bl neurons. We separated the al and bl sub-
types by imaging from two focal planes (Fig. 5K). The bl subtype
showed differences in odor response in flies developed at the two
temperatures (Fig. 5K). This demonstrates that PD2b1 function is
not robust to developmental temperature, leading to a different LH
output in response to odor stimuli. Theretfore, while a general scaling
of connectivity occurs across the brain, functional consequences are
circuit specific and depend on the type of synaptic partners recruited.

DISCUSSION

The development of a whole organism requires the parallel and coor-
dinated growth of body mass and, in the brain, the establishment of
functional synaptic connections. Developmental programs are highly
temnporally structured, raising the question of how they are affected
by a temperature-dependent change in developmental speed. Here,
we propose that if developmental speed is constrained by varying
metabolic reactions across cell types, then temperature manipulation
could potentially disrupt the temporal coordination of their develop-
mental programs. We demonstrate that this temporal mismatch can
provide an explanation for the change in neural growth and connec-
tivity induced by developmental temperature (Fig. 6, left). Develop-
mental temperature has consequences on odor-driven behavior, but
we show that this is not due to different odor responses or sensitivity
across the olfactory glomeruli. Therefore, despite a scaling in con-
nectivity, odor encoding is robust to developmental temperature.
QOdor information, however, converges differently onto LH neurons,
with possible consequences for behavior (Fig. 6, right).

Metabolic constraints on the development of the

neural system

Through an analysis of filopodia dynamics, Kiral ef al. (16) had pro-
posed that an increased number of synapses at lower developmental
temnperature is the result of a difference between the scaling of neural

Zifle et af, Sci. Adv, 11, eadp9587 (2025) 15 January 2025

and animal growth rates. Here, we have formalized this hypothesis
in a mathematical model of growth. We show that fly developmental
times scale exponentially with temperature in agreement with pro-
posed theories that assume a metabolic constraint to growth rate.
We then extended this theoretical framework to model the rate of
neural growth and synapse formation, with two main assumptions.
The first is that neural/synaptic growth scales with the fractional
power z="/,. This value was previcusly justified starting from geo-
metrical considerations on the fractal nature of the distributions of
resources throughout capillaries in a 3D volume (34). Our data at
fixed temperatures are consistent with any z < 1, but the develop-
mental outcome measured in presence of cycling temperatures is
well predicted by a */s exponent (49). Nonetheless, this scaling law
requires further experimental confirmation in the neural system.
The second assumption we made is that the pace of ontogenesis
(whole animal development) and neural development are limited by
different metabolic reactions. We currently have no direct evidence
to support this hypothesis. However, recent works have linked
developmental pace to metabolic rates. For example, species-specific
developmental rates have been associated to differences in mito-
chondrial metabolism (50, 51) and manipulations of metabolism
directly scale developmental rates (51). An intriguing possibility is
that these metabolic processes may vary across cell types, particu-
larly in neurons, though this remains to be clarified (52). Recent
analysis of single-cell transcriptomes in zebrafish demonstrated that
developmental temperature has cell type—specific effects on proteo-
stasis (53) with possible consequences on developmental pace. Fu-
ture studies will have to clarify whether differences in cell metabolism
determine the effect of temperature on brain wiring. In the mean-
time, the role of metabolism in this context remains an assumption.

Mechanisms for robust function in a synaptically

enriched circuit

The analysis of neural connectivity of distinct glomeruli reveals that
lower developmental temperature leads to an overall increase in
synaptic partners, as well as a larger number and size of synapses
(fig. S6A). This synaptic scaling is consistent with the larger calcium
transients measured in some of the glomeruli, in the corresponding
ORN axons (fig. S6A). Because ORNs are cholinergic, this increased
presynaptic activity could lead to higher excitatory responses in
postsynaptic PNs that send odor information to higher brain areas.
Unexpectedly, this was not the case, and the responses of PNs was
mostly invariant for the two temperatures considered (fig. 56, B and
C). This compensation might rely on inhibitory LNs that are recruited
in larger numbers at lower temperatures. The balance between ex-
citation and inhibition is key for the function of healthy brains,
and there is evidence that this balance is achieved developmen-
tally during synapse formation (54). In the fly olfactory system,
y-aminobutyric acid (GABA) mediated inhibition is distributed
at both pre- and postsynapses in ORN-uPN connections (55, 56).
Presynaptic inhibition could therefore explain why in some glom-
eruli (DL1 and DL5) calcium transients are already compensated at
the ORN axon terminals (fig. S6A), although this remains to be con-
firmed experimentally. Last, inhibition might not be the sole mecha-
nism that keeps responses temperature invariant. It is possible that
the presynaptic scaling is also a homeostatic response to weaker
postsynapses (57, 58) or lower release probability (59). Overall, we
conclude that within a range of temperatures, the peripheral olfac-
tory system is designed to compensate for the developmental effects
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Fig. 5. Developmental temperature affects LH neurons’ connectivity to PNs and their odor response, (A) Schematics of the retro-Tango experiment starting from PD2a1/
b1. Boxplot shows median, quartiles, and minimum/maximum values for the number of PD2al1/b1 presynaptic partners from three AL cell clusters; wvl includes cell bodies in
the ventral and ventrolateral dluster [P < 1074 n=12 (18°C), and 11 (25°C) hemibrains). (B) Example of retro-Tango labeling of the AL (Z-projection of the binary mask of fluo-
rescence intensity). (C) Quantification of volumes of segmented neurons labeled by retro-Tango in Land R hemispheres, Areas are in pixels squared. {D) Symmietry in volume
innervation calculated as 100 x (velume left — volume right)/(2 x tot volume). P < 0.0001, t test. (E} Schematics of the BAcTrace experiment, showing a LH neuron and candi-
date presynaptic uPNs from the AL. (F) Confocal image of a samiple brain showing labeled uPNs arborizations in the AL and binary connectivity patterns of the uPNs (identified
by their glomerular innervation) to PD2al1/b1 in a sample brain. {G) Connectivity matrix between glomeruli (x axis) and PD2a1/b1 in individual hemibrains (y axis) in flies
developed at 25°C {red) or 18°C {blue). {H) Probability to find a certain glomerulus connected to PD2al/b1 for each temperature. () Difference in wiring probability (25° to
18°C), #P < 0.05, **P < 0.01, chi-square test, n =32 (18°C] and 26 (25°C). (J) Difference in wiring probability for two other LH neuron types, AVd4al:n = 12 (18°C) and 20 (25°C);
AD1c1:n =10 (18°C) and 20 (25°C). (K) Calcium respanses of PD2a1/b1 to vinegar in flies developed at 25°C (red) or 18°C (blue). Imaging was performed on two focal planes
to capture potential differences between the al and b1 subtypes, indicated by circles in the EM skeleton. Shaded areas indicate SEM.
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Fig. 6. Linking developmental temperature to neural circuit function. Brain connectivity scales inversely to developmental temperature. This general scaling is con-
sistent with a theory that postulates different metabolic constraints on neural and body development. In the AL, odor representations are invariant to the effect of tem-
perature on circuit organization. In the LH, a downstream area that controls innate behavior, developmental temperature affects the olfactory inputs into some LHNs.

on circuit wiring and to keep odor information invariant to this en-
vironmental factor.

Circuits for the modulation of odor preference

downstream of the AL

Despite the robust odor representations within the AL, behavioral
responses to appetitive odor cues are strongly affected by develop-
mental temperature in two different assays (Fig. 3). This indicates
that the scaling in brain connectivity is not fully functionally com-
pensated, and the odor induced activity in circuits downstream of
the AL is dependent on developmental temperature. Innate odor
preference arises in the LH, where PNs target LHNs within a com-
plex wiring logic. Here, LHNs pull information from subsets of
glomeruli with ecologically related odor response profiles (43, 44).
Qur analysis demonstrates that the odor information received by the
LH is temperature dependent because of small but significant differ-
ential wiring of PNs (fig. $6D). PD2b1 neurons have different odor
responses in flies developed at different temperatures, and therefore,
LH output is not invariant to developmental temperature.

These changes in connectivity and function are likely only a low-
er bound on the effect of developmental temperature. First, only half
of the uPN types was included in our analysis, and we might have
neglected more relevant connections. Second, the connectivity and
odor responses of other LHNs might be affected. PD2al/b1 neurons
are required for memory retrieval (45), but their role in innate be-
havior is likely context dependent (46). They might be involved in
approach toward appetitive cues, although their activation is not
sufficient to drive behavior (44). Most likely, PD2al/b1 neurons act
synergistically or redundantly with other LHNs with temperature-
dependent wiring, although the logic of these circuits remains to be
understood.

Last, odor information is transmitted to higher brain areas not
only by uPNs but also by mPNs that target the LH and the protoce-
rebrum. The connectivity of mPNs to ORNs and LHNs is also af-
fected by temperature (fig. S6, C and D). The function of this large
population of neurons (>50% of the total number of PNs), however,
is still unclear. Half of mPNs are predicted to be GABAergic (23):
These modulate odor preference and discrimination (24, 26, 27),
and silencing inhibitory mPNs reduces approach toward appetitive
odors (24). The other half of mPNs is predicted to be cholinergic
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(23), with a still unknown contribution to both downstream odor pro-
cessing and behavior. Therefore, further understanding of mPN
function and LH circuit organization is required to link the temperature-
dependent plasticity to the behavior we observe.

Linking temperature-dependent wiring to behavior:

Current limitations

The observation that developmental temperature scales connectivity
throughout the brain presents a substantial challenge in establishing
a causal link between circuit architecture and behavior. We were able
to exclude the early olfactory circuit as the origin of the observed
behavioral differences. However, we cannot conclusively demon-
strate that these differences arise from changes in the output of the
LH, as other downstream pathways could also be affected by devel-
opmental temperature. Therefore, the relationship between LH out-
put and behavior in flies developed at difterent temperatures must
be regarded as correlative. Qverall, our analysis shows that predict-
ing circuit function—whether in terms of neural activity or behav-
ioral outcomes—based on circuit connectivity remains a challenge
in the context of these developmental manipulations.

Phenotypic variation and constrained pathways

Overall, our study suggests that the effect of developmental tem-
perature on neural circuit wiring and function is heterogeneous
across circuits and likely depends on the spatiotemporal availability
of synaptic partners (1). Clearly, some connections in the brain are
critical for survival, and these have probably evolved to correctly
wire and function no matter the temperature. Developing flies on
extremely high temperatures revealed what is considered to be the
backbone of the olfactory pathway, i.e., the wiring of ORNs onto a
single uPN and a few mPNs and LNs (glomerulus DM, Fig. 2B).
Studying these extreme conditions might provide insights on evolu-
tionary constraints on circuit design.

The brain has evolved many strategies to keep circuits’ func-
tion robust to environmental factors {60, 61). While such robust-
ness holds true within some subcircuits (individual glomeruli in
this study), it cannot be assumed to occur throughout the brain
(LH output in this study). In this way, environmental factors can
lead to observable variation in behavioral phenotypes. Our study
raises the question of whether such variation in brain wiring is an
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evolutionary selected feature for adaptation to the environment,
posing new challenges for understanding brain development in
poikilothermic animals.

MATERIALS AND METHODS

Experimental model and fly husbandry

Flies were raised on standard molasses-based food, at 65% humid-
ity and on controlled 12-hour:12-hour light-dark cycles. All flies
were kept at 25°C as embryos and after eclosion. Flies were placed
at different temperatures (12°, 18°, 25° and 31°C depending on the
experiment) between the third-instar larva stage (L3) and the end
of metamorphosis. As the time of development depends on tem-
perature, we call the end point of metamorphosis P-100%. For
optogenetics experiments, flies were kept in standard molasses-based
food with 1 mM all-trans retinal (Sigma-Aldrich) in the dark for
=72 hours before experiments. In all experiments, only females
were used. Exact genotypes are given in tables S1 and S2.

Temperature cycle experiment

For temperature cycle experiments, flies were kept on 12-hour:12-hour
light-dark cycles. Temperature varied in parallel to light with the high
temnperature corresponding to the light cycle. The temperature ranges
{(minimum to maximum) used were 20° to 28°C, 18° to 30°C, 16° to
32°C, and 14° to 34°C. The maximum temperatures were held for
8 hours and shifted to the minimum temperature gradually in 4 hours.

Immunchistochemistry and confocal

Female flies (9 to 11 days after eclosion) were anesthetized with ice
and then briefly submerged in ethanol 70%. Flies were dissected on
cold phosphate-buffered saline (PBS) for no longer than 20 min and
fixated for 50 min in 2% paratormaldehyde (Polysciences, diluted in
PBS) rotating at room temperature. All subsequent incubation and
washes were done while rotating, in the dark. Brains were washed
three times in PBT (PBS with 0.5% Triton X-100, Roth) for 15 min
and then blocked for | hour in 5% normal goat serum (Thermo Fish-
er Scientific, in 0.3% PBT). Samples were incubated in primary anti-
body mixture (chicken anti-GFP 1:1000; rabbit anti-DsRed 1:500;
mouse anti-nc82 1:25) for 48 hours at 4°C, then washed in PBT (3%
of 15 min) and incubated in secondary antibody mix (goat anti-
chicken Alexa Fluor 488; donkey anti-rabbit Alexa Fluor 568; donkey
anti-mouse Alexa Fluor 647, all at 1:200) for 48 hours at 4°C. Last,
brains were washed three times in PBT and mounted in VectaShield
(Biozol). Brains were imaged on a Leica SP8 microscope with a 20x,
40%, or 63X objective depending on the experiment. After image ac-
quisition, the number cell bodies of postsynaptic partners were man-
ually counted using Fiji’s cell counter plugin. Cell body numbers were
classified according to the position around the AL: dorsal, lateral, or
ventrolateral (including both ventrolateral and ventral clusters). For
reagents, see table S1.

Brp™™" analysis

Confocal images of individual DM1 glomeruli were processed using a
custom code in Python, with the package pyclesperanto (62). Images
contained a BrpShort (GFP) and Brp (nc82) channel. Both channels were
preprocessed with Gaussian blur (1.0, 1.0, 1.0) and top hat box (20.0,
20.0,1.0). The DM1-ORN mask was made using the Brp™*"! channel, by
applying Voronoi Otsu Labeling and then merging the touching labels.
For the whole DMI1 glomerulus mask, the DM1-ORN volume was
cdosed using the function closing labels. Single nc82-labelled puncta
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were segmented by Voronoi Otsu Labeling and restricted to the DM1
glomerulus mask. The volume and fluorescence intensity of labeled re-
gions were acquired using the statistics of labeled pixels in pyclesperanto.
Retro-Tango quantification

As for Brp ot analysis, refro-Tango confocal stacks were processed
using a custom Python script. For each AL, a manual mask was done
to delimit the region of interest and crop the original images. Presyn-
aptic neurons were preprocessed by applying Gaussian blur (1.0, 1.0,
1.0) followed by top hat box (10.0, 10.0, 1.0). Presynaptic neurons were
then binarized with Gauss Otsu Labeling. Volumes of labeled regions
were acquired using the statistics of labeled pixels (pyclesperanto).

In vivo calcium imaging

Flies were developed at either 18° or 25°C. At 9 to 11 days after eclo-
sion, flies were anesthetized on ice and mounted on a custom holder
using ultraviolet (UV)-cured glue (Bondic). Saline solution [5 mM
Hepes, 130 mM NaCl, 5 mM KCl, 2 mM MgCl, 2 mM CaCl,, and
36 mM saccharose (pH 7.3)] was added. The cuticle covering the
fly’s head, as well as obstructing trachea, were removed. Functional
imaging was done on an Investigator two-photon microscope
(Bruker) coupled to a tunable laser (Spectraphysics Insight DS+)
with a 25x/1.1 water-immersion objective (Nikon). Laser excitation
was tuned to 920 nm, and less than 20 mW of excitation was deliv-
ered to the specimen. Emitted light passed through a SPe80 short-
pass filter, a 560 lpxr dichroic filter, and a 525/70 filter. PMT gain was
set to 850 V. The microscope was controlled with the PrairieView
(5.4) software.

Optogenetics

For optogenetic activation light from a 625-nm light-emitting diode
(LED) was directed using an optic fiber to the fly’s antenna. The LED
was controlled in flight-back mode from the imaging software using
an Arduino board, allowing simultaneous acquisition and excita-
tion. The light stimulus protocol consisted of 5-s series of light pulses,
presented five times with intervals of 30 s, Stimulus intensity in
fig. S1A was measured at the fly position with this protocol.

Odor delivery

Flies were exposed to a continuous clean air airflow (1 liter/min), in
which either an odor stream (100 ml/min) or a clean balancer airflow
(100 ml/min) was redirected through a solenoid valve (LEE), so that
the final airflow reaching the fly was around 1.1 liters/min. For creat-
ing the gas dilutions, four mass flow controllers were used (Analyt-
MTC) and controlled using a custom MATLAB (MathWorks) script
and an Arduino board. Cdors were prepared as a liquid 5-ml 1077
volumetric dilution in 20-ml glass vials (2-butanone and benzalde-
hyde in mineral oil and apple cider vinegar in MiliQQ Water). The final
volumetric gas dilution used was 107°. Odor stimulation consisted of
three repetitions of a 5 s, with 30-s intervals in between. For chemi-
cals, see table S1.

Electrophysiology

Single-sensillum recordings were performed as previously described
(63) using a silver chloride electrode and glass pipettes filled with
sensillum lymph ringer. Electrical signals were amplified using an
extracellular amplifier (EXT-02F-1, npi) with head stage (EXT-EH),
band-pass filtered (300 to 5000 Hz), and digitized at 20 KHz using
a NI board (NI-6212). Data were acquired with the matlab tool-
boxkontroller (64) (https://github.com/emonetlab/kontroller). Spikes
were sorted using a custom MATLAB routine available at https://
gitlab.rlp.net/mrtlllab/zuetle_batista etal 2024.
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Odor delivery

Flies were exposed to a constant airflow (1 liter/min), and an odor
stimulus was delivered by switching a three-way solenoid valve that
directed a secondary airflow (100 ml/min) through a Pasteur pipette
as in (63, 65). The pipette contained a filter paper with 50-ml odor
dilution. Volumetric odor dilutions were prepared in either mineral
oil or MiliQ Water. Stimuli were controlled by custom made soft-
ware in MATLAB and Arduino.

Behavioral experiments

Spherical treadmill

Experiments were conducted at 32°C in a closed custom arena. The
spherical treadmill consisted of a 15-mm-diameter polyurethane
foam sphere (FR-7120 foam, General Plastics) floating on an air col-
umn. The sphere was coated with two layers of classic wood glue
(Ponal, 25% in water), and then a random nonuniform pattern was
drawn using two layers of acrylic black paint (Black 3.0, Culture
Hustle). All coats of paint were allowed to dry overnight. The odor de-
livery system was similar to the one described above for in vivo cal-
cium imaging experiments but with a differing airflow rate controlled
by Alicat Scientific MECs. Continuous clean airflow was 90 ml/min,
and both the odor and balancer airflows were 10 ml/min. Videos were
acquired with a XIMEA xiQ video camera, placed 10 cm from the
treadmill, The treadmill ball was illuminated by a panel of 940-nm
LEDs (Solarox) and an extra LED on the air column was visible
in the video and turned on simultaneously to the odor stimulus to
trigger the data.

Experimental protocol. For experiments, 9- to 10-day-old female
flies were cold anesthetized and secured to a needle at their thorax
on the dorsal side using a UV-hardening glue (Bondic) and posi-
tioned on the sphere with the help ota 3D micromanipulator. Before
recording, flies were acclimatized to walking on the sphere for 10to
15 min with no stimulus being presented. Subsequently, video re-
cording and the odor stimulation were started. Videos were ac-
quired using the XIMEA CamTool software: The exposure was set to
10,725 ms, the gain to 2.6 Db, and the frame rate to 80 fps. The odor
stimulation was controlled through MATLAB by an Arduino UNO
Rev3 and consisted of at least 19 repetitions of 5-s-long odor stimu-
li and 20-s-long interval without odor.

Video processing and analysis. Fly moving speed was calculated a
posteriori from the video recordings using the open-source soft-
ware library FicTrac (66), which provided direction and walking
speed of the animal for each frame in the video. The video record-
ings were also analyzed in MATLAB to extract the stimulus trigger
from the LED placed in the field of view. Last, the output data from
Fictrac and the time points obtained from the video were analyzed
in MATLAB so that the moving speed during and outside odor pre-
sentation could be quantified. Flies that had a basal walking speed
lower than 2 mmy/s were discarded.

Free-walking assay

A free walking area was contained in a thermally controlled black
box (100 ¢m by 45 cm by 45¢m) shielded from room light, fully
closed with a frontal door, and equipped with a heating system and
thermostat (H-TRONIC GmbH, Product ID: 1114430). The box
was heated up by an air stream created by a fan and homogeneously
distributed by a diffuser. A blue LED stripe (470 nm, Paulmann Licht
GrmbH, product ID: 78979) was positioned around the walking
arena to ensure stable illumination during experiments. Videos
were recorded with a Basler Camera (Basler acA2040-90um) placed
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on the ceiling of the box and equipped with f12mm lens (Basler
Cl10-1214-2 M-5), using Pylon viewer (64-Bit, 6.3.0.10295). The
walking arena had 40.2-cm diameter and 2-cm height and was com-
posed of four stacked layers and three overlapping plates (glass or
plexiglass). The bottom layer contained six holes, arranged at the
corners of a hexagon, where 1.5-ml glass vials (Fisherbrand
11565874) containing the test odor could be screwed in. On top of
this, a Teflon-coated porous sheet (FIBERFLON GmbH & Co. KG,
product 1D: 408.07 P) provides a walking surface for the flies hid-
ing the odor location. The mid-arena layer consists in a sloped (at
11° 5-cm length) ring that defines the accessible walking area. To
seal the walking arena, we used a glass plate coated with Sigmacote
(Sigma-Aldrich Co.) to prevent fly walking upside down. This be-
havioral setup was built by the workshop of the Biology Department
at Johannes Gutenberg Universitit Mainz.

Experimental profocol. We tested female flies developed at 18° or
25°C, 5 to 7 days after eclosion. One hour before the experiment,
flies were transferred into a vial with only a small piece of filter pa-
per soaked in water and kept at room temperature. For experiments
carried at 32°C, the fly vials were incubated for 15 min in a 32°C
water bath. To create an odor gradient inside the arena, 5 min before
the start of each experiment, a 1.5-ml glass vial containing 1 ml of
test odor was placed in one of the six possible odor positions in the
behavioral setup. For each trial, a fresh odor vial was used, and the
position was pseudo-randomized. Each trial consisted of 10 to 15
female flies exposed to either apple cider vinegar (107 in MilliQ
water) or 2-butanone (1072 in mineral oil) or tested with empty vi-
als. Flies were gently pushed inside the arena using a custom fly
transfer tube and the recording was immediately started. All experi-
mental videos were recorded at 20 fps for 15 min and saved in mp4
format. At the end of each trial, the flies were removed and discard-
ed. The initial condition was restored by removing the odor vial and
the cover glass plate, replacing the Teflon sheet with a clean one, and
letting the whole system ventilate for 5 min.

Video processing and analysis. All required steps to preprocess
the raw videos were done using the Python 3.9.12 distribution
ANACONDA (version 4.13.0). Scripts were written using Virtual
Studio Code (version 1.81.1). Recorded mp4 videos were processed
and video tracked with the software TRex (version 1.1.8_3) (867).
The output files were analyzed using custom Python and MATLAB
scripts available at https:/gitlab.rlp.net/mrtlllab/zuefle batista_
etal 2024. A thresheold of 5 cm was chosen to determine whether the
fly had located the odor source; variations of this thresheld do not
alter the results. Odor occupancy was calculated as the integral un-
der the curve in the first 7 min, being 1 if all flies spend 100% of the
time at the odor.

Connectome analysis

We used the Hemibrain dataset (hemibrain:v.1.2.1) (20). For Fig. 1
(Kand L) and fig. S1 (E and F), we considered all synapses from the
Or42b-ORNs of the left and right antennae within the DM1 glom-
erulus of the right hemisphere, which were selected by clustering the
synapses on the basis of their 3D coordinates. The analysis was re-
stricted to synapses of the right hemisphere, as postsynaptic part-
ners are fully reconstructed only on this side. We calculated the
number of synapses between each ORN and each postsynaptic neu-
ron. Connections with less than three synapses from a single ORN
were discarded. Moreover, postsynaptic neurons that received less
than 10 total synapses were discarded. The number of synapses was
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normalized to the total number for this ORN type. Postsynaptic
neurons were sorted on the basis of the number of synaptic inputs
they received. The same procedure was used for DL1 and DL5. The
percentages of LNs and mPNs in fig. S1F are lower bounds, as calcu-
lated from the available annotations.

Theory

To model ontogenetic growth, we follow the same approach of (3).
We assume that growth scales as the three-fourth power of the mass
m [see Discussion and (34)] following the equation

(1)

where M is the asymptotic mass and a is proportional to met-
abolic rate

(2)

with m, the cell mass, £_ the energy per cell, and &, is the normal-

ization factor of the metabolic rate B = By that scales propor-

__Z
tionally to the Boltzmann factor: By ox e ¥% (T, is the temperature
in Kelvin, K the Bgltzmann constant, and E the activation energy).

Therefore, a x e ¥, Following (3), we calculate g with respect to a
reference temperature (the water freezing point T, = 273 K), and
replacing = T, — T, we obtain

_E_ ( L) E
a=a(T,E)=a(Ta,E)e”§ T, za(Ta,E)e“% (3)
where now the temperature T is in degrees Celsius. The last approx-
imation takes in account the fact that the relevant temperatures do
not exceed 32°C; therefore, T/T, is at most 0.1. This approximation
leads to an error of about 10% on the exponential fits, but the qual-
ity of the model prediction remains unchanged. We keep the ap-
proximation for simplicity in the following calculations.

To find the relationship between developmental time and tem-
perature, we integrate the growth Eq. 1 for m < M (but see below)
m(t) 5 t L
I m 1idm= j a(T,Eydt = 4m1 =a(T,E) - f €]
0 o

Equations 3 and 4 lead to the exponential relationship between
developmental time ¢ and temperature T proposed in (3)

_E T

1
4m1 2

TAE) ®

We calculate the fold change with respect to a reference tempera-
ture Ty = 25°C by assuming that development results in the same
final mass

b T _ (o) ©
tO

. E
with = e

result remains the same if we use the general solution of Eq. 1 from
(3) (relaxing the assumption <« M) or if we integrate it from
m(0) = m; instead of m(0) = 0.
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We now assume that developmental time follows the exponential
relationship in Eq. 6, while the wiring of the neural circuit is con-
strained by a different reaction rate with E’ < E. In modeling the
growth of the neural system, we use # instead of the mass m, which
can be intended as number of synapses, synaptic partners, or axonal
branching, # follows a similar equation as Eq. 5 leading to

l i
Lo(2) =T
fy Hy

This results from an initial condition #(0) = 0, which is reason-
able given the major pruning and regrowth of axons that happens
during metamorphosis. Using Eqs. 6 and 7

™

B _ )
2N

(®

where we define = 4E LA 4— If AE = 0, then there should be

no change in the number of synaptlc partners. Also note that p can
be larger than o (= E > %E’) orsmallerthano (= E' < E < %E’).
We use Eq. 8 to fit fold changes in the number of synaptic partners
in Fig. 2G.

Next, we calculate the developmental time of flies on tempera-
ture cycles with maximum and minimum temperatures T, and T,.
Here, we simplify the cycling temperature protocol to step changes
such that the final mass on temperature cycles results from develop-
ment that occurs half of the time at T; and half at T,

m(t)
J m < dm= J
0 0

— it = £[a(T,.E) +a(T,.E)]

]
I

a(T, E)dt+ J ©)
0

a(Tz,E)dr

(10)

Here, 7 indicates the developmental time on temperature cycles.
Assuming an equal final mass, the fold change with respect to a fix
temperature T is

T 5 Q(T,E) 5 1
== = = = (11)
f a(Tl,E) + a(Tz,E) e WI-T1) 4 o~ (T-15)

To calculate the fold change in synaptic connectivity, we use the
same logic as before to derive

(ﬁ)i 1 7a(T,E)+a(Ty,E') (12)
n) 2% a(T,E')
Moreover, using Eq. 11
" 7f et ferh ¢
=T (13)
7 oy puly

. -2
with= e

partners in flies developed on periodic temperature cycles in Fig.
2Q. The solutions in Egs. 11 and 13 further simplify, if we take
the mean temperature as the reference temperature T = Lth

and AT = % that 1s

=a-+ - Weuse Eq.13to predict the number of synaptic
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which shows that the fold change in developmental time and
connectivity scale inversely with the amplitude of the temperature
cycles (asy < a).
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Fig. S1. Tool validation and anatomical quantifications. (A) Optogenetic activation of Or42b-
ORNs in flies developed at different temperatures. The usual trans-Tango reporter dsRed was
replaced by GCaMP6s, and activity of presynaptic neurons induced by CsChrimson. Mean
optogenetic response of DMI-postsynaptic partners was quantified in the glomerulus for three
stimuli intensities. (B) Mean number of cell bodies in the AL labeled by trans-Tango as post-
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synaptic partners of Or42b-ORNs measured at different ages after eclosion. Error bars indicate
standard deviation (N = 5-10). (C) Sample confocal images showing the axons of Ur426-ORNs
across days post eclosion in control flies (top) and in flies whose antenna were clipped on day 5
(bottom). The decrease in GFP indicates axon degeneration. Right: mean number of cell bodies in
the AL labeled by transTango as post-synaptic partners of Or42b-ORNs measured at different ages
after eclosion in control and antenna-clipped flies (N = 8-12). Overall, these experiments indicate
that the transTango reporter accumulates over time, nonetheless it is able to detect changes in
synaptic connectivity that occur in the adult. The response time could be somewhat slow. (D) Left
to right: BrpS""GFP fluorescence expressed in Or42b-ORNs and glomerulus 3D mask
reconstructed from it for the two temperatures. Quantification of BrpS"'GFP and nc82 puncta
intensity within the whole glomerulus volume (error bars indicate SEM, n = 16 hemibrains at 18°C
and n = 25 at 25°C, Kruskal-Wallis test, **p<10-?, ***p<10"). (E) Bottom: heatmap of the
connectivity matrix from hemibrain EM data illustrating the number of synapses made by DM1-
ORNs from both antennae on postsynaptic partners in the right hemisphere. Post-synaptic partners
on the x-axis are ranked by the total number of input synapses from these ORNs, as quantified in
the top plot. Color scale indicates the number of synapses in log scale. The red and blue bar indicate
the mean number of postsynaptic partners counted within one hemisphere in the trans-Tango
experiment. (F) Percentage of postsynaptic neurons that have been annotated in the Hemibrain
dataset as multiglomerular projection neurons (mPNs, left) and local neurons (LNs, right).
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Fig. S2. Development at extreme and cycling temperatures. (A) Sample brains developed at
three different temperatures show trans-Tango labeling of new cell types (arrows) connected to
Or42b-ORNs at low temperatures. Images for 18 and 25°C are reproduced from Figure 1B. In flies
developed at 12°C, trans-Tango labels neurons that innervate the saddle (SAD), one of the four
SEZ subregions, which is not labeled at other temperatures. The left images are from genetic
controls for the trans-Tango tool crossed to a control line (isoD1). (B) Mean number of ORNs cell
bodies as a function of temperature (error bars indicate SEM, N=9-11). Note that this figures also
includes data shown in main Fig. 4B. (C) Fold change in synaptic partners from 25°C for
development on cycling temperatures. Temperature manipulations were applied only between L3
and P-100% then flies were moved to 25°C, except for the light-purple (16-32) and light-yellow
(20-28) bars for which flies were kept through adulthood at the cycling temperatures (N=10-12).
(D) Developmental times (adult eclosion) for pupae developed on temperature cycles of different
amplitude (AT, mean temperature was 24°C) (N=12-25). The black line indicates the model
prediction. Developmental times deviates from the model prediction, despite the nice agreement of
the model with the measured connectivity (Fig. 2Q of main text), indicating a disruptive effect of
temperatures above 30°C.
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Fig. S3. Effects of developmental temperature on odor driven behavior. A-C) Response to
vinegar on the spherical treadmill setup for flies developed at 18°C (blue) and 25°C (red). (A) Odor
response calculated as change in moving speed as a function of time in response to 5s stimulation;
bar plot: mean change in moving speed within the first 2s of stimulation (p = 0.1, N=14,13). (B)
Left: mean basal walking speed is estimated from the 3s preceding stimulus onset (p = 0.02). Right:
scatter plot of basal walking speed vs odor response for individual flies, showing that in both
conditions basal and response behaviors are not correlated: both flies with high and low basal speed
can respond strongly to the odor. (C) Mean response to each consecutive stimuli repetitions
averaged across all flies (right), and mean response of each individual fly across repetitions,
showing large variation across individuals (left). (D-H) Behavioral response in the free walking
assay. (D) Binary maps showing individual flies located at the odor source (<5 c¢m, white) as a
function of time and (E) percentage of flies at the odor (vinegar). An empty odor vial was used as
control in an independent set of experiments (shaded curves). (F) Average percentage of flies at the
odor source and odor occupancy (bar plot), for vinegar tested at 25°C (p<10* N=21,20). (G) same
as in () for a testing temperature of 32°C for 2-butanone (p=0.006, N=20,20) and (H) vinegar
(p=0.09, N=19,18). Shaded area and error bars indicate SEM.

o
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Fig. S4. Effects of developmental temperature on odor encoding. (A) Left to right: Single
sensillum recordings from the ab1 sensillum containing a single Or425-ORN. Mean response of
the LFP to a 1s pulse of 2-butanone at 10~ dilution and Paraffin Oil (PO) control. Amplitude of the
LFP calculated as the maximum drop for each odor concentration. (B) Same as for the ab2 sensillum
containing one Or396-ORN. (C) Firing rate response of ab2 to a 1s pulse of 2-butanone at 10
dilution and PO control calculated in 100ms sliding window. Right: mean peak response for each
concentration tested. (D) Calcium imaging from the axon terminals of mPNs labeled by AMZ699-
Gal4. For functional quantification, the LH was divided in regions based on Strutz et al. (24):
posterior-medial (PM), anterior-medial (AM) and anterior-lateral (AL). As previously reported the
posterior-medial LH is more sensitive to appetitive odors (N=6-10). All response curves are mean
responses and shaded areas are SEM (*p<0.05).
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Fig. S5. Connectivity analysis of LH neurons. (A) Dendritic arborizations of neurons pre-synaptic
to PD2al/ as labeled by retro-Tango in individual brains. All brains developed at 18°C show
stronger and more uniform innervation of the AL as compared to brain that developed at 25°C,
which have more asymmetric innervations of the two hemibrains. (B) PCA of connectivity matrix
of PD2al/bl to the AL glomeruli as quantified from BAcTrace in main Fig. 5G: each dot indicates
a single hemibrain. (C) Mean number of pre-synaptic glomeruli for PD2al/b1 in each hemibrain.
(D) Bar plot showing mean number of PD2al/b1 neurons labeled by the split-Gal4 line at the two
developmental temperatures (error bars are SEM, N=12/11 hemibrains). (E and G) As main Fig.
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5C-D-E for AV4al and ADIlc¢l. Bottom: binary connectivity matrix. Middle: Connection
probability to each glomerulus. Top: difference in connectivity between 25°C and 18°C. Middle
and top panel are the same as in Fig. 5J. (F and H) As (C) and (D) for AV4al and ADlcl.

D. LHN dendrites
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(PD2a1/b1, AD1c1 and AV4al)

1 mPNs inputs (PD2a1/b1)

4 vinegar calcium response (PD2b1)

C. mPN axons (Mz699) B. uPNs dendrites

= calcium response in the AL
(DM1, DM4, DL1, DL5)

= calcium response in the LH
(LH-AM, LH-AL, LH-PM)

T benzalhedyde response (LH-AM)

A.ORN axons

T number and size of puncta
Effect of lower T postsynaptic partners (mPNs, LNs)
developmental temperature T presynaptic calcium (DM1, DM4)

T increase = presynaptic calcium (DL1, DL5)

J decrease

= no change ORN dendrites
= firing rate responses (DM1, DM4)
= cell number

Fig. S6. Overview of study findings throughout the olfactory system. Changes are indicated as
found m flies developed at 18°C relative to 25°C. Subpanels indicate different system levels

analyzed. (A) ORN axons and dendrites, (B) uPNs dendrites, (C) mPNs axons, and (D) LHNs
dendrites.
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Reagent or Resource Source Identifier
Antibodies
chicken anti-GFP Abcam Abcam Cat# ab13970,
RRID:AB 300798
rabbit anti-DsRed Takara Bio Takara Bio Cat# 632496,
RRID:AB 10013483
Mouse anti-nc82 deposited to the DSHB Cat# nc82,
DSHB by Buchner, RRID:AB 2314866
E.
Goat anti-chicken Alexa Fluor 488 Jackson Jackson ImmunoResearch
Immunoresearch Labs Cat# 103-545-155,
RRID:AB 2337390
Donkey anti-rabbit Alexa Fluor 568 Thermo Fisher Thermo Fisher Scientific
Scientific Cat# A10042,
RRID:AB 2534017
Donkey anti-mouse Alexa Fluor 647 Thermo Fisher Thermo Fisher Scientific
Scientific Cat#f A-31571,
RRID:AB 162542
Chemicals
PBS GIBCO Art. #70011044
Paraformaldehyde Polysciences Art. #00380-1
Triton X-100 Roth Art. #3051.2
Normal goat serum Thermo Scientific  Art. #31872
VectaShield Biozol Art. #VEC-H-1000
Apple Cider Vinegar Ja! REWE, Apfel N/A
Essig
2-butanone Sigma-Aldrich Co.  Art. #34861-M, CAS 78-93-
3
Benzaldehyde Sigma-Aldrich Co.  Art. #B1334, CAS 100-52-7
Mineral Oil Sigma-Aldrich Co.  Art. #330779-1L, CAS

8042-47-5

All trans retinal Sigma-Aldrich Co.  Art. #R2500
Sigmacote® Sigma-Aldrich Co.  Art. #S1.2
Experimental Models: Organisms/Strains
D. melanogaster: UAS-brpD3::GEP Gift from R. N/A
Heisinger
D. melanogaster: Or42b-Gal4d Bloomington RRID: BDSC 9972
Drosophila Stock
Center (BDSC)
D. melanogaster: Or7a-Gal4 BDSC RRID: BSDC 23907
D. melanogaster: Or10a-Gald BDSC RRID: BSDC 9944
D. melanogaster: trans-Tango BDSC RRID: BSDC 77124

91



4 Manuscripts

D. melanogaster: QUAS-GCamp0s,; trans- BDSC RRID: BSDC 95316

Tango

D. melanogaster: PD2al/bl split-Gald BDSC RRID: BSDC 86654

(R48F03-p63AD; R37G11-Gal4DBD)

D. melanogaster: BAcTrace (w¥,QUAS- Gift from S. N/A

mitdTomato UAS-CD2(atipS); pJFRC19- Cachero

Syb::GFP-P1O(VK37) V'T0330006-

LexAp63(JK22C) LexAop-minQf-nol5-

minSNAP25-HIVNES-

Syntaxin(VK18);P{20XUASI-

B3R.PEST}attp2 pJFRC161-B3RT-B2B3RT-

HBMBONTa2xGFPnb(VK3) QUAS-

mtdTomato::HA)

D. melanogaster: GH146-Gal4 Gift from A. Fiala  N/A

D. melanogaster: Orco-Gal4 BDSC RRID: BSDC 23292

D. melanogaster: isoD1 Gift from M. Silies N/A

D. melanogaster: UAS- GCaMP¢f BDSC RRID: BSDC 42747

D. melanogaster: UAS-CsChrimson BDSC RRID: BSDC 82181

D. melanogaster: retro-Tango BDSC RRID: BSDC 99661

Software and algorithms

Imagel RRID:SCR 003070

Leica Application Suite X Leica RRID:SCR 013673

MATLAB MathWorks RRID:SCR 001622

Adobe Ilustrator Adobe RRID:SCE_010279

Hemibrainr (v. 0.1.0) (21) https://github.com/natverse/
hemibrainr

Pylon viewer (64-Bit, 6.3.0.10295)

FicTrac (64)

Trex 1.1.8 3 (65) RRID:SCR 022361

Python 3.9.12 RRID:SCR 008394

RStudio RRID:SCR 000432

Napari-pyclesperanto {(60) https://github.com/clEsperan

to/pyclesperanto_prototype

Supplementary Table 1. Resources table for all used antibodies, chemicals and experimental
organisms used in this study, with their respective source and identifier.
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Name

Genotype

Figure

Or42b = trans-Tango

w+, UAS-myrGFP.QUAS-mtdTomato-3xHA;
trans-Tango / CyO ; Or42b-Gal4 / +

Fig. IB-D, Fig. IM,
Fig. 2A-E, Fig. SIB,C,
Fig $2

Or42b = trans-Tango

w+ 10k QUAS-GCaMP0s, trans-Tango / UAS-

Tig. 1F-G, Fig S.1A

QUAS-GCalMP6s CsChrimson; ord2b-Gal4d / +

Ord2b > Brp™ s+ UAS-BRP D3::GFP/or42b-Gal4 Fig. 1I-J, Fig S.1D

GFP

Or7a = trans-Tango  w+, UAS-myrGFP.QUAS-mitdT omato-3xHA; Fig. IN
trans-Tango / Or7a-Gald

Orl0a = trans-Tango  w+, UAS-myrGFP.QUAS-mtdTomato-3xHA; Fig. 10
trans-Tango / Orl Oa-Gal4

GHI146 = GCaMP6f  w+,; UAS-GCaMP 67 GHI146-Gal4 Fig. 2N,O

Fig. 4D

Or42b > GFP w+, UAS-myrGEP.QUAS-midT omato-3xHA; Fig. 4B
trans-Tango / CyO ; or42b-Gald / +

Orco = GCaMP6f w+; UAS-GCamp6f/ +; orco-Gald / + Fig. 4A,C, Fig. S4A-B

PD2al/bl >
BacTrace

w+, QUAS-mtdTomato, UAS-CD2/+; Syb::GFP,
VT033006-LexAp63, LexAop-minQf-nol’s-
minSNAP235-HIVNES-Syntaxin/R48F03-p634D;
UASI-B3R.PEST,B3RT-B2B3RT-

HBMBoNT a2xGEPnb, QUAS-mitdTomato::HA /
R37G11-Gal4DBD

Fig. SE-L, Fig. $5B-D

PD2al/b1 >
GCalPEf

w+; UAS-GCalMP6ff R4SE03-p63AD ;
R37G11-Gal4DBD / +

Fig. 5K

ADIlcl = BacTrace

w+, QUAS-mtdTomato, UAS-CD2/+; Syb::GFP,
VT033006-LexAp6S, LexAop-minQf-noVs-
minSNAP25-HIVNES-Syntaxin/R35C09-GAL4;
UASI-B3R.PEST,B3RT-B2B3RT-
HBMBoNTa2xGEPnb, QUAS-mtdTomato::HA /
4

Fig. 51, Fig. S5G.H

AVdal = BacTrace

w+, QUAS-mtdTomato, UAS-CD2/+; Syb::GFP,
VT033006-LexAp6S, LexAop-minQf-noVs-
minSNAP25-HIVNES-Syntaxin/ R34C08-
p03.AD; UASI-B3R.PEST, B3RT-B2B3RT-
HBMBoNTa2xGEPnb, QUAS-mtdTomato::HA /
R22C12-GAL4DBD}

Fig. 5J, Fig. S5E.F

PD2al > retro-Tango

vw+ QUAS-mtdTomato-3xHA; retro-Tango / +
» 1OxUAS-retro-Tango/ R48F03-p63AD;
R37G11-Gal4DBD / +

. 5A-D, Fig. S5A

1soD1 > trans-Tango

w+, UAS-myrGFP.QUAS-mtdTomato-
3xHA/isoD 1 frans-Tango /isoD1

Tig. S2A

MZ699 = GCaMP8f

w+,; UAS-GCaMPS8f/+; MZ699-Gald/+

Fig. $4D

Supplementary Table 2. Fly strains used in the paper, separated by used name, full genotype and
figure in which it appears.
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5 Discussion

In this dissertation | have explored how plasticity impacts robustness of neuronal function and behavior
in the olfactory system of Drosophila melanogaster. | 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 (Zifle 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 (Zifle et al., 2025 -
manuscript in section 4.3 - figure 1M-0). Consistently with this, | 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 (Ziifle 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 (Zifle 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 (Brand3o 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 (Brand&o 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 (Brandao 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
(Branddo 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 (Brandao
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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(Branddo 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 (Brandao
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 (Brandao et al., 2025 - manuscript in
section 4.2 - figure Sle).

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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Uncl3 proteins have been previously shown to mediate different types of presynaptic plasticity
through calcium-dependent pathways at the neuromuscular junction in Drosophila melanogaster
(Bohme 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 (Branddo 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
Uncl3 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 ORNSs 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,
| 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 (Brandao et al., 2025 - manuscript in section
4.2 - figure 4k). This indicates that calcium release from internal stores is required for background
compensation in ORNSs, 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 (Alvarez-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 | 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. | 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

ACh

AL

cAMP

CNG

GABA

GC

IP3

JND

LN

MC

Or

Orco

ORN

PGC

PN

SCN

TC

8.1 List of Abbreviations

acetylcholine

antennal lobe

cyclic adenosine monophosphate
cyclic-nucleotide gated
gamma-aminobutyric acid
granule cell

inositol triphosphate
ionotropic receptor

just noticeable difference
local neuron

mitral cell

odorant receptor
odorant-receptor co-receptor
olfactory receptor neuron
periglomerular cell

projection neuron
suprachiasmatic nucleus

tufted cell
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