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General introduction

General introduction

Forms of learning
In humans, learning is commonly described as the acquisition of new knowledge, skills, values,
preferences and behaviors, based on available information and previous experiences. In fact, not
only humans, but also a wide range of animals shows forms of learning (mammals: Pavlov, 1927,
insects: Opfinger, 1931, crustaceans: Smith and Baker, 1960, birds: Taylor et al., 2011, fish: Hinz
et al., 2013, amphibians: Heuring and Mathis, 2014, arachnids: Patino-Ruiz and Schausberger,
2014, mollusks: Takigami et al., 2014, reptiles: Kis et al., 2015). Learning establishes memories of
what was learnt, and those can be recalled at a later date. The ability to learn and memorize
enables animals to adjust to their environment and essentially contributes to the evolutionary
success of a species (Hinton and Nowlan, 1987).
Animals have to learn under various circumstances and they need to learn different things.
Consequently, animals exhibit numerous conceptually different forms of learning. Many of these
are defined as opposing based on a certain criterion. For example, non-associative learning is
contrasted with associative learning: in non-associative learning, repeated exposure to a single
stimulus leads to either habituation (reflected by a decrease in stimulus-induced responses;
Thorpe (1943-44)) or sensitization (reflected by an increase in stimulus-induced responses;
Carew et al. (1971)). In associative learning, pairing two stimuli, namely a conditioned stimulus
(CS) with a reinforcing unconditioned stimulus (US) leads to the formation of an associative CSUS memory and after learning the CS alone can evoke the US-specific behavioral response
(Pavlov, 1927). Depending on the training protocol associative learning results in either
improved stimulus discrimination, or enhanced stimulus generalization (Pavlov, 1927). Other
than in operant conditioning (Thorndike, 1898, Skinner, 1938), in classical conditioning the
individuals’ behavior has no consequences for stimulus exposure (Pavlov, 1927). Many more
criteria can be applied to differentiate forms of learning, but since I focus in my PhD thesis on
classical associative learning they are not described here.
The diversity of both the forms of learning and the species capable of learning is advantageous,
as it allows comparative approaches (Pfenning et al., 2007). Those facilitate the identification of
conserved and specific mechanisms that underlie different forms of learning and memory
(Dubnau and Tully, 1998). In any case, learning correlates with changes in (the weight of)
neuronal connections, which is also referred to as neuronal plasticity (Berlucchi and Buchtel,
2009). Different forms of learning should also differ on the neuronal level. But learning
paradigm-specific differences in neuronal substrates and molecular mechanisms are still far from
being completely understood. Fortunately, knowledge about the organization of neural
processing stages, learning-related genes, and molecular signaling cascades can, to some extent,
be transferred between species (Alberini, 1999, Bargmann, 2006). Therefore, a specific question
is commonly investigated in the model organism that is best suited, and ideally the acquired
knowledge will advance learning research in another species as well.
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Drosophila is a powerful model system for studying learning
Understanding the neuronal basis of learning and memory is easier in a – in terms of numbers of
neurons – small brain. This is one of the reasons why the vinegar fly Drosophila melanogaster
became a favored model system in learning and memory research. Its brain is comprised of only
~100,000 neurons, many of which are identifiable (www.virtualflybrain.org). This facilitates
characterizing the neural network connectivity and therewith stimulus pathways and signal
processing along these pathways (Berck et al., 2016). Despite its small brain, Drosophila exhibits
robust performance in various learning paradigms (Pitman et al., 2009). Those paradigms have
been used for the identification of learning mutants (dunce: Dudai et al., 1976, amnesiac: Quinn
et al., 1979, rutabaga: Livingstone et al., 1984, ddc: Tempel et al., 1984, radish: Folkers et al.,
1993), which was a first step towards the understanding of molecular signaling cascades
underlying learning and memory. Since the complete genome of Drosophila has been sequenced
(Adams et al., 2000), gene homology approaches can be used to infer possible functions of all
genes (Greenspan and Dierick, 2004). Furthermore, knowing the genome sequence enables
precise genetic interference and has contributed to a large collection of highly specific genetic
tools in Drosophila. These genetic tools allow, for example, precisely targeting (Brand and
Perrimon, 1993, Lai and Lee, 2006, Pfeiffer et al., 2008, Potter et al., 2010, Gohl et al., 2011, Ting
et al., 2011), manipulating (Sweeney et al., 1995, Baines et al., 2001, Kitamoto, 2001, Zhang et
al., 2007, Pulver et al., 2009, Klapoetke et al., 2014) and monitoring the activity of (Zhang et al.,
2001, Nikolaev et al., 2004, Tian et al., 2009) specific neurons. The opportunity to select and
combine genetic methods from such a rich genetic tool box essentially contributed to the
understanding of learning in Drosophila, as it enabled sophisticated approaches for addressing
advanced questions. Especially for that reason Drosophila has become one of the most studied
animal models in learning and memory research. During the last decades profound knowledge
has been acquired about the function of both neuropils and single neurons in different
Drosophila learning tasks.
With all its advantages Drosophila was perfectly suited for my aim to investigate forms of
learning. I decided to use in vivo calcium imaging techniques for this purpose, as calcium influx
into a neuron can be used as measure of stimulus-induced neuronal activity. Furthermore,
calcium imaging allows a spatiotemporal analysis of stimulus-induced neuronal responses and of
how they change in the course of training. I took advantage of the rich genetic toolbox in
Drosophila and used the GAL4-UAS system (Brand and Perrimon, 1993) to target the neurons of
my interest. In those neurons, I expressed the calcium sensor GCaMP3 (Tian et al., 2009) to
visualize neuronal responses as stimulus-induced calcium influx.

The current working model for odor-shock delay learning in Drosophila
The best studied form of learning in Drosophila is odor-shock delay learning (Guven-Ozkan and
Davis, 2014). The fly learns to associate an olfactory CS with an co-occurring electric shock US
(Tully and Quinn, 1985). The neuronal representations of the CS and the US during odor-shock
delay learning are relatively well understood in Drosophila, as outlined in detail in the single
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chapters. In brief, the CS signal is conveyed from the fly antennae via olfactory receptor neurons
and projection neurons to the Kenyon cells of the mushroom bodies (Masse et al., 2009). At all
stages of the CS-pathway the identity of the CS is encoded in the pattern of population activity
(de Bruyne et al., 2001, Fiala et al., 2002, Hallem and Carlson, 2006, Münch and Galizia, 2011,
Silbering et al., 2011, Campbell et al., 2013). How the electric shock US is received is still unclear
(Appel et al., 2015), but it is known that the US signal is transmitted via distinct dopaminergic
neurons to the Kenyon cells (Kim et al., 2007, Claridge-Chang et al., 2009, Aso et al., 2010, Aso et
al., 2012, Qin et al., 2012). If the CS and the US signal coincide in the Kenyon cells, coincidence
detection by an adenylyl cyclase triggers a molecular signaling cascade (Livingstone et al., 1984,
Livingstone, 1985, Levin et al., 1992, Connolly et al., 1996, Tomchik and Davis, 2009, Gervasi et
al., 2010) which changes the Kenyon cell synaptic output onto mushroom output neurons,
thereby encoding associative memories (Dubnau et al., 2001, McGuire et al., 2001, Schwaerzel
et al., 2003, Sejourne et al., 2011, Pai et al., 2013, Zhang and Roman, 2013, Aso et al., 2014b,
Bouzaiane et al., 2015, Cohn et al., 2015, Hige et al., 2015a, Owald et al., 2015). Altogether,
according to the current model for associative learning in the Drosophila mushroom bodies, the
pathways for CS and US are well separated until both signals converge in the Kenyon cells, where
also the association takes place.

Limitations of the current working model for odor-shock delay learning
in Drosophila
The current working model, however, does not accounts for CS-induced responses in the USmediating dopaminergic neurons (Mao and Davis, 2009). Consequently, also associative
plasticity in the CS-induced responses of dopaminergic neurons is not considered by the model
(Riemensperger et al., 2005). Several questions are left open, for example: from which neurons
do dopaminergic neurons receive olfactory input? What is the function of CS-induced responses
in dopaminergic neurons? Does associative plasticity in the CS-induced response of
dopaminergic neurons reflect associative plasticity in Kenyon cells or do dopaminergic neurons
act differently? Do dopaminergic neurons conduct their own CS-US coincidence detection? To
reveal the origin and possible functions of CS-induced responses in dopaminergic neurons,
clearly, a more complete picture of associative processes during odor-shock conditioning is
needed. In Chapter III, I contribute to a better understanding of the role of dopaminergic
neurons in associative learning.
Studies in mammals revealed, that CS-induced responses in US-mediating dopaminergic neurons
are part of the prediction error coding (Schultz et al., 1997, Valentin and O'Doherty, 2009,
Metereau and Dreher, 2013). When an animal is exposed to a trace conditioning paradigm, and
when it learns that the CS predicts the US, dopaminergic neuron responses to the CS increase
while responses to the US decrease (Schultz et al., 1997, Steinberg et al., 2013). After learning, a
predicted but omitted US leads to a reduction of neuronal activity at the time-point of the
predicted US (Schultz et al., 1997). A decade ago a study suggested that dopaminergic neurons in
Drosophila do not encode the prediction error, but rather predict the US (Riemensperger et al.,
2005). This conclusion was based on the finding, that solely the response to the CS was altered,
namely prolonged, whereas the response to the US was not affected by odor-shock conditioning
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(Riemensperger et al., 2005). Meanwhile anatomical studies revealed the compartmentalized
organization of the mushroom body, suggesting that the 15 mushroom body compartments
constitute 15 functional units (Tanaka et al., 2008, Mao and Davis, 2009, Aso et al., 2014a). The
compartmentalized architecture of the mushroom body had been unknown at the time-point of
the previous study (Riemensperger et al., 2005). Could a compartment-resolved analysis of
associative plasticity in the mushroom bodies help to uncover prediction error coding?
Prediction error coding may occur in only a subset of the compartments and, therefore, may
have been missed in the previous study (Riemensperger et al., 2005). A reinvestigation of this
topic was necessary and the results of this approach are described in Chapter III.

Additional forms of olfactory aversive learning in Drosophila
The above described model covers odor-shock delay conditioning only, but does not apply for
other forms of learning, as those naturally differ with respect to their neuronal representation
(Davis, 2011). Modifying only one of the many parameters that define a Drosophila learning task
can already result in a different form of learning.
One parameter that determines different forms of learning is the inter-stimulus interval. Long
inter-stimulus intervals, as used for repeated unpaired presentations of CS and US, lead to nonassociative learning. Short inter-stimulus intervals used for paired CS-US presentations lead to
associative learning. It has been shown that non-associative and associative learning require
distinct neuronal circuits (Acevedo et al., 2007b), although neuronal substrates like the
mushroom bodies, and molecular pathways are partly shared (reviewed in: Acevedo et al.,
2007a, Engel and Wu, 2009). The inter-stimulus intervals that induce associative learning can be
further distinguished. Three associative CS-US timing variants have been contrasted (Tully and
Quinn, 1985, Tanimoto et al., 2004): (1) the CS and US presentation overlap (‘delay
conditioning’), (2) the CS precedes the US without overlapping (‘trace conditioning’), (3) the US
precedes the CS without overlapping (‘backward conditioning’). While delay and trace
conditioning induce qualitatively the same behavioral response, backward conditioning results in
an opposing behavioral response (e.g., approach instead of avoidance when using an aversive
US). All three learning variants exhibit special requirements with respect to neuronal substrates
and genes, as investigated for odor-shock learning: the set of dopaminergic neurons that signals
the US seems distinct in delay and backward learning (Yarali and Gerber, 2010). Flies mutant for
white1118 show stronger delay learning than backward learning, as compared to wild-type flies
(Yarali et al., 2009). The rutabaga gene is required for delay learning but not for trace learning
(Shuai et al., 2011). Similarly, the small G-protein Rac enhances learning in a trace conditioning
paradigm but not in a delay conditioning paradigm (Shuai et al., 2011). All these differences may
account for the conceptual differences between trace and backward learning on the one hand
and delay learning on the other hand. Trace and backward learning imply the existence of a
transient CS and US memory, respectively. Such a stimulus memory needs to persist after the
cessation of the first stimulus until the second stimulus is applied. Where and how these
transient memories of the first stimulus are kept and associated with the second stimulus in the
brain of Drosophila is still unclear (Yarali et al., 2012). Therefore, I addressed this knowledge gap
in Chapter I and III.
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Apart from the inter-stimulus interval, the modality of the US is a crucial factor that affects
learning. US of different modalities have been proven potent to induce aversive odor memories:
electric shock (larvae: Aceves-Pina and Quinn, 1979, flies: Tully and Quinn, 1985), gustatory
reinforcers (larvae: Scherer et al., 2003, Selcho et al., 2009), temperature (larvae: Khurana et al.,
2011) and mechanical reinforcement (flies: Mery and Kawecki, 2005). Given this diversity, the
question arises whether US of different modalities are signaled via discrete neuronal pathways.
Most likely, different modalities requests different sensory neurons. But there are two contrary
scenarios how the downstream signaling might work: Either (1) each US signal is conveyed via a
modality-specific pathway to the CS-US association site, or (2) any US signal converges onto an
aversive reinforcement pathway, irrespective of the input modality. Alternatively, a combination
of both scenarios might apply. This makes a big difference in terms of the conditioned response.
According to the first scenario the fly would be able to distinguish between different US
modalities, whereas in the second scenario the US modality would be elusive for the fly. In other
words, a total convergence of US pathways would preclude a US modality-specific conditioned
response (e.g. increased locomotion, freezing, jumping, or flying). To my knowledge, behavioral
studies on associative learning in adult Drosophila have not investigated the US-specificity of
conditioned responses. Therefore, behavioral data cannot provide a hint, whether to expect
separate or shared pathways for different US. In Chapter II, I used a physiological approach to
address this issue.

Summarized aims of this study
The overall aim of my studies was to contrast neuronal stimulus representations in different
Drosophila learning paradigms, in order to reveal yet undiscovered coding capacities of the
neuronal network.
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In Chapter I, I reviewed the current knowledge of trace conditioning in insects, in order
to develop new working hypotheses for learning research.
First, I reassessed behavioral and physiological findings in various insect trace
conditioning paradigms and compared the current knowledge across insect species and
paradigms. In a second step, I compared results obtained in trace conditioning studies to
those of delay conditioning studies to reveal common and specific features of both
forms of learning.



In Chapter II, I asked whether heat US and electric shock US are mediated by different
pathways in aversive olfactory delay conditioning.
First, I established a setup for in vivo wide-field calcium imaging that allowed the
presentation of heat US, and either electric shock US or odors, to the same fly. Second,
to establish the newly developed device for electric foot shock application, I tested the
reliability of electric shock application in dopaminergic neurons. Third, to clarify whether
the used calcium sensor GCaMP3 is affected by temperature, I expressed GCaMP3 in
olfactory receptor neurons and tested the effect of temperature on GCaMP3 raw
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fluorescence and odor-induced fluorescence changes. Finally, I performed the first in
vivo recordings of thermoreceptive anterior cell neurons and tested whether they
respond to both heat US and electric shock US.



In Chapter III, I asked whether types of dopaminergic neurons encode the US prediction
error, and how the trace conditioning procedure changes the representation of CS and
US in the synaptic partner ‘Kenyon cells’.
I developed a setup that allows monitoring the fly’s brain activity during odor-shock
conditioning. In the setup I also incorporated a method to record the electric current
that each fly received during training. To record the neuronal activity of dopaminergic
neurons and Kenyon cells, I used confocal calcium imaging. I acquired the first dataset of
CS- and US-induced activity that distinguishes between the compartments of the
horizontal mushroom body lobes, and comprises multiple training trials. My approach
enabled me to contrast: compartments, trials, associative with non-associative plasticity,
dopaminergic neurons with Kenyon cells, CS with US, and neuronal responses with US
strength.
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Trace conditioning in insects – keep the trace!
Kristina V. Dylla, Dana S. Galili, Paul Szyszka, Alja Lüdke

Frontiers in Physiology, Volume 4, p67, 23 August 2013
DOI: 10.3389/fphys.2013.00067

Chapter I: Trace conditioning in insects

Abstract
Trace conditioning is a form of associative learning that can be induced by presenting a conditioned
stimulus (CS) and an unconditioned stimulus (US) following each other, but separated by a temporal
gap. This gap distinguishes trace conditioning from classical delay conditioning, where the CS and US
overlap. To bridge the temporal gap between both stimuli and to form an association between CS
and US in trace conditioning, the brain must keep a neural representation of the CS after its
termination – a stimulus trace. Behavioral and physiological studies on trace and delay conditioning
revealed similarities between the two forms of learning, like similar memory decay and similar odor
identity perception in invertebrates. On the other hand also differences were reported, like the
requirement of distinct brain structures in vertebrates or disparities in molecular mechanisms in both
vertebrates and invertebrates. For example, in commonly used vertebrate conditioning paradigms
the hippocampus is necessary for trace but not for delay conditioning, and Drosophila delay
conditioning requires the Rutabaga adenylyl cyclase, which is dispensable in trace conditioning. It is
still unknown how the brain encodes CS traces and how they are associated with a US in trace
conditioning. Insects serve as powerful models to address the mechanisms underlying trace
conditioning, due to their simple brain anatomy, behavioral accessibility and established methods of
genetic interference. In this review we summarize the recent progress in insect trace conditioning on
the behavioral and physiological level and emphasize similarities and differences compared to delay
conditioning. Moreover, we examine proposed molecular and computational models and reassess
different experimental approaches used for trace conditioning.
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Introduction
Actions may have delayed, rather than immediate consequences. If you have ever woken up with a
terrible headache the morning after drinking too much tequila, you probably had a feeling of nausea
the next time you encountered the taste and smell of tequila and may have refrained from drinking
it. Although there was a temporal dissociation between the two events – the stimulus and the
negative consequence – an aversive association was formed.
To account for the possibility to associate stimuli which are separated in time, the preceding
conditioned stimulus (CS) must induce a representation in the form of a stimulus trace in the
neuronal network, which persists for a time after the stimulus has terminated. The stimulus trace can
then be associated with the following reinforcing unconditioned stimulus (US). This form of learning
where CS and US are separated by a temporal gap is termed trace conditioning, in contrast to delay
conditioning, where both CS and US occur with a temporal overlap (Figure 1A). We refer to the CS-US
interval as the time span between CS onset and US onset, while the time span between the CS offset
and US onset is termed gap (Figure 1A).

Figure 1: Experimental design and memory performance in delay and trace conditioning. (A)
Experimental design of delay and trace conditioning. In delay conditioning, the conditioned stimulus
(CS) and the unconditioned stimulus (US) overlap, whereas they are separated by a gap in trace
conditioning. The time between the onset of the CS and the onset of the US is termed CS-US interval.
(B) Memory performance after aversive conditioning in Drosophila melanogaster as a function of CSUS interval. A 15 s long odor presentation serves as CS. Its end is indicated by a dashed line. The US
consists of four electric shocks at 90 V applied within 16 s. Trials with a CS-US interval ≤ 15 s are
termed delay conditioning and those with a CS-US interval > 15 s are termed trace conditioning.
Adapted from Tanimoto et al. (2004) with changes and with permission from the author.
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The capability to associate two temporally separated stimuli is vital for animals, since in nature the
cause and outcome of a behavior are often not contiguous. Additionally, the perceived features of
objects are constantly changing with time and location. Animals must memorize and integrate these
changing features for object identification and tracking. For example, when a bee approaches a
flower, the flower’s shape and color may change drastically in the bee’s perception. Still, the bee
should learn to associate the initial visual stimulus with the food reward in order to initiate the
approach next time (Opfinger, 1931, Menzel, 1968, Grossmann, 1970).
In 1927, Ivan Pavlov had already noted that dogs responded with increased saliva production to the
CS alone after training with a whistle-sound CS and a food reward US, which were separated by
several minutes (Pavlov, 1927). In this case, the salivary response was delayed proportional to the
interval between the CS and the US, suggesting that the dogs learned to anticipate the US.
Since then, trace conditioning was shown in a variety of paradigms including eyeblink conditioning
(Smith et al., 1969), fear conditioning (King, 1965), autoshaping (Gibbon et al., 1977) and conditioned
taste aversion (Barker and Smith, 1974) using different CSs (auditory, visual, gustatory,) and USs
(food, water, shock, LiCl) in organisms including dogs, rats, pigeons, rabbits and humans (reviewed in:
Rescorla, 1988).
Are the memories formed during delay and trace conditioning governed by different neuronal
pathways? In mammals, for example, the hippocampus is additionally required for trace but not for
delay eyeblink conditioning (Solomon et al., 1986, Woodruff-Pak and Disterhoft, 2008) and the state
of awareness can play a role for trace conditioning in humans (Clark and Squire, 1998, Clark et al.,
2002, Christian and Thompson, 2003). Therefore, trace memory is proposed to be qualitatively
distinct from delay memory. Although commonly accepted, this view has been challenged (LaBar and
Disterhoft, 1998). The demands on neural resources increase with task complexity for both trace and
delay conditioning (Knuttinen et al., 2001, Carter et al., 2003). Thus the differential requirement of
the hippocampus for trace conditioning might be a result of task complexity and not of the
discontinuity between stimulus and reinforcement (Carrillo et al., 2000, Beylin et al., 2001, Walker
and Steinmetz, 2008, Kehoe et al., 2009). The necessity of awareness in trace conditioning was also
challenged in recent studies which demonstrated that humans can also learn trace conditioning
without awareness, such as when asleep (Arzi et al., 2012) or in a vegetative state (Bekinschtein et
al., 2009). Therefore, the anatomical and mechanistic distinction between the associative memory in
delay and trace neuronal pathways is still an open question. Where and how is the stimulus trace
maintained until US arrival? Is the trace actively being kept in the brain or is it a passive decay of
activity originated from the stimulus? What are the molecular correlates of the stimulus trace?
In recent years several approaches to study the cellular and molecular mechanisms of stimulus traces
and trace memories have been performed in insects (Ito et al., 2008, Tomchik and Davis, 2009, Galili
et al., 2011, Shuai et al., 2011, Szyszka et al., 2011), taking advantage of their ability to solve the trace
conditioning task generally faster than vertebrates. Another beneficial aspect of using insects is
based on their simpler brains which allow easier access for physiological measures and enable
genetic and molecular manipulations. In this review, we summarize the findings regarding the
behavioral, molecular, anatomical and modeling data on trace conditioning in insects and point out
the knowledge gaps that still wait to be filled.
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Special and common features of trace conditioning
Insect trace conditioning has been mainly conducted in three behavioral paradigms. Early
experiments were performed with freely flying honeybees, where the animals learnt to associate a
color which was presented during the approach of a food source, but not during feeding with a food
reward. Successful conditioning was observed as a preference for the trained color during future
landings (Opfinger, 1931, Grossmann, 1970). Later studies were done in harnessed animals, pairing
odor stimuli with a temporally separated sugar reward (Apis mellifera: Menzel, 1983; Szyszka et al.,
2011; Manduca sexta: Ito et al., 2008). Associative memory formation was measured as proboscis
extension reflex (PER) in response to the odor presented alone. In Drosophila melanogaster,
olfactory aversive conditioning in the T-maze is the prominently used paradigm for trace conditioning
(Tully and Quinn, 1985, Tanimoto et al., 2004, Galili et al., 2011, Shuai et al., 2011). Here, a group of
animals is trained to associate an odor with the following electric shock. During testing, animals have
to choose between the previously punished odor and either a different odor or pure air.
The paradigm-diversity may account for observed differences in learning performance when
comparing trace with delay conditioning, within and between species. Drosophila, for example, is
able to reach the same learning asymptote in olfactory delay and trace conditioning in the T-maze,
although it required more (eight) training trials in trace conditioning to reach the asymptote (Galili et
al., 2011). In contrast, honeybees (Apis mellifera) did not reach the same learning asymptote in trace
conditioning compared to delay conditioning, as measured with PER (up to 19 training trials in
Menzel et al., 1993, up to six training trials in Szyszka et al., 2011). Further experiments are required
to clarify if these disparities are paradigm-dependent effects.
In addition to these differences, shared features of delay and trace conditioning were also revealed,
such as similar perception of odor identity and similar memory decay curves (Galili et al., 2011,
Szyszka et al., 2011). Also the shape of CS-US interval functions showed resemblance across species
and paradigms: Figure 1B shows a CS-US interval function in insects, which is strikingly similar to that
of mammals (Rescorla, 1988); likewise, the shape of insect visual learning is similar to that of
olfactory learning (Menzel, 1983).
One remarkable phenomenon in trace conditioning is the existence of paradigm learning. Previous
trace conditioning improved pigeons’ learning performance in subsequent trace conditioning with
longer CS-US intervals (Lucas et al., 1981). The same effect was observable in insects. One-trial trace
conditioning with a short CS-US interval enabled honeybees to succeed in initially unsolvable 1-trial
trace conditioning with an extended CS-US interval (Szyszka et al., 2011). Similarly, Drosophila trained
in five trials with increasing CS-US interval learnt better than flies presented with the reverse order of
intervals (Galili et al., 2011).
These studies show, that animals gain experience in trace conditioning which facilitates learning
during subsequent trace conditioning. But what kind of experience is this? In honeybees, response
latency during the test was shorter following training with delay conditioning (simultaneous CS and
US onset) than with trace conditioning. However, response latency did not correlate with the CS-US
interval during trace conditioning (Szyszka et al., 2011). This result suggests that during training with
trace conditioning animals learn something about US timing. This is in accordance with Pavlov (1927)
who found a later conditioned response in dogs after trace conditioning.
What happens in the brain while the animal is waiting for the reinforcement? At the level of neuronal
correlates, there are two possible ways how the experience gained from former training with trace
conditioning can help bridging the longer gap in following trials. The first mechanism is prolongation
of the CS trace until the arrival of the US, altering the CS representation pathway. Another possible
14
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mechanism is the activation of US-representing neurons during the CS (US anticipation), assuming
that the animals learn a causal connection between the separated CS and US (as is the case in
monkeys, reviewed by Schultz (2006)). Since a single training trial is enough for some insects to learn,
US anticipation can be excluded as a possible explanation for 1-trial trace learning. Nonetheless, after
several trials, US anticipation may develop. The proposed mechanisms may also act together to
improve consecutive trace conditioning trials. Behaviorally, US anticipation can enhance the CS
saliency, so that greater importance will be assigned to the fading CS trace by the animal during
consecutive trials.
An interesting characteristic of trace conditioning in vertebrates is that filling the gap with another
stimulus enhances learning (Kamin, 1965, Kaplan, 1984), whereas interference is detrimental to nonassociative short-term memories, like habituation and sensitization.
This learning enhancement was also shown in olfactory trace conditioning in honeybees, where a
second CS within the gap strengthened the association between the first CS and the US (Szyszka et
al., 2011). How does an additional stimulus during the gap improve trace conditioning? It might act
as a distinguishing feature from the background, which changes the environmental context, creating
a "bridge" between CS and US. In a natural environment where stimuli follow each other with varying
time intervals, such a distinguishing feature may help the animal to resolve the temporal ambiguity
between the CS and US, i.e. whether a US is related to a preceding CS, or to a following CS (Beylin et
al., 2001).

When is the odor trace initiated?
Depending on the stimulus length, both the onset and the offset of a stimulus can serve as a CS
(Kehoe et al., 2009). This was found in rabbit nictitating membrane trace conditioning (where a tone
is associated with an air puff to the eye), when a CS of several hundred milliseconds or longer was
used (Desmond and Moore, 1991, Kehoe and Weidemann, 1999, Kehoe and Macrae, 2002).
Behavioral studies in honeybees (Szyszka et al., 2011) and Manduca sexta (Ito et al., 2008) indicated
that the initial part of an odor stimulus and not the late phase or odor offset triggers the stimulus
trace, whereas in Drosophila the odor offset seems to elicit a trace (Galili et al., 2011). The different
time points of trace initiation might explain why the CS-US interval learnt by Drosophila (CS-US
interval: 25 s, gap: 15 s; Galili et al., 2011) was longer than that learnt by honeybees (CS-US interval:
6 s, gap: 5.5 s; Szyszka et al., 2011). The observed behavioral differences might indeed be a matter of
stimulus length (Kehoe et al., 2009), which varied between 0.5 s in the honeybee study to 10 s in the
Drosophila study.
Ecologically, the observed differences in trace initiation might account for species-specific
requirements. Fast flying insects such as honeybees and moths possess a remarkable ability to
identify and track a single odor in a highly turbulent, multi-odor background. This ability relies on
analyzing and remembering the temporal structure of odor plumes, which contains information
about the distance and location of the odor source (Vickers, 2000, Cardé and Willis, 2008). Therefore,
fast flying insects may need to stay receptive for new odors which they might encounter during
flight. They may need to remember when they encounter an odor plume rather than when they
leave it. In contrast, slow flying insects such as Drosophila live in a more static olfactory environment.
Here it might be more important to be sensitive to concentration gradients rather than to on- and
offsets of fast fluctuating odors. Altogether, species-specific differences have to be considered when
searching for the neural correlates of CS traces and CS-US association during trace conditioning.
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Finally, different methods of odor delivery in the behavioral studies (automatic in Szyszka et al.
(2011) vs. manual in Galili et al. (2011)) may account for the observed differences in trace initiation
between honeybees and Drosophila. These behavioral studies indicated the time windows in which
the stimulus traces in different species are triggered. This information is crucial to focus on the
particular time window in physiological experiments aiming at the identification of stimulus traces.

No evidence yet for trace-related neural activity
Where is the information about the CS stored until the US arrives? The insect olfactory pathway
(Figure 2) starts at the antennae where odors activate odor-specific subsets of olfactory receptor
neurons (ORNs). ORNs transmit odor information to the antennal lobe, the primary brain area for
olfactory processing. Here ORN axons interact with excitatory and inhibitory local interneurons (LNs)
and with projection neurons (PNs) which conduct the information to higher order neurons, like the
Kenyon cells (KCs) in the mushroom body and neurons in the lateral horn (Figure 2). The olfactory
trace might be located in any of these neuron types or in other neurons outside the olfactory
pathway.

Figure 2: Diagram of olfactory processing in Drosophila melanogaster. Odors activate distinct sets of
olfactory receptor neurons (ORNs) in the fly’s antenna. ORNs which express the same receptor
converge onto the same glomerulus in the antennal lobe. Thus each odor induces a unique
glomerular activity pattern. This pattern is modulated by the interaction between ORNs, excitatory
and inhibitory local interneurons (LNs) and projection neurons (PNs). The PNs relay the odor
information to the lateral horn (which is assumed to mediate the innate odor response) and to the
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mushroom body intrinsic Kenyon cells (KCs). Upon reinforcement, KCs receive input from modulatory
neurons, signaling either punishment or reward. Coincident activation of these neurons and the
odor-responsive KCs in delay conditioning is believed to modify the output in these KCs. This
modification changes the fly’s behavior to the previously reinforced odor stimulus. For trace
conditioning the underlying mechanism is yet unknown, but it seems likely that the necessary
modifications occur in the olfactory pathway and/or pathway-associated neurons.

There is good evidence that odor identity is encoded in antennal lobe odor response patterns. The
perceived odor similarity (extracted from behavioral odor generalization experiments) corresponds
to the physiological odor similarity (as measured with calcium imaging, comparing odor-evoked
combinatorial glomerular activity patterns) during odor presentation. This was shown in the
honeybee (Guerrieri et al., 2005) and Drosophila (Niewalda et al., 2011).
If ORNs or PNs encode the trace, their physiological post-odor similarity profile should follow the
same correlation as the behavioral similarity profile and predict the perceived similarity profile
during trace conditioning. However, such correlation between physiological post-odor activity and
behavioral generalization after trace conditioning was neither found in Drosophila’s ORNs (Galili et
al., 2011) nor in honeybees’ PNs (Szyszka et al., 2011). These findings indicate that the odor trace
should be located downstream of the PNs. Analyzing action potential firing patterns in honeybee
PNs, Nawrot (2012) found that the correlation between the initial and later phases of odor response
patterns was high, but it rapidly decreased with odor offset (Krofczik et al., 2008). Similarly, postodor activity in mouse mitral cells is odor specific but different from the odor response (Bathellier et
al., 2008). The common finding of specific post-odor activity in different cell populations in the
olfactory pathway suggests that this feature, though it does not correlate directly with trace
conditioning, may be an evolutionarily conserved property. It remains to be shown whether such
post-odor response patterns have functional relevance or whether they are a mere byproduct of
odor processing.
From these findings it can be concluded that an olfactory stimulus trace does not consist of
persistent neuronal activity in ORNs or PNs. But these findings do not rule out the possibility that the
stimulus trace is encoded in antennal lobe LNs, or in any of these neuron types as biochemical
modifications (Perisse and Waddell, 2011). Subtle network activity, such as changes in the correlation
of glomerular spontaneous activity (Galan et al., 2006) might also be an underlying mechanism.
A more promising brain structure, however, is the mushroom body which is the site where different
stimulus modalities converge and olfactory associative learning occurs (Erber et al., 1980, Heisenberg
et al., 1985, Menzel, 2001). Consistently, Shuai et al. (2011) suggested a role of Drosophila KCs in
trace conditioning, based on studies with Rac, which is a small G protein belonging to the Rho family
of GTPases. Elevated Rac activity in the mushroom bodies was shown to accelerate memory decay
(Shuai et al., 2010). In trace conditioning, the targeted inhibition of Rac in the mushroom bodies but
not in the antennal lobes increased the trace-dependent memory formation. Furthermore, rescue
experiments in dopamine receptor mutants showed that D1 dopamine receptor expression in
mushroom bodies was required for trace conditioning (Shuai et al., 2011).
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Post-odor responses in Kenyon cells?
KCs have the intriguing property of responding mainly to odor onset, less to odor offset and even less
to ongoing odor stimulation (Schistocerca americana: Perez-Orive et al., 2002, Apis mellifera: Szyszka
et al., 2005, Manduca sexta: Ito et al., 2008, Drosophila melanogaster: Murthy et al., 2008, Turner et
al., 2008).
In Manduca sexta, the probability of KC offset responses increased with stimulus length (Ito et al.,
2008), though offset responses were elicited in a different set of KCs than the onset responses (Ito et
al., 2008). Reinforcement of the CS offset in behavioral experiments did not result in learning (Ito et
al., 2008). But this might be a species or paradigm specific observation.
KC offset responses in other species have not been examined in respect to their involvement in trace
conditioning to date. Indeed, the evidence for a role of KCs in trace conditioning (Shuai et al., 2011)
and their accepted role in delay conditioning, requires further investigation of KC post-stimulus
activities and their possible trace encoding properties. The trace might be encoded by biochemical
‘tagging’ of the odor-encoding KCs (Wessnitzer et al., 2012). In addition, odor-responsive KCs might
become reactivated during the pairing of an odor with a US (Szyszka et al., 2008) and this reactivated
KC ensemble might encode the trace (Szyszka et al., 2011).
In vertebrates, as mentioned before, delay and trace conditioning rely on different brain structures.
Such a distinction on the circuit level might also be true for insects. Exemplified in Drosophila, the
trace might for example be encoded by LNs in the antennal lobe (Figure 2), by modulatory neurons
like the anterior paired lateral neuron (APL; Liu and Davis, 2009) or the dorsal paired medial neuron
(DPM; Waddell et al., 2000), as suggested by Perisse and Waddell (2011) or by other mushroom body
extrinsic neurons (Tanaka et al., 2008).

Molecular requirements of learning during trace and delay conditioning
Behavioral studies revealed not only differences between delay and trace conditioning, but also
many similarities, which suggest that the transition between these two forms of learning might be
continuous (Menzel, 1983, Tully and Quinn, 1985, Tanimoto et al., 2004, Galili et al., 2011, Szyszka et
al., 2011). But do these similarities originate from related molecular mechanisms?
Recently, genetic and physiological studies in Drosophila gave insights into the molecular
requirements of both conditioning forms (Tomchik and Davis, 2009, Shuai et al., 2011). Trace
conditioning does not involve the Rutabaga adenylyl cyclase (Rut-AC; Figure 3A; Shuai et al., 2011),
which is required for delay conditioning (Duerr and Quinn, 1982, Dudai et al., 1983). Furthermore,
the inhibition of Rac enhanced learning performance in Drosophila trace conditioning, while delay
conditioning remained unaffected (Shuai et al., 2011).
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Figure 3: Molecular requirements for trace conditioning and different, non-exclusive models of
possible coincidence detection and cellular modifications in delay and trace conditioning. (A)
Cellular and molecular requirements which were shown to contribute to Drosophila olfactory trace
conditioning. Shuai et al. (2011) found that the targeted inhibition of Rac in the mushroom bodies
increased trace-dependent memory formation. Also D1 dopamine receptor (DA1) expression in
mushroom bodies was required for trace conditioning, as shown by rescue experiments (Shuai et al.,
2011). Trace conditioning does not require the Rutabaga adenylyl cyclase (Rut-AC; Shuai et al., 2011),
but delay and trace conditioning simulations both induced synergistic increases of cAMP (Tomchik
and Davis, 2009). (B) Educated guesses of coincidence detection in delay conditioning might also
contribute to trace conditioning. (i) Presynaptic coincidence detection by an adenylyl cyclase (AC;
shown in red). In the presynaptic neuron, the CS induces Ca2+ influx and Ca2+ binds to calmodulin
(CaM). The US activates G protein-coupled monoaminergic receptors (GPCR) which activate the
associated G protein (Gα). When Ca2+/CaM complex and activated G protein (Gα*) co-occur, the AC is
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activated more strongly than if they appear alone. This leads to an increased production of cAMP and
to activation of protein kinase A (PKA) which enhances presynaptic transmitter release (Heisenberg,
2003). (ii) Postsynaptic coincidence detection by the N-methyl-D-aspartate-type glutamate (NMDA)
receptor (shown in blue). The CS leads to presynaptic release of glutamate (Glu) which binds to the
postsynaptic NMDA receptor. Opening of the NMDA receptor channel for Ca2+ influx is only possible
when the CS coincides with the US signal. Coincident activation causes the depolarization of the
postsynaptic membrane and removal of the Mg2+ block from the NMDA receptor. An elevation of the
intracellular calcium level leads to the activation of several kinases inducing synaptic plasticity. The
NMDA receptor is involved in delay conditioning in Drosophila (Miyashita et al., 2012) and was also
shown to be involved in trace conditioning in vertebrates (Gilmartin and Helmstetter, 2010,
Czerniawski et al., 2012). A possible role in insect trace conditioning has not been investigated yet.
(iii) Radish (shown in green) is involved in a Rut-AC independent pathway (Isabel et al., 2004, Folkers
et al., 2006) and might contribute to trace conditioning. (iv) Gilgamesh (Gish) (shown in purple), a
casein kinase I γ homolog in flies, is required for short-term memory formation in Drosophila
olfactory delay conditioning, functioning independently of Rut-AC and the cAMP pathway (Tan et al.,
2010). Hypothetically, Gilgamesh mediates increased Ca2+ influx upon CS-US coincidence and thus
might be a pathway for Rut-AC independent trace conditioning.

Do these differences derive from the existence of the temporal gap or from the different complexity
of each learning task? In most cases, trace conditioning yields lower memory performance than delay
conditioning. Thus weak learning paradigms in general may recruit alternative molecular pathways
compared to paradigms which induce strong learning, as suggested in mammal studies (Beylin et al.,
2001). In support of this idea, Rac inhibition also enhanced the learning performance in delay
conditioning, when it was performed with low odor concentrations, normally leading to low memory
performance (Shuai et al., 2011, Supplementals).
Tomchik and Davis (2009) investigated the role of cyclic adenosine monophosphate (cAMP) signaling
in delay and trace conditioning. The authors pharmacologically simulated the CS and US by
application of acetylcholine (ACh) and dopamine or octopamine (DA/OA), respectively, onto
dissected Drosophila brains (Figure 3A). The CS-US timing was chosen according to standard
conditioning protocols. The cAMP increase was synergistic for paired ACh-DA applications, compared
to the summed response of unpaired applications. This synergistic effect was observed for ACh-DA
pairings in both, a delay and a trace conditioning manner (for an ACh-DA interval ≤ 15 s). The
approach revealed no differences between the delay and trace conditioning simulations.
In the delay conditioning simulation the synergy was Rut-AC dependent, while Rut-AC dependency
was not tested in the trace conditioning simulation. According to Shuai et al. (2011) trace
conditioning is Rut-AC independent and the observed synergistic cAMP increase (Tomchik and Davis,
2009) thus might be induced by another coincidence detector. Pairing ACh with OA application in a
delay conditioning manner resulted in a subadditive effect, which was Rut-AC independent.
Simulation of trace conditioning was not tested with OA. These results provide hints for a role of
cAMP in trace conditioning (Figure 3A), although it has to be taken into account that the duration of
the ACh and DA bath applications is not as precisely controllable as stimuli in behavioral paradigms.

Searching for the coincidence detector in trace conditioning
As Rut-AC may not be involved in olfactory trace conditioning in Drosophila (Shuai et al 2011), other
coincidence detectors may account for the CS-US association. One candidate is the N-methyl-Daspartate-type glutamate (NMDA) receptor (Traynelis et al., 2010, Miyashita et al., 2012). The Mg2+
20

Chapter I: Trace conditioning in insects
block of this receptor plays an important role in insect olfactory learning (Miyashita et al., 2012).
Only upon correlated activity of a presynaptic and a postsynaptic cell, Mg2+ is removed and the
channel opens. The resulting large Ca2+ influx is important for learning (Figure 3B).
From studies in mammals it is known that in some instances NMDA receptors play a role in trace
conditioning, but not in delay conditioning. Blocking of NMDA receptor-mediated signaling in the
prefrontal cortex of rats modified gene expression pathways in the hippocampus and impaired trace,
but not delay fear conditioning (Gilmartin and Helmstetter, 2010, Czerniawski et al., 2012). Could it
be that NMDA receptors, in a similar fashion, act as coincidence detectors in insect trace
conditioning?
The radish gene encodes a protein that is highly expressed in the MBs (Folkers et al., 2006) and was
suggested to be involved in Rut-AC independent delay conditioning (Figure 3B; Isabel et al., 2004). Is
it possible that Rut-AC independent trace conditioning relies on Radish function as well?
Another candidate for coincidence detection is Gilgamesh (Gish), a casein kinase Iγ homolog. Gish is
required for Rut-AC independent olfactory learning in Drosophila (Tan et al., 2010) and it accounted
for the residual delay learning in Rut-AC and protein kinase A (PKA) mutants (Figure 3B; Skoulakis et
al., 1993, Han et al., 2003). Whether and how Gish functions as a coincidence detector is unknown.
Gish is supposed to mediate intracellular Ca2+ increase in those MB neurons which respond to the
reinforced CS (Tan et al., 2010). The study by Tan et al. (2010) showed that delay conditioning is
achieved via separate pathways (either Rut-AC or Gish-dependent). Further studies are needed to
answer the question of whether the Radish- and/or Gish-dependent pathways are shared in olfactory
trace and delay conditioning.
Recent studies in rats have also revealed a role for serotonin in mammalian trace conditioning
(Miyazaki et al., 2011). The activity of serotonin neurons was increased when rats had to wait for a
delayed reward. Serotonin has not yet been tested in insect trace conditioning, and – together with
other possible neuromodulators – may be a promising target for future studies.

Computational models reveal potential mechanisms for trace learning
Computational modeling further supports the intriguing search for the underlying mechanisms of
trace conditioning. Several modeling approaches aiming at the neural circuits and/or molecular
mechanisms of associative learning might help to understand trace conditioning (Desmond and
Moore, 1988, Drew and Abbott, 2006, Izhikevich, 2007, Yarali et al., 2012). The models are based on
the mechanism of synaptic plasticity: strengthening the synapses where stimuli coincide.
A process accounting for this association on millisecond timescale is spike timing dependent plasticity
(STDP) which is involved in both long term potentiation and long term depression of synapses. A
synapse is strengthened and synaptic transmission is increased when a presynaptic action potential
firing precedes a postsynaptic firing within a short time window of a few milliseconds. The reverse
order weakens the synapse and reduces synaptic transmission.
In associative conditioning, pre- and postsynaptic firing induced by CS and US, respectively, would
result in synaptic strengthening. When the CS is presented alone after many pre-post pairings, the
post-neuron might fire without a US input. This strengthened synaptic connection reflects associative
learning.
However, there is a timescale discrepancy regarding stimulus timing in behavior and STDP (reviewed
in: Gallistel and Matzel, 2012). On the behavioral level, actions often elapse over several seconds,
while the physiological timescale of STDP expands only over milliseconds. In delay conditioning the
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CS spikes could overlap with the US spikes and thus lead to potentiation of those synapses. In trace
conditioning, this coincidence would not be possible since the CS and the US are several seconds
apart.
To account for this discrepancy, Drew and Abbott (2006) assumed in their model that a CS evokes
long spike trains of action potentials with slowly decaying spike rates after stimulus offset in the
presynaptic neurons. The residual spiking serves as a trace and can coincide with the postsynaptic US
spiking, increasing the synaptic strength. In this model, repeated pairing of CS-US led to potentiation
of the synaptic efficacy, enabling postsynaptic firing from presynaptic activation alone. The
incorporation of slow firing rate decays into the STDP model solved the observed timing problem for
trace conditioning. However, the key assumption of this model (that long spike trains follow stimulus
termination) contradicts with the physiological findings in olfactory learning. The KCs, which are
assumed to be the site of CS-US coincidence, do not evoke such long spike trains, but only very
sparse and short-lasting responses upon odor application (Szyszka et al., 2005, Ito et al., 2008).
Other models suggested that the combination of STDP and neuromodulators might contribute to
solve the timescale discrepancy and explain coincidence detection in trace conditioning. Izhikevich
(2007) suggested a network where transient synaptic changes, induced by coincident pre- and
postsynaptic spiking (following the STDP rule), were enhanced by a DA reinforcement (Figure 4Ai).
These transient synaptic changes – acting as synaptic eligibility traces – could be the activation of an
enzyme with slow kinetics, important for synaptic plasticity. In the model, these eligibility traces
were exponentially decaying over several seconds. During this decay, the synapse got reinforced by a
global DA release (1 - 3 s after the STDP; Figure 4Ai) leading to a reinforcement of the synaptic
eligibility trace and strengthening of the synapse. Other synapses in the network that also elicited
coincident firing which was not linked to the reward, were not strengthened. Repetition of
reinforcing each such pre-post firing event increasingly strengthened the particular synapse. This in
turn increased the probability of coincident firings at this synapse, leading to even more
reinforcement (Figure 4Aii). The model shows how STDP might also contribute to insect trace
learning when the fast STDP mechanism is combined with slower biochemical processes and
subsequently mediated by neuromodulators.
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Figure 4: Models relying on spike timing dependent plasticity (STDP) and biochemical processes can
account for trace processes. (Ai) In the model by Izhikevich (2007), the coincident firing of a pre- and
then a postsynaptic neuron (within 10 ms; marked by a rectangle) elicits a synaptic eligibility trace
c(t) in the corresponding synapse. This eligibility trace decays exponentially to zero. Reinforcement
d(t), here a dopamine (DA) release delayed by 1-3 s in combination with the residual eligibility trace,
increases the synaptic strength s(t) [s(t) = c*d] of the particular synapse. (Aii) Repeated
reinforcement of such a pre-post firing event increasingly strengthens the particular synapse. This in
turn increases the probability of coincident firings of this synapse. Adapted from Izhikevich (2007),
with permission. (B) Lingering Ca2+ and coincidence detection by an adenylyl cyclase (AC) might
account for trace conditioning in the model by Yarali et al., 2012. (Bi) Ca2+ influx and Gα activation
(induced by CS and US, respectively) synergistically act on the AC, leading to increased cAMP
production and strengthening of the synaptic output. (Bii) In this model Ca2+ is supposed to
transiently accelerate both the formation and dissociation rates (kA and kD) of the AC*/Gα* complex
to the same extent. When the system is in equilibrium (kA and kD are the same), Ca2+ has no effect on
the cAMP level. But when Ca2+ influx shortly precedes the transmitter induced activation of Gα*,
then the system is driven out of equilibrium and the formation of AC*/Gα* is the dominant reaction
(although kA and kD are changed to the same extent). This leads to enhanced cAMP production.
When Ca2+ influx follows Gα*, the dissociation of AC*/Gα* is promoted, leading to decreased cAMP
production. (Biii) This model can account for trace conditioning by changing the Ca2+ decay time
constants (different decay time constants chosen are 0.1 s, 1 s, 10 s). The larger decay constants (e.g.
10 s) cause a long tail of Ca2+ transient (upper row). This allows for associations of stimuli over longer
interstimulus intervals (ISIs; bottom row) and is critical for reproducing the behavioral measurements
of trace conditioning. The longer the Ca2+ decay time is, the larger the negative ‘associative’ effect is
in the simulation. This reveals that lingering Ca2+ in KCs might contribute to bridge the temporal gap
between CS and US. Note that in this model the US onset is set to 0 and the CS onset shifts to the left
for increasing ISIs (CS-US interval). The negative associative effects correspond to the learned odor
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avoidance in delay and trace conditioning. The Ca2+ influx is always constant (rising to a peak of 6*104
within 40 ms). Adapted from Yarali et al. (2012).

This idea was experimentally tested in the mushroom bodies of locusts. Cassenaer and Laurent
(2012) examined the effect of neuromodulators (specifically OA) on the plasticity of KC output
synapses onto their postsynaptic targets, the beta-lobe neurons. The synapses at which pre- and
postsynaptic action potentials were coinciding seemed to be tagged, and only the tagged synapses
were subsequently modified by OA, which was applied 1 s after the STDP. This process could underlie
delay and also trace conditioning as the temporal gap in trace conditioning might be bridged by the
synaptic eligibility trace (Izhikevich, 2007), and the specific synapses would then be reinforced by the
neuromodulator. With respect to trace conditioning, it would be interesting to know if gaps longer
than 1 s between the STDP and the application of neuromodulators have an effect on synaptic
plasticity, and whether gap length and corresponding synaptic plasticity fit to behavioral
observations.
In addition to STDP, other mechanisms have been proposed to account for associative learning. The
model by Yarali et al. (2012) refers to aversive olfactory learning in Drosophila melanogaster and is
based on the mechanism of coincidence detection by an adenylyl cyclase (AC). It suggests that slowly
decaying Ca2+ transient in the presynaptic neuron, elicited by the CS, could function as a stimulus
trace. The odor-induced Ca2+ signal (Wang et al., 2004, Yu et al., 2006, Wang et al., 2008, Honegger et
al., 2011) and the shock-induced DA signal (Schwaerzel et al., 2003, Riemensperger et al., 2005, Kim
et al., 2007, Claridge-Chang et al., 2009, Aso et al., 2010) converge in the mushroom body KCs, where
they synergistically activate an AC (Figure 4Bi). The activation of the AC by the US signal (via an
activated G protein subunit, Gα*) is bidirectionally modulated by the CS-induced Ca2+ influx
depending on the relative timing of the CS and the US (Figure 4Bii). The Ca2+ influx transiently
increases the rate constants for both the formation and the dissociation (kA and kD, Figure 4Bii) of the
active AC*/Gα* complex.
Based on this mechanism of coincidence detection by the AC, odor-shock conditioning in Drosophila
was simulated. When the odor-induced Ca2+ influx shortly preceded the US-induced G protein
activation (Gα*) as in delay conditioning, the formation of the AC*/Gα* complex was transiently
accelerated. This led to increased cAMP production resulting in potentiation of synaptic output in
these particular KCs. In trace conditioning where the CS is already gone upon US arrival, the
coincidence could be achieved by residual Ca2+ transient in the cell.
To test if the model is capable of predicting trace conditioning, the authors changed the shape of the
Ca2+ signal such that at the moment of US arrival, there was still sufficient Ca2+ present to induce
plasticity (Figure 4Biii). This residual Ca2+ was critical for reproducing the behavioral measurements of
trace conditioning. The slower the simulated decay of Ca2+ was the larger was the ‘associative’ effect
in the simulation (Figure 4Biii). Thus lingering Ca2+ in KCs could contribute to bridge the temporal gap
between two stimuli. In in vivo studies long-lasting Ca2+ concentration in KCs was neither confirmed
nor excluded (Wang et al., 2004, Yu et al., 2006, Wang et al., 2008).
This model (Yarali et al., 2012) gives a simple biochemical explanation for delay and trace
conditioning based on the modulation of AC activation by the transient Ca2+ level. The components of
this model, namely the cAMP formation by the AC have been experimentally investigated by Tomchik
and Davis (2009). Synergistic increase of cAMP in α and α’ lobes of the mushroom bodies was
induced by pharmacologically mimicking CS and US in dissected Drosophila brains. Moreover, the
cAMP pathway itself was shown to be strongly involved in learning (Gervasi et al., 2010).
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Note that some of the described models cannot account for 1-trial trace conditioning since they are
based on repeated stimulus pairings.

Methodological considerations
The variety of trace conditioning paradigms renders a comparison of the obtained results rather
difficult. Each method has its own peculiarity, such as the properties of the chosen CS or US.
According to the Rescorla and Wagner model for classical conditioning (Rescorla and Wagner, 1972),
learning directly depends on the salience and intensity of the CS and the US. Given that trace
conditioning in most cases is less efficient than delay conditioning, this difference might be explained
by a reduced CS salience in trace conditioning. The CS salience probably decays until the US is
applied. Not only does the length of the CS-US interval have considerable impact on the CS salience,
but so does the CS identity (Pavlov, 1927). Thus, trace conditioning studies using different CS are not
necessarily comparable.
Some CS modalities hold potential pitfalls, as shown for the very common olfactory trace
conditioning paradigms. We found that many odors are “sticky” and linger in the training device
(Galili et al., 2011), such that it is impossible to clearly distinguish between trace and delay
conditioning. Therefore, proper controls are important to exclude residual odor in the training
device, e.g. behavioral controls such as unpaired stimulus presentation (Galili et al., 2011),
physiological controls such as calcium imaging from olfactory neurons (Szyszka et al., 2011) or
technical controls such as photoionization measurements (Shuai et al., 2011).
What other kinds of stimulus modalities seem suitable for trace conditioning? There are several
studies indicating that visual stimuli are promising. To our knowledge the first report about visual
trace conditioning in insects is from the early 1930s. Opfinger (1931) demonstrated that the color
presented during the approach of a food source is learnt better by honeybees than the color
presented during feeding. Drosophila are also able to remember visual stimuli. They can remember
the position of a vanished visual object and use this information for navigation (Neuser et al., 2008).
In the past 50 years, several visual trace conditioning studies have been carried out (Menzel, 1968,
Grossmann, 1970, 1971, Menzel and Bitterman, 1983) showing that visual stimuli are well suited to
study this learning form.
The sensory pathways underlying trace conditioning certainly depend on the stimulus modality.
However, the shape of the CS-US interval function in visual and olfactory conditioning looks very
similar (Menzel and Bitterman, 1983). Thus the cellular mechanisms for keeping the CS trace may be
related in different modalities. It is also evident that the suitability of the US for conditioning
paradigms depends on the responsiveness of the animal (Pavlov, 1927).

Conclusions
In this review we described recent findings regarding the behavioral, molecular, physiological and
modeling aspects of insect trace conditioning. We noted some differences in the features of trace
conditioning between different studies. For instance, in bees the initial part of a stimulus initiates the
stimulus trace whereas it seems to be the end of a stimulus that initiates the trace in Drosophila. In
bees and Drosophila, trace conditioning seems to yield lower memory performance than delay
conditioning paradigms, whereas it is the opposite in Manduca sexta. Whether these are species25
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specific differences caused by adaptation to diverse natural habitats or paradigm-dependent
differences remains to be shown. Comparing trace conditioning between similar paradigms in
different species and between different paradigms in the same species might give the answer. We
also highlighted many common properties of trace conditioning. One example is the commonly
shared shape of CS-US interval function across species and paradigms. Such communalities make us
believe that an integrative approach will be auspicious for revealing the fundamental mechanisms
behind trace conditioning. Insects are perfectly suited for such a comparison because they learn
quickly, and they offer a rich repertoire of conditioning paradigms. These include, among others,
appetitive olfactory conditioning in honeybees (Matsumoto et al., 2012, Menzel, 2012), bumble bees
(Riveros and Gronenberg, 2009), Drosophila (Tempel et al., 1983, Chabaud et al., 2006), ants
(Guerrieri and d'Ettorre, 2010), Manduca sexta (Ito et al., 2008) and locusts (Simoes et al., 2011),
aversive olfactory conditioning in Drosophila (Tully and Quinn, 1985) and honeybees (Abramson,
1986, Vergoz et al., 2007), visual conditioning in honeybees (Dobrin and Fahrbach, 2012) and
auditory conditioning in Drosophila (Menda et al., 2011).
Salience of a CS and US influence the strength of associative memories (Rescorla and Wagner, 1972).
Compared to delay conditioning, the generally lower performance in trace conditioning could reflect
a lower salience of the CS and/or US. It will therefore be interesting to study how the salience of both
the CS and the US influences learning and memory in trace conditioning. Could one reach the same
stimulus salience and thus equal acquisition and memory performance in trace and delay
conditioning?
In this review, we discussed alternative mechanisms that may account for trace conditioning, such as
recurrent neuronal firing, residual Ca2+ transients, slowly decaying eligibility traces in the synapses or
use of different coincidence detectors apart from the well-studied Rut-AC. We are still far away from
understanding how stimulus traces are encoded in the brain and how the coincidence detection
between a stimulus trace and the US is achieved. Do trace and delay conditioning in insects engage
different neural circuits, as is the case in vertebrates? Drosophila, with the possibility to genetically
manipulate identifiable neurons, appears to us as the most promising model, as it allows a truly
integrative approach to address these questions from molecular to circuit level.
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Chapter II: Converging temperature and shock circuits

Summary
Background: Drosophila learn to avoid odors that are paired with aversive stimuli. Electric shock is a
potent aversive stimulus that acts via dopamine neurons to elicit avoidance of the associated odor.
While dopamine signaling has been demonstrated to mediate olfactory electric shock conditioning, it
remains unclear how this pathway is involved in other types of behavioral reinforcement, such as in
learned avoidance of odors paired with increased temperature.
Results: To better understand the neural mechanisms of distinct aversive reinforcement signals, we
here established an olfactory temperature conditioning assay comparable to olfactory electric shock
conditioning. We show that the AC neurons, which are internal thermal receptors expressing dTrpA1,
are selectively required for odor-temperature but not for odor-shock memory. Furthermore, these
separate sensory pathways for increased temperature and shock converge onto overlapping
populations of dopamine neurons that signal aversive reinforcement. Temperature conditioning
appears to require a subset of the dopamine neurons required for electric shock conditioning.
Conclusions: We conclude that dopamine neurons integrate different noxious signals into a general
aversive reinforcement pathway.
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Introduction
It is important for animals to rapidly avoid aversive stimuli and to assign a negative predictive value
to concomitant stimuli. Fruit flies (Drosophila melanogaster) exhibit associative learning in response
to a variety of aversive stimuli (reviewed in Pitman et al. (2009)). However, most existing knowledge
of the neuronal signaling underlying aversive reinforcement in flies comes from studies of electricshock-induced olfactory conditioning (Schwaerzel et al., 2003, Riemensperger et al., 2005, Aso et al.,
2010), while encoding of other reinforcers has not been as widely studied.
In the current working model, reinforcement signals from dopamine neurons in the protocerebrum
and olfactory information from the antennal lobes are integrated in the mushroom bodies (MBs;
Heisenberg, 2003, Schwaerzel et al., 2003, Riemensperger et al., 2005), which mediate conditioned
odor avoidance. However, in some studies, dopamine appears to be dispensable for conditioning
with variable aversive stimuli (Sitaraman et al., 2008, Yarali and Gerber, 2010). It is not known
whether the identified dopamine pathways represent general aversive reinforcement or whether
different reinforcement neurons mediate specific aversive stimuli. To distinguish between these
alternative possibilities, it is important to apply different reinforcers in the same experimental setup
and to compare the resulting memories and underlying circuits.
The circuits upstream of dopamine signaling—those that mediate sensation of aversive stimuli—are
poorly characterized in Drosophila, with a few exceptions. In fly larvae, detection and avoidance of
noxious heat, bright light, and mechanical stimuli are commonly subserved by class IV multidendritic
neurons that express different nocisensor proteins (Im and Galko, 2012). The cellular and molecular
bases of nociception in adult flies are much less known, except for thermal stimuli. Thermosensor
molecules identified in Drosophila have different temperature sensitivities. dTrpA1, GR28B, Painless,
and Pyrexia sense warm and hot temperatures (Tracey et al., 2003, Lee et al., 2005, Rosenzweig et
al., 2005, Xu et al., 2006, Ni et al., 2013). Internal and external heat receptor neurons were identified
in the brain (Hamada et al., 2008), as well as in the antenna (Gallio et al., 2011, Ni et al., 2013).
To identify and compare the molecular and cellular substrates of memories reinforced by electric
shock and increased temperature, we here establish olfactory temperature conditioning, using the
same experimental setup as the commonly studied olfactory shock conditioning (Tully and Quinn,
1985). We found that temperature increase provides aversive reinforcement and that by decreasing
shock intensity we can render the temperature and shock assays comparably robust. Next, we
identify the roles of candidate thermosensor proteins and neurons and of dopamine neurons in odorshock and odor-temperature memories. We provide evidence that although these two stimuli are
sensed independently, their signals converge onto partly overlapping sets of dopamine neurons that
are necessary for conditioned odor avoidance.

Results
Flies Form Associative Memories of Increased Temperature and of Electric Shock
To directly compare the neural mechanisms of shock and temperature reinforcement, we modified
the standard shock conditioning assay to enable temporal control of temperature. Temperature
conditioning was performed in the same differential conditioning design as electric shock
conditioning (Figure 1A). In brief, flies were exposed for 2 min to odor and increased temperature,
34

Chapter II: Converging temperature and shock circuits
followed by a control odor at baseline temperature of 25°C; this training cycle was repeated twice.
Conditioned odor avoidance was tested immediately after training at 25°C.

Figure 1: Characterization of Olfactory Memory of Increased Temperature. (A) Increased
temperature or shock conditioning paradigm, using the same experimental setup. Flies were exposed
to an odor (odor A) together with reinforcement, followed by exposure to a control odor (odor B). At
the test, conditioned odor avoidance was measured by counting of the flies’ distribution between the
two odors. (B) Odor-temperature memory as a function of temperature. Too high temperatures
impaired memory performance. n = 16 for each group. (C) Competing conditioning: after pairing of
increased temperature and electric shock with odor A and odor B, respectively, flies were subjected
to either a single-odor test to calculate odor-temperature or odor-shock memory (left and middle
bars, respectively) or a differential test to contrast temperature and shock memories (right bar).
Odor-temperature memory and calibrated odor-shock memory yielded significant learning indices
(left bar: odor-temperature memory, one-sample t test, t(7) = 4.3, p = 0.003, n = 8; middle bar:
calibrated odor-shock memory, one-sample t test, t(7) = 4.9, p = 0.001, n = 8). Increased temperature
and calibrated shock have comparable valence (right bar: contrasting temperature and calibrated
shock memories, one-sample t test, t(15) = 0.67, p = 0.51, n = 16). (D) Decay of temperature (circles)
and shock (squares) memories. Odor-temperature memory was significant for at least 8 hr
(immediate memory, p < 0.001, n = 20; 2 hr memory, p < 0.001, n = 16; 8 hr memory, p < 0.001, n =
12), as well as odor-shock memory with standard high shock intensity (immediate memory: p <
0.001, n = 10; 2 hr memory: p < 0.001, n = 16; 8 hr memory: p < 0.001, n = 16). Although odor-shock
memory was initially higher than odor-temperature memory, there was no significant difference
between them 8 hr after training (two-way ANOVA: time, F(2,84) = 29.95, p < 0.001; conditioning,
F(2,84) = 83.51, p < 0.001; interaction, F(2,84) = 15.59, p < 0.001; t test with Bonferroni’s corrections
[labeled with stars]: immediate memory, t(84) = 8.2, p < 0.001; 2 hr memory, t(84) = 6.8, p < 0.001; 8 hr
memory, t(84) = 0.7, p = 0.48). Bars and error bars indicate mean ± SEM. See also Figure S1.
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We found a nonmonotonic function of memory performance with increasing temperature
(Figure 1B); aversive memory peaked at 36°C, whereas higher temperatures impaired memory
performance rather than improving it. We applied 34°C as an unconditioned stimulus for all
subsequent experiments, as this temperature induces significant aversive memory indifferent from
the peak memory performance (Figure 1B). We chose 2 min exposure to increased temperature
because shorter exposure was less effective (data not shown). Throughout this study, we refer to the
memory performance of flies immediately after training with two cycles of 2 min exposure to odor
and 34°C as “odor-temperature memory.” Likewise, “odor-shock memory” is measured as
conditioned odor avoidance of flies trained with a single 1 min exposure to odor and 12 pulses of
90 V electric shock.
The performance of odor-temperature memory was lower than that of odor-shock memory after
standard intense odor-shock conditioning (12 shocks at 90 V). We therefore adapted the protocol to
the temperature conditioning scheme (i.e., two cycles of 2 min paired presentation of odor and
electric shock) and calibrated the electric shock intensity to match performance indices for shock and
temperature learning. We found that 27 V effectively replicated the memory performance levels
observed with 34°C (“calibrated odor-shock memory”; Figure S1 available online). We validated our
shock calibration using differential conditioning, in which two different odors were paired with the
two different reinforcers (Figure 1C). The trained flies were tested in a choice between the two
differentially conditioned odors (Figure 1C). The performance index of these flies was around zero
(Figure 1C, right bar), but flies that received the same training showed comparable conditioned
avoidance when each odor was tested separately (Figure 1C, left and middle bars). This indicates that
the flies are able to form competing aversive memories of increased temperature and calibrated
shock at the same time and that the degree of this aversive reinforcement is equivalent.
Odor-temperature memory lasted for at least 8 hr and was rather stable over time (Figure 1D).
Memory performance after the standard intense electric shock (90 V) was initially higher but
decayed to a comparable level to the odor-temperature memory after 8 hr (Figure 1D). For our
mechanistic studies of odor-shock and odor-temperature memories, we began with the standard
intense electric shock and the 2 min exposure to 34°C. However, when we detected impairment in
odor-temperature memory, we additionally used conditioning with the calibrated shock intensity for
comparison. Thus, we can claim that a specific loss of cellular or molecular function impairs memory
in a stimulus-specific, rather than intensity-dependent, manner.
dTrpA1 in Anterior Cell Neurons Is Required for Sensation of Increased Temperature, but Not
Shock, Reinforcement
There are several sensor proteins that are necessary for avoidance of increased temperature. Among
them, TRP family members—dTrpA1, Pyrexia, and Painless—are temperature-dependent cation
channels that serve as heat sensors for different temperature ranges (Tracey et al., 2003, Lee et al.,
2005, Rosenzweig et al., 2005). Straightjacket is a subunit of a calcium channel that plays a role in
thermal nociception (Neely et al., 2010). We tested mutants for these genes for memories of
increased temperature and shock. Odor-temperature memory of dTrpA1 mutants was abolished,
whereas their odor-shock memory and calibrated odor-shock memory remained intact (Figures 2 and
S2A). Mutant flies for the other proteins, Painless, Pyrexia, or Straightjacket, did not show a
remarkable impairment in odor-temperature or odor-shock memories under our experimental
conditions, except pyrexia mutants, which had a slight impairment in odor-shock memory (Figure 2).
We additionally tested Df-ppk1Aid/Df-ppk1Mirb flies lacking the pickpocket gene, which mediates
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mechanical nociception in larvae (Zhong et al., 2010), and found no impairment in either odor-shock
or odor-temperature memory under our experimental conditions (Figures S2B and S2C). In
conclusion, increased temperature, but not shock reinforcement, in our conditioning paradigm is
mediated by a specific temperature receptor, dTrpA1; hence, the sensory mechanisms for these
aversive reinforcers appear to be distinct.

Figure 2: Sensory Proteins Required for Temperature and Shock Learning. The wild-type (WT) and
dTrpA1, painless, straightjacket, and pyrexia mutants in odor-temperature (A) and odor-shock (B)
conditioning. (A) dTrpA1 mutant flies are severely impaired in odor-temperature memory, whereas
the other receptor mutants show intact temperature memories (F(4, 98) = 15.51, p < 0.001; WT versus
dTrpA1, t(78) = 7.2, p < 0.001; n = 8–16). (B) dTrpA1, painless, and straightjacket mutant flies show
normal shock conditioning performance, whereas pyrexia mutants are slightly impaired (F(4,112) =
8.16, p < 0.0001; WT versus pyrexia, t(112) = 5.5, p < 0.001; n = 10–18). Bars and error bars indicate
mean ± SEM. See also Figure S2.
Next, we sought to identify the sensory neurons responsible for the temperature reinforcement. Two
types of sensory neurons for heat perception and avoidance have been described in adult flies: hot
cells (Gallio et al., 2011) and anterior cells (ACs; Hamada et al., 2008). Hot cells are antennal heat
sensors (Figure 3A, blue) expressing the thermal receptor GR28B (Ni et al., 2013). They are labeled by
hot-cell-GAL4 (Gallio et al., 2011; see Figure S5A). AC neurons are internal heat sensors located in the
central brain, expressing dTrpA1 (Figure 3A, red) and labeled by dTrpA1SH-GAL4 (Hamada et al.,
2008). dTrpA1 is also expressed in a subset of chemosensory neurons innervating the labral sense
organ (LSO) within the mouthparts (Figure 3A, yellow) and labeled by Gr66a-GAL4 (Dunipace et al.,
2001). dTrpA1 in these neurons mediates the avoidance response to bitter substances (Kim et al.,
2010). We blocked these three types of sensory neurons (hot cells, AC neurons, and Gr66aexpressing neurons) using tetanus-toxin light chain (Sweeney et al., 1995). Blockade of the AC
neurons impaired odor-temperature but not odor-shock memory. In contrast, blockage of hot cells or
Gr66a chemosensory neurons did not significantly impair odor-temperature or odor-shock memory
(Figure 3B), although odor-shock memory of flies with blocked hot-cell-GAL4 was slightly lower than
that of one of the control groups. There was no significant phenotype with any of these crosses in
calibrated odor-shock memory (data not shown). Additionally, blockade of the AC neurons only in the
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adult stage by temporal induction of the expression of Kir2.1 resulted in a severe impairment in odortemperature conditioning ( Figure S2D). Altogether, these results show that AC neurons are
specifically required for mediating increased temperature, but not shock, reinforcement and that
antennal heat receptors and dTrpA1-expressing LSO neurons are less important for odortemperature conditioning.

Figure 3: Sensory Neurons Required for Temperature and Shock Learning. (A) Schematic of three
sensory pathways in the fly brain. Red, AC neurons; blue, hot cells; yellow, GR66a, chemosensory
neurons. VP2 and VP3 glomeruli of the antennal lobes (blue innervation sites) are innervated both by
hot cells coming from the antennae and by AC neurons (Gallio et al., 2011). AC neurons mostly
terminate in the posterior protocerebrum (red innervation sites). GR66a neurons innervate the
subesophageal ganglion (SOG; yellow innervation sites). Purple, antennal lobes; green, MBs. (B) AC
neurons (red), hot cells (blue), and GR66a cells (yellow) blocked with UAS-TNT in odor-temperature
(top) and odor-shock (bottom) conditioning. Blockade of AC neurons impaired odor-temperature, but
not odor-shock, memory (temperature: F(6,123) = 2.84, p = 0.012; dTrpA1SH-GAL4;TNT versus +;TNT,
t(123) = 3.05, p < 0.05; dTrpA1SH-GAL4;TNT versus dTrpA1SH-GAL4;+, t(123) = 3.19, p < 0.01; n = 14–21;
shock: F(6, 65) = 6.76, p < 0.001; Hot cell-GAL4;TNT versus +;TNT, t(65) = 4.76, p < 0.01; n = 14–17). (C)
Knockdown of dTrpA1 in AC neurons using UAS-dTrpA1-RNAi significantly reduced odor-temperature
(top), but not shock (bottom), memory (temperature: F(2,119) = 5.43, p = 0.005; dTrpA1SHGAL4;dTrpA1-RNAi versus +;dTrpA1-RNAi, t(119) = 2.67, p < 0.05; dTrpA1SH-GAL4;dTrpA1-RNAi versus
dTrpA1SH-GAL4;+, t(119) = 3.07, p < 0.01; n = 36–44; shock: F(2, 48) = 0.627, p = 0.53; n = 16–18). Bars and
error bars indicate mean ± SEM. See also Figures S2D, and S2E, and S5A.

AC neurons receive thermosensory input from pyrexia-expressing cells, in addition to directly sensing
temperature through dTrpA1 (Tang et al., 2013). In order to segregate these two different inputs to
AC neurons, we knocked down dTrpA1 in AC neurons using UAS-dTrpA1-RNAi. Knockdown in AC
neurons significantly reduced odor-temperature memory, whereas odor-shock memory (Figure 3C)
and calibrated odor-shock memory (Figure S2E) were intact, suggesting direct activation of AC
neurons by dTrpA1.
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In vivo optical imaging corroborated the selective response of the AC neurons to temperature
increase. Using a temperature-controlled imaging system, we measured stimulus-induced activity
changes in the AC neurons of dTrpA1SH-GAL4; UAS-GCaMP3 flies. Increased temperature stimulation
was applied by switching the temperature of the perfused saline solution (Figure 4A; Tomchik, 2013).
Comparable to temperature punishment in our behavioral experiments, the temperature was raised
from 24°C to 34°C for 2 min. After a 1 min resting period at 24°C, two pulses of electric shock (90 V)
were applied to the legs of the same fly. To prevent temperature-induced focus loss during imaging,
we used a piezo nanofocusing system (PIFOC) to record image stacks at the relevant time points of
the stimulation procedure (stacks 1–8 in Figures 4A and 4B; all recorded stacks are shown in
Figure S3A).

Figure 4: AC Neurons Respond to Increased Temperature, but Not to Electric Shock. (A) Schematic
of the calcium imaging setup. Using a Piezo Focus Lens Positioner (PIFOC), image stacks were
recorded while the fly brain was continuously perfused in temperature-controlled saline. Reliable
temperature changes were produced by switching between a heated (red) and nonheated (blue)
constant saline flow using two synchronized valves. The temperature was monitored with
thermocouples mounted posterior to the fly’s head. An electric shock grid was placed below the fly
for electric foot shock stimulation. (B) Stimulation protocol during calcium imaging. Temperature
stimulation consisted of a temperature rise from 24°C to 34°C and a plateau phase at 34°C, in total
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lasting 2 min (n = 12). After a 1 min resting period at 24°C, flies received two 2 s pulses of electric
shock (90 V, 4 s interval; flashes). Gray boxes indicate periods when image stacks were acquired. (C)
Raw fluorescence images of AC neurons in the left brain hemisphere of a single dTrpA1SH-GAL4; UASGCaMP3 fly during the experiment (maximum brightness value z projections of image stacks). AC
neurons responded to increased temperature with a calcium increase in their somata and neurites.
Electric shocks evoked movement, but did not induce a calcium response in the AC neurons. The
scale bar represents 10 μm. (D) AC neurons labeled with the calcium indicator GCaMP responded to
temperature stimulation, but not to electric shock stimulation (responses normalized to stack 1; n =
12; one-way repeated-measures ANOVA was performed on the raw data, F(7, 77) = 11.314, p < 0.001;
Holm-Sidak post hoc test). Bars and error bars indicate mean ± SEM. See also Figure S3.

As in isolated brain preparations (Hamada et al., 2008, Tang et al., 2013), we detected increased
calcium signals in the AC neurons upon in vivo temperature stimulation (Figures 4C, 4D, and S3C).
The response to increased temperature sustained for the entire 2 min and was reproducible across
measurements (data not shown). In contrast, we detected no significant change in calcium activity
upon electric shock stimulation. The selective responsiveness of AC neurons to increased
temperature, but not electric shock, was independent of the stimulus sequence (Figures S3C and
S3D). Together, our behavioral and physiological data demonstrate that the reception of increased
temperature, but not of electric shock, reinforcement takes place in AC neurons.
Measuring temperature-induced neuronal activity using genetically encoded calcium indicators can
be confounded by the temperature sensitivity of the indicator itself (Webber et al., 2001, Sun et al.,
2013). To disentangle biophysical temperature effects on GCaMP3 fluorescence from neuronal
responses to temperature change, we performed in vivo calcium imaging in olfactory receptor
neurons (Figures S3G and S3H). Increase of the temperature from 24°C to 34°C caused a 30%
fluorescence decrease (Figure S3I), and odor-evoked calcium responses decreased on average by
60% (Figure S3J). Thus, a temperature rise can mask signals from stimulus-induced neuronal activity.
Therefore, it is unlikely that the induced fluorescence increase in AC neurons is due to the
temperature sensitivity of GCaMP3, but it reports a cellular response of the AC neurons.
Increased Temperature and Shock Signaling Converge on a Dopamine Reinforcement Pathway
Dopamine serves as the main neurotransmitter for signaling aversive reinforcement in flies during
olfactory shock conditioning (Schwaerzel et al., 2003, Aso et al., 2010). In addition, serotonin neurons
are necessary for place learning, an operant conditioning paradigm that utilizes increased
temperature as aversive reinforcement (Sitaraman et al., 2008). Thus, we asked whether these
different transmitters are shared or segregated between temperature and shock reinforcement
circuits. To tackle this question, we targeted the expression of an electrical silencer Kir2.1 to
dopamine and/or serotonin neurons using TH-GAL4, DDC-GAL4 (HL8), and TrH-GAL4 and restricted
this expression to the adult stage with ubiquitous expression of temperature-sensitive GAL4suppressor GAL80ts. TH-GAL4 labels the majority of dopamine cells in the fly brain, apart from most
neurons in the PAM cluster (Friggi-Grelin et al., 2003). DDC-GAL4 labels a fraction of dopamine and
serotonin cells (Li et al., 2000), and TrH-GAL4 labels many, but not all, serotonin neurons (Sitaraman
et al., 2012). Blockade of the activity of TH-GAL4-labeled neurons severely impaired both
temperature and shock memories (Figures 5A and 5B), while Kir2.1 expression with DDC-GAL4 and
TrH-GAL4 did not cause a significant impairment in odor-temperature memory. Blockade with THGAL4 also impaired odor-shock memory with the calibrated shock intensity (Figure S4A). These
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results suggest that increased temperature and electric shock both require dopamine to signal
aversive reinforcement. Moreover, the dopamine neuronal population labeled by TH-GAL4, but not
DDC-GAL4, is required for temperature punishment (Figures 5A and 5B).

Figure 5: Dopamine Is Necessary for Shock and Temperature Memories. The GAL4 driver lines DDC,
TrH, and TH are blocked with tub-GAL80ts;UAS-Kir2.1 in (A) temperature conditioning, (B) shock
conditioning, and (C) reflexive avoidance of increased temperature. (A) Blockade of dopamine
neurons labeled by TH-GAL4 impaired odor-temperature memory, whereas blockade of serotonin
neurons labeled by TrH-GAL4 or dopamine and serotonin neurons labeled by DDC-GAL4 did not
(Kruskal-Wallis test: H = 21.7, p = 0.001; Mann-Whitney test with Bonferroni corrections: THGAL4xGAL80;Kir versus +;GAL80;Kir, U = 147, p = 0.007; TH-GAL4xGAL80;Kir versus TH-GAL4;+, U =
40, p = 0.0002; n = 14–20). (B) Blockade of dopamine neurons labeled by TH-GAL4 impaired odorshock memory, whereas blockade of serotonin neurons labeled by TrH-GAL4 slightly improved it.
Blockade of neurons labeled by DDC-GAL4 had no significant effect on odor-shock memory (KruskalWallis test: H = 40.3, p < 0.001; Mann-Whitney test with Bonferroni corrections: TH-GAL4xGAL80;Kir
versus +;GAL80;Kir, U = 5, p = 0.0024; TH-GAL4xGAL80;Kir versus TH-GAL4;+, U = 0, p < 0.0001; TrH41
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GAL4xGAL80;Kir versus +;GAL80;Kir, U = 4, p = 0.003; TrH-GAL4xGAL80;Kir versus TrH-GAL4;+, U = 4,
p = 0.01; n = 8–10). (C) Reflexive avoidance of increased temperature was intact when dopamine or
serotonin cells were blocked (Kruskal-Wallis test, H = 6.9, p = 0.32; n = 4–12). (D) Model of neuronal
pathways for increased temperature and shock. Increased temperature is separately perceived by
different sensors (AC neurons and hot cells), leading to different reflexive behavioral outputs. For
reinforcement signaling, perception of increased temperature via AC neurons and of shock via an
uncharacterized pathway converge to dopamine neurons for a common behavioral output. Electric
shock sensation also induces reflexive behaviors. Bars and error bars indicate median ± quartiles. See
also Figure S4.

We tested flies for innate avoidance of increased temperature in a two-choice arena using the same
temperatures as in odor-temperature conditioning (see the Experimental Procedures). Blockade of
dopamine or serotonin neurons did not significantly impair temperature avoidance (Figure 5C). These
results indicate that dopamine neurons labeled by TH-GAL4 are required selectively for
reinforcement signaling in shock and temperature learning, but not for reflexive avoidance. Thus,
although the sensory inputs for increased temperature and shock are different, both may converge
into the same neurotransmitter system (Figure 5D). The next neuronal layer in the circuit of odortemperature memory might be the MBs, given the importance in odor-shock conditioning
(Heisenberg, 2003). Indeed, blockade of the MBs using MB247-GAL4 and TNT resulted in impaired
odor-temperature memory (Figure S4C). Since the MBs are, however, involved in reflexive avoidance
of increased temperature (Hong et al., 2008; Figure S4B), it is difficult to segregate MB functions for
temperature avoidance and memory.
The requirement of dopamine neurons for temperature conditioning raises the possibility of a direct
connection between dopamine and AC neurons. To examine whether the AC neurons directly contact
dopamine neurons, we labeled dopamine neurons and the presynaptic terminals of AC neurons
(Figures 6A–6C). Indeed, a small fraction of the AC neurons’ terminals in the superior protocerebrum
abut the processes of dopamine neurons (Figure 6A), implying a direct connection between AC to
dopamine neurons (Figures 6B and 6C). In order to further explore these contacts, we used GFP
reconstitution across synaptic partners (GRASP; Feinberg et al., 2008). To this end, we utilized THLexA driver (generated and generously shared by the Rubin lab, Janelia Farm Research Campus) and
characterized its expression pattern (Figure 6D). TH-LexA labeled the majority of dopamine neurons,
largely recapitulating the expression pattern of TH-GAL4 (Figure 6D). Similar to TH-GAL4, TH-LexA
labels only a minor fraction of PAM cluster neurons, but otherwise the majority of the TH + neurons in
the other clusters (eight PAM, five PAL, two PPM1, seven to eight PPM2, six PPM3, 12 PPL1, and six
PPL2ab; four hemispheres counted; see Figures S5B and S5C for anatomical characterization of the
new TH-LexA driver). Using dTrpA1SH-GAL4 and TH-LexA, we expressed the split halves of GFP and
visualized the reconstituted GFP protein that marked the contacts between AC neurons and
dopamine neurons (Figures 6E and 6F). We detected GRASP signals in the posterior protocerebrum,
the region where the AC neurons heavily terminate (Figures 6E and 6F; Hamada et al., 2008).
Altogether, our results suggest that the dopamine neurons are one of the synaptic targets of the AC
neurons and possibly transform temperature sensation to aversive reinforcement.
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Figure 6: AC Neurons Contact Dopamine Neurons. (A–C) Frontal projections of antibody staining of
AC neurons’ axon terminals (green, fluorescence of dTrpA1SH-GAL4 crossed to UAS-syt::GFP) and
dopamine cells (magenta, fluorescence of anti-TH antibody staining). (A) A projected image stack of
the posterior part of the brain. (B) Magnification of the terminals of AC neurons in the
protocerebrum (inset in A). (C) A single confocal slice with further magnification of the
protocerebrum region. Arrowheads mark juxtaposition of AC neurons’ presynaptic terminals (C2) and
dopamine neurons (C3). A merged view is shown in (C1). (D) Magnification of the dorsal
protocerebrum of antibody staining of dTrpA1SH-GAL4;TH-LexA crossed to UAS-myr::cherry;LexAopmCD8::GFP, showing a single slice image (green, fluorescence of GFP antibody staining; magenta,
fluorescence of dsred antibody staining). A merged view (D1), TH-LexA-positive neurons (D2), and
dTrpA1SH-GAL4-positive neurons (D3) are shown. Multiple contact points between AC neurons and
dopamine neurons are marked with arrow heads. (E and F) Frontal projections of GRASP
showing contacts between AC neurons and TH-LexA-positive cells. dTrpA1SH-GAL4; TH-LexA flies
crossed to LexAop-CD4::spGFP11; UAS-CD4::spGFP1-10 flies are shown. Green, reconstituted GFP
antibody staining; magenta, N-cad antibody staining of neuropil marker. (E) An image stack of the
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posterior part of the brain. (F) Magnification of the protocerebrum region (inset in E) showing
multiple contacts between AC neurons and dopamine neurons. All scale bars represent 10 μm. See
also Figure S5.

An Overlapping Population of Dopamine Neurons Is Required for Increased Temperature and
Shock Conditioning
To further dissect which neurons in TH-GAL4 signal aversive reinforcement upon increased
temperature and shock stimulation, we employed driver lines with GAL4 expression targeted to
different subsets by various regulatory regions of the TH locus (Figures 7A and 7B; Liu et al., 2012b).
Adult expression of Kir2.1 with TH-D′-GAL4, which labels a fraction of TH-GAL4, including PPL1 cluster
neurons, severely impaired both temperature and shock memories (Figures 7C and 7D). Reflexive
avoidance of increased temperature was not significantly affected (Figure S6A). The memory of
calibrated odor-shock conditioning was pronouncedly impaired by blockade with TH-D′-GAL4
(Figure S6B). In contrast, blockade with TH-C′-GAL4, which has a complementary expression pattern
to that of TH-D′-GAL4, impaired neither temperature nor shock memory (Figures 7C and 7D).

Figure 7: Subsets of dopamine neurons are required for temperature and shock learning. (A)
Frontal projections of whole brain image stacks showing TH-D′-GAL4, TH-F3-GAL4, and TH-C′-GAL4
drivers. The GAL4 lines were crossed to UAS-mCD8::GFP. Green is fluorescence of GFP antibody
staining showing the cells labeled by each driver line, magenta is fluorescence of anti-TH antibody
staining of dopamine neurons, and blue is fluorescence of N-cad antibody staining of the neuropil. All
scale bars represent 20 μm. Dopamine neurons labeled by the three drivers TH-D′-GAL4, TH-F3-GAL4,
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and TH-C′-GAL4 are summarized below. Only dopamine neurons from clusters PAL, PPL1, PPM1,
PPM2, PPM3, and PPL2ab are depicted. (B) Labeling of single dopamine neurons in TH-D′-GAL4 and
TH-F3-GAL4, in clusters PPL1 and PPM3. Results are based on counting of six hemispheres from each
driver line. + denotes presence of projections, +/− denotes faint presence of projection, and −
denotes no projections. Nomenclature of cells and clusters is according to Liu et al. (2012b) and
Nässel and Elekes (1992). DP, dorsal protocerebrum; d/m/v FB, dorsal/medial/ventral fan-shaped
body, respectively; SV, surrounding vertical (lobes of MB); AMP, anterior medial protocerebrum; and
EB, ellipsoid body. (C) Blockade of TH-D′-GAL4 severely impaired odor-temperature memory,
whereas blockade of TH-F3-GAL4, TH-C′-GAL4 drivers left odor-temperature memory intact (KruskalWallis test: H = 29.51, p < 0.001; Dunn’s multiple comparison test: TH-D′-GAL4xGAL80;Kir versus +;
GAL80;Kir, p < 0.01; TH-D′-GAL4xGAL80;Kir versus TH-D′-GAL4; +, p < 0.001; n = 6–14). (D) Blockade
of TH-D′-GAL4 or TH-F3-GAL4 impaired odor-shock memory, whereas blockade of TH-C′-GAL4 did not
(Kruskal-Wallis test: H = 40.6, p < 0.001; Dunn’s multiple comparison test: TH-D′-GAL4xGAL80;Kir
versus +; GAL80;Kir, p < 0.001; TH-D′-GAL4xGAL80;Kir versus TH-D′-GAL4; +, p < 0.01; TH-F3GAL4xGAL80;Kir versus +; GAL80;Kir, p < 0.001; TH-F3-GAL4xGAL80;Kir versus TH-F3-GAL4; +, p <
0.05; n = 6–14). Bars and error bars indicate median ± quartiles. See also Figure S6.

In approximately 20 dopamine neurons labeled with TH-D′-GAL4 (one PAL, two to three PPM2, six
PPM3, and ten PPL1 cluster neurons; Figures 7A and 7B; Liu et al., 2012b), we sought to identify a
further subpopulation that would distinguish shock and temperature signaling pathways. We used
TH-F3-GAL4, which labels two to three PPM2, two to three PPM3, and four PPL1 cluster neurons,
including MB-MP1 and MB-V1 (Figures 7A and 7B; Liu et al., 2012b). Interestingly, induced Kir2.1
expression with TH-F3-GAL4 impaired odor-shock memory, whereas odor-temperature memory was
not significantly affected (Figures 7C and 7D). This implies that shock reinforcement recruits more
dopamine neurons than the increased temperature. Consistent with this, we did not find a driver
that specifically affected odor-temperature, but not odor-shock, memory in a further screen (data
not shown). As all drivers that impaired odor-temperature memory also impaired odor-shock
memory, the dopamine neurons that signal temperature reinforcement may be contained in the
population signaling shock.

Discussion
We here established odor-temperature conditioning in Drosophila using the same experimental
setup as for odor-shock conditioning (Figure 1). This allowed us to contrast the circuits required for
the two aversive reinforcement pathways, since all experimental parameters other than
reinforcement identity were highly similar. These comparisons uncovered the sensory neurons
specific for temperature punishment: the dTrpA1-expressing internal thermal receptors, AC neurons
(Figure 3). Both behavioral and in vivo optical imaging experiments revealed the selectivity of these
sensory neurons to increased temperature, but not to electric shock (Figures 3 and 4), although the
increased temperature and mild shock induced aversive memories of similar strength (Figure 1C).
Although thermosensors are distributed in different types of cells (Tracey et al., 2003, Lee et al.,
2005, Rosenzweig et al., 2005, Hamada et al., 2008, Neely et al., 2010, Gallio et al., 2011), the
sensory neurons and proteins mediating the reinforcing property of the temperature punishment are
more selective. The antennal thermal receptors and dTrpA1-expressing LSO neurons seem to be
dispensable for increased temperature punishment (Figure 3). As the antennal thermal receptor
neurons were shown to be required for other behaviors (Ni et al., 2013), different temperature45
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sensing cells may be functionally specialized (Figure 5D, red pathways). Similarly, our results
demonstrate that temperature and shock are separately sensed, and therefore nonspecific activation
of all neurons does not seem to explain the shock reinforcement. This motivates future studies to
identify the proteins required for electric shock reception and the corresponding neurons.
Interestingly, flies avoid colder environments as well, and cold avoidance depends on intact
dopamine neurons (Bang et al., 2011, Tomchik, 2013). Thus, temperature decrease may also act as
punishment.
Despite the separate sensory mechanisms, dopamine neurons signal the reinforcement of both
increased temperature and shock (Figures 5A and 5B). Intriguingly, these neurons are required for
the reinforcing property of aversive stimuli but are apparently dispensable for reflexive responses
(Figure 5C). These results highlight the role of dopamine neurons in integrating inputs from different
aversive stimuli that are relevant for adapting the behavior of flies. Dopamine mediates aversive
reinforcement in learning systems other than adult Drosophila olfactory learning (Unoki et al., 2005,
Schroll et al., 2006, Vergoz et al., 2007), supporting the role of dopamine neurons in representing
general negative values. Indeed, the convergence of aversive inputs may be conserved among
different animal species beyond insects. In insects and mammals, dopamine neurons have been
shown to respond to different rewarding, as well as punishing, stimuli (Burke et al., 2012, Liu et al.,
2012a, Lammel et al., 2014). Thus, the role of dopamine may be to signal general values regardless of
stimuli and valence.
Increased temperature and shock are sensed by different sensory pathways, converging on the same
dopamine system (Figure 5D). A similar circuit configuration was described for sugar reinforcement in
flies. Sugar includes two separate reinforcing qualities—sweet taste and nutritional value. These
qualities are sensed by separate pathways and converge to dopamine, signaling reinforcement
(Burke et al., 2012). The sweet taste is probably signaled by octopamine, whereas nutritional value is
sensed independently of octopamine (Burke et al., 2012). These separate reward signals appear to
converge onto dopamine neurons. Similarly, in the case of increased temperature and shock, sensory
pathways differ and reinforcement converges to the dopamine system (Figure 5D). Thus, the
convergence of signals encoding different reinforcing stimuli may be a general principle of
reinforcement systems.
Serotonin is also involved in reinforcement signaling in insects (Sitaraman et al., 2008, Wright et al.,
2010, Sitaraman et al., 2012). In particular, heat reinforcement in Drosophila place memory in the
heat box paradigm requires serotonin, but not dopamine (Sitaraman et al., 2008). Although we used
the same drivers as Sitaraman et al. for manipulation (Sitaraman et al., 2008), these serotonin
neurons seem to be dispensable for our odor-temperature learning (Figure 5). The difference in
serotonin function may depend on the type of conditioning: instrumental versus Pavlovian. In heat
box learning, flies associate the consequence of their own behavior with increased temperature,
whereas in our study flies learn the association of an externally applied odor with increased
temperature. Serotonin may thus be required when flies have control over punishment. It will be
interesting to contrast the two paradigms, different only in the flies’ control over punishment
exposure, and to test transmitter requirement (Wright et al. (2010), but see Claridge-Chang et al.
(2009)).
Dopamine neurons in the fly brain form several clusters (Nässel and Elekes, 1992), and their function
can be further segregated to specific cellular subsets. Indeed, different subsets of dopamine cells
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participate in different behaviors: ethanol-induced locomotion, sleep and arousal, courtship
suppression learning, olfactory learning, and aggression have all been attributed to specific and
sometimes single dopamine cells (Aso et al., 2010, Kong et al., 2010, Aso et al., 2012, Keleman et al.,
2012, Liu et al., 2012a, Liu et al., 2012b, Alekseyenko et al., 2013). Here we show that increased
temperature and shock reinforcement signaling require ∼20 dopamine cells labeled in the TH-D′GAL4 line (Figure 7). Although our data do not formally exclude a possibility that subsets of dopamine
neurons within the TH-D′ driver at the single-cell level may be different for odor-shock and odortemperature memories, one population of neurons may commonly signal temperature and shock
reinforcement. Out of these, the neurons labeled by TH-F3-GAL4 were needed for odor-shock, but
not odor-temperature, memory, suggesting that a smaller set of dopamine neurons mediates
increased temperature than mediates shock reinforcement (Figure 7). In a subsequent screen, we did
not find drivers that were specifically required for increased temperature, but not shock, memories.
Thus, temperature reinforcement may be contained within the population of dopamine cells
conveying shock reinforcement. It is possible that the artificial electric shock stimulus recruits more
than one specific pathway (Claridge-Chang et al., 2009, Aso et al., 2010, Aso et al., 2012), whereas
the ecologically relevant temperature stimulus is mediated by a more specific subset of dopamine
neurons.

Experimental Procedures
Fly Husbandry and Strains
Flies were raised at 25°C and 60% relative humidity on standard cornmeal medium in a 12 hr
dark/light cycle unless otherwise described. All flies were handled without anesthesia until
experiments commenced. Mixtures of male and female flies age 2–6 days after eclosion were used
for behavioral experiments. Females age 2–8 days were used for functional imaging experiments. The
X chromosome of all transgenic flies and mutants was replaced with that of the wild-type (Canton-S)
to remove the mutation for w to avoid the effect of w− on temperature perception (Diegelmann et al.
(2006) and our observations). We exchanged the X chromosome by crossing to balancer flies with the
Canton-S background. For crosses with tub-GAL80ts;UAS-Kir2.1, flies were raised at 18°C, and the
progeny was kept at 30°C for 48 hr before behavioral experiments. After this temperature shift, flies
were kept for 3–4 hr at 25°C before the experiment. Employed mutant lines include dTrpA1ins, a
deletion insertion mutant of dTrpA1 (Hamada et al., 2008); pain1, an enhancer-promoter insertion
line of painless (Tracey et al., 2003); pyx3, a P element insertion null pyrexia allele (Lee et al., 2005);
stj2, a straightjacket nonsense mutation (Neely et al., 2010); Df-ppk1Aid and Df-ppk1Mirb,
pickpocket1 deficiency lines (Wegman et al., 2010); and transheterozygous ppk-Df Aid/Mirb
generated in our lab. The following GAL4 and UAS transgenic lines were employed: UAS-dTrpA1-RNAi
and dTrpA1SH-GAL4 (Hamada et al., 2008); hot-cell-GAL4 (Gallio et al., 2011); GR66a-GAL4 (Dunipace
et al., 2001); tub-GAL80ts;UAS-Kir2.1 (Baines et al., 2001, McGuire et al., 2004); UAS- GCaMP3 (Tian et
al., 2009); UAS-TNT (Sweeney et al., 1995); TH-GAL4 (Friggi-Grelin et al., 2003); DDC-GAL4 (Li et al.,
2000); TrH-GAL4 (Sitaraman et al., 2012); UAS-CD4::spGFP1-10 and LexAop-CD4::spGFP11 (Gordon
and Scott, 2009); UAS-syt::GFP and UAS-mCD8::GFP from the Bloomington stock center; TH-C′-GAL4,
TH-D′-GAL4, and TH-F3-GAL4 (Liu et al., 2012b); and LexAop-mCD8::GFP and TH-LexA, generated in G.
Rubin’s lab (Janelia Farm Research Campus). LexA::p65 was amplified from pBPLexA::p65Uw and was
cloned into pBDP at 5′ EcoRI and 3′ NotI, with the addition of a 5′ XbaI site and a 3′ AvrII site. TH
fragments corresponding to those present in TH-GAL4 (Friggi-Grelin et al., 2003) were amplified from
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genomic DNA. 5′ SpeI and 3′ NotI sites were added to the 6.9 kb coding region fragment, which was
cloned into the AvrII and NotI sites of the LexA vector. The 4.1 kb upstream fragment was then
inserted at 5′ FseI and 3′ XbaI.
Behavioral Assays
For olfactory conditioning (Tully and Quinn, 1985, Schwaerzel et al., 2003), we used 4methylcyclohexanol and 3-octanol (Sigma Aldrich) diluted in paraffin oil (1:10). Flies were trained
differentially by receiving an odor in the presence of reinforcement (CS+). Subsequent to an air flush,
another odor was presented without reinforcement (CS−). Immediately after training, the
conditioned odor avoidance was measured in a T maze, where the flies were permitted to choose
between the two odors, CS+ and CS−, for 2 min (Figure 1A). A performance index between −1 and +1
was calculated by averaging of the odor avoidance of two groups that were trained reciprocally by
switching the two odors used as CS+ and CS−. The sequence of reinforcement presentation was also
alternated, to cancel out any effect of reinforcement order.
For shock conditioning, odors and air flush were presented for 1 min, and the reinforcer was 12
shock pulses of 1.2 s long 90 V electric shocks every 5 s (Figure 1A). For calibrated shock conditioning,
odors and air flush were presented for 2 min and the reinforcer was 24 shock pulses of 27 V every 5
s, and this conditioning cycle was repeated twice (Figure 1C).
For temperature conditioning, the same odors and experimental setup were used as for shock
conditioning. Two complete setups were kept at distinct temperatures, one at background
temperature of 25°C and the other prewarmed to 34°C in a climate box. The flies were presented
with the CS− odor at the background temperature for 2 min, and after a 2 min break they were
transferred to the prewarmed tubes and were presented with the CS+ odor at 34°C, with prewarmed
air flush (Figure 1A). This training trial was repeated twice. Immediately after training, conditioned
odor avoidance was measured under the same conditions as for shock conditioning.
For increased temperature avoidance, flies were introduced to an arena separated into two halves;
each half was kept at a distinct temperature (25°C and 34°C) using two Peltier elements. This arena
was covered by a transparent plastic plate (a Petri dish cut into 3 mm height to prevent flies from
flying). A snapshot of flies’ distribution was taken every 30 s over 5 min immediately after the flies
were inserted into the arena. Increased temperature avoidance was calculated as the difference in
fly number between the two halves divided by the total number of flies. The avoidance index
represents the average over 5 min. The sides were switched to prevent a side bias.
Immunohistochemistry
The brains were dissected, fixed and prepared for antibody staining as previously described (Aso et
al., 2010). dTrpA1SH-GAL4 crossed to UAS-syt::GFP ( Figures 6A–6C) was stained with anti-GFP
antibody (rabbit anti-GFP polyclonal, Invitrogen, 1:1000) followed by Alexa Fluor 488 (goat antirabbit IgG highly cross-absorbed, Invitrogen, 1:1000). Dopamine neurons (Figures 6A –6C and 7A)
were visualized using anti-TH antibody staining (mouse monoclonal tyrosine hydroxylase antibody,
ImmunoStar, 1:200) followed by Cy3 anti-mouse (Jackson ImmunoResearch, 1:250). For neuropil
labeling (Figures 6E, 6F, and 7), we used rat anti-N-cadherin staining (anti-N-cad DN-Ex no. 8,
Developmental Studies Hybridoma Bank, 1:100) followed by Cy3 anti-rat (Jackson Immunoresearch,
1:250). For visualization of reconstituted GFP (Figures 6E and 6F), we used mouse anti-GFP (clone no.
86/38, NeuroMab, Antibodies, 1:100) followed by goat anti-mouse Alexa 488 (Invitrogen, 1:250). For
the double labeling of LexAop-myr::cherry and UAS-mCD8::GFP expression (Figure 6D), we used rat
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anti-GFP (3H9, Chromotek,1:200) and rabbit anti-dsred (Living colors DsRed polyclonal, Clontech,
1:200) followed by Alexa Fluor 488 (goat anti-rat, Invitrogen, 1:250) and Cy3 anti-rabbit (Jackson
ImmunoResearch, 1:250). z stacks were scanned using a confocal microscope (Olympus FV1000) in
1.5 or 1 μm steps. Images of the confocal stacks were analyzed with the open-source software
ImageJ.
In Vivo Calcium Imaging
For imaging of AC neurons, 2- to 8-day-old flies (dTrpA1SH-GAL4; UAS-GCaMP3), were cold
anesthetized on ice. A female fly was inserted into an opening in the plastic recording platform and
was fixed with wax such that the legs could move freely. The head was cut open dorsally, the
exposed brain was covered with a drop of saline (130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2,
36 mM sucrose, and 5 mM HEPES [pH 7.3]), and glands and trachea were removed. During imaging,
the preparation was continuously perfused with fresh saline (4 ml/min).
Fly brains were imaged with a fluorescence microscope (Axio Examiner D1; Carl Zeiss) equipped with
a 40× water-immersion objective (numerical aperture 0.8, LUMPlanFl, Olympus). Excitation light of
475 nm was provided by a monochromator (Polychrome V; T.I.L.L. Photonics). The emission light was
detected with a CCD camera (Sensicam; PCO Imaging) through a 500 nm dichroic mirror and a 530–
547 nm band-pass filter. Pixels were binned on chip (4 × 4), resulting in an image resolution of 344 ×
260 pixels, which corresponded to 240 μm × 182 μm at the preparation. Images were acquired at a
frame rate of 5 Hz with an exposure time of 120 ms per frame. In order to compensate temperatureinduced focus drift and electric shock-induced movement artifacts (in the z direction; see Figure 4C,
stack 7), we recorded image stacks of 41 slices and 70 μm depth with 7.29 s/stack using an objective
positioner (P-721.17, PIFOC, Physik Instrumente) controlled by an amplifier with built-in servo
feedback control (E-662 LVPZT, Physik Instrumente).
For increased temperature stimulation, the saline drop between the fly head and the objective was
heated, by switching from the nonheated to a heated saline flow, using two three-way solenoid
valves (LFAA1200118H, Lee Products; Figure 4A). The heating device (single inline solution heater, SF28, Warner Instrument Corporation) was controlled by an automatic temperature controller (TC324B, Warner Instrument Corporation). The timing of the increased temperature stimulation during
the experiment was controlled by the stimulus control software and was triggered by the imaging
system. The temperature of the saline drop was monitored next to the fly brain (1 mm posterior)
with thermocouple microprobes (IT-23, Physitemp) via a digital thermometer (GMH3230, Greisinger)
and was logged (EBS 20M Software, Greisinger).
Electric foot shock stimulation consisted of two 2 s pulses of 90 V applied with an interval of 4 s via a
custom-made aluminum shock grid using an isolated stimulator (DS2, Digitimer) that was controlled
by the stimulus control software and triggered by the imaging system. For the reliability of electric
shock stimulation, see Figures S3E and S3F. The reproducibility of neuronal responses to increased
temperature and electric shock was verified by application of the increased temperature and electric
shock stimulation protocol (see Figure 4B) twice to each fly. Since the responses in the first and
second measurements were not significantly different, the second measurement is not shown.
Imaging data was analyzed using the Fiji (http://fiji.sc/Fiji/) package for ImageJ
(http://imagej.nih.gov/ij/). First, a maximum brightness value z projection was generated from each
image stack to render a single image. Next, the regions of interest (ROIs) were drawn around the AC
neuron somata, and the brightness values were obtained by averaging of all pixels within the ROI.
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The emission intensity (F) at the first stack was determined as F0, and ΔF/F0 (%) was calculated for
each z projection. Only somata that were in focus throughout all recordings were included in the
data analysis.
Statistical Analysis
Statistical analyses of behavioral data were performed using Prism6 (GraphPad Software). Statistical
analyses of calcium imaging data were performed using Sigma Stat (Systat Software). Most of the
tested groups did not violate the assumption of normal distribution and homogeneity of variance.
Therefore, we performed one-way ANOVA (Figures 2 and 3) or two-way ANOVA (Figure 1D) followed
by post hoc multiple pairwise comparisons (Bonferroni) in the case of significant difference in group
means. The difference of the performance index from zero was tested with one-sample t test
(Figure 1C). For the groups that violated the assumption of normal distribution, nonparametric
statistics (Kruskal-Wallis test; Figures 5 and 7) were applied followed by post hoc multiple pairwise
comparisons (Mann-Whitney test with Bonferroni correction [Figures 5A and 5B] or Dunn [Figure 7]).
Calcium imaging data (Figure 4) were tested using one way repeated-measures ANOVA followed by
Holm-Sidak post hoc test. Data are presented as mean ± SEM, except in Figure 5 and Figure 7, where
bars represent median ± quartiles. Throughout the manuscript, ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001;
“ns” indicates not significant.
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Supplemental Information

Supplemental Figures

Figure S1, related to Figure 1. Calibration of electric‐shock voltage in odor‐shock conditioning. We
aimed to induce similar performance index to that of odor‐temperature conditioning in 34°C. Two
cycles of 2‐min exposure to odor and different voltages of electric shock induced memory
performance in a variable range. We chose 27V of electric shock for our following calibrated odor‐
shock conditioning experiments. Bars and error bars indicate mean ± SEM. n=8‐12.
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Figure S2, related to Figure 2. (A) Calibrated shock conditioning of WT and dTrpA1 mutants. Flies
mutated for dTrpA1 have intact memory performance. t(26)=1.52 P=0.13. n=12‐16. (B) Odor‐
temperature conditioning of WT and pickpocket1 trans‐heterozygous mutants, Dfppk1Aid/Df‐
ppk1Mirb. Flies mutated for ppk1 have intact memory performance. t(17)=0.65 P=0.52. n=9‐10. (C)
Odor‐shock conditioning of WT and pickpocket1 trans‐heterozygous mutants, Df‐ppk1Aid/Df‐
ppk1Mirb. Flies mutated for ppk1 have intact memory performance. t(25)=0.78 P=0.44. n=13‐14. (D)
Odor‐temperature conditioning of dTrpA1SH‐GAL4 crossed to GAL80ts;UAS‐Kir2.1 and genetic
controls. Learning was severely impaired when AC neurons were temporarily blocked. F(2,61)=8.34
P=0.0006. dTrpA1SH ‐GAL4 x GAL80ts;UAS‐Kir2.1 vs. WT x GAL80ts;UAS‐Kir 2.1 t(61)=3.7, P<0.01,
dTrpA1SH ‐GAL4 x GAL80ts;UAS‐Kir2.1 vs. dTrpA1SH ‐GAL4 x WT t(61)=3.54, P<0.01. n=16. (E) Calibrated
odor‐shock conditioning of dTrpA1 knockdown in AC neurons and genetic controls. Learning is intact
when dTrpA1 is knocked‐down in AC neurons. F(2,41)=1.02 P=0.36. n=14‐15. Bars and error bars
indicate mean ± SEM.
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Figure S3, related to Figure 4. (A, B) For calcium imaging in dTrpA1SH‐GAL4; UAS‐GCaMP3 flies two
different stimulation protocols were used. To exclude sequence effects, the order of increased
temperature and electric shock application was reversed in the second stimulation protocol (B).
Increased temperature stimulation consisted of a temperature rise from 24°C to 34°C and a plateau
phase at 34°C, in total lasting two minutes (n = 12, each). Electric shock was applied as two 2‐s pulses
(90 V, 4‐s interval; flashes). Grey boxes indicate the 20 periods when image stacks were acquired. (A)
Two minutes increased temperature stimulation were followed by a one minute resting period at
24°C and two pulses of electric shock. (B) Two pulses of electric shock were followed by a one minute
resting period at 24°C and two minutes increased temperature stimulation. (C) Normalized AC
neuron responses for the protocol shown in A (n=12; normalized to the first image stack in A). (D)
Normalized AC neuron responses for the protocol shown in B (n=12; normalized to the first image
stack in B). (E, F) To confirm the reliability of electric shock application calcium imaging of
dopaminergic neurons was conducted in UAS‐GCaMP3, mbDsRed; TH‐GAL4, mbDsRed flies, using the
protocol shown in A. (E) Raw fluorescence images of a single fly recorded before and during electric
shock application (left hemisphere, dorsal view). Electric shock application induced fluorescence
increase in the somata, neurites and neuropil (maximum brightness value z‐projections). Scale bar:
50 μm. (F) Only flies that received electric shocks (‚shock‘) showed a fluorescence increase during
electric shock application (neuropil responses normalized to time point ‚0‘; one‐way repeated
measures ANOVA was performed on the raw data, Ftime (3, 21) = 7.190, P = 0.002; Holm‐Sidak post hoc
test; n=8). Flies of the control group were tested with the same protocol except electric shock
application (‚no shock‘). In those flies no fluorescence increase was observed in the neuropil at the
same time point of the stimulation protocol (one‐way repeated measures ANOVA was performed on
the raw data, Ftime (3, 18) = 12.495, P < 0.001; Holm‐Sidak post hoc test; n=7). The indicated time points
(0, 8, 16 and 84 s) correspond to the last four image stacks indicated in A. (G) Stimulation protocol for
measuring the heat‐dependency of both GCaMP3 raw fluorescence (‘no odor’) and odor responses
(1‐butanol, But; 4‐methylcyclohexanol, MCH; mixture of both odors, Mix) in the antennal lobe (UAS‐
GCaMP3; Orco‐GAL4). Grey boxes indicate periods when image stacks were acquired. First, an image
stack without any stimulation was recorded at 24°C, followed by image stacks during stimulation
with 1‐butanol, 4‐methylcyclohexanol and the mixture of both (one minute stimulus‐free intervals).
One minute after the stimulation with the odor mixture at 24°C the saline temperature was raised to
34°C. After another minute the previous recordings were repeated at 34°C. Afterwards the saline
temperature was reset to 24°C and finally another image stack without any stimulation was acquired
one minute after temperature drop. (H) Raw fluorescence images of the antennal lobes at 24°C and
34°C without odor stimulation and during 1‐butanol stimulation (maximum brightness value z‐
projections). Scale bar: 50 μm. (I) Raw fluorescence in olfactory receptor neurons labelled with the
calcium indicator GCaMP3 was decreased by 30% when the temperature was increased from 24°C to
34°C (two‐way repeated measures ANOVA was performed on the raw data, Ftemperature (1, 9) =
48.986, P = 0.006, Fodor (3, 9) = 8.444, P = 0.006, Ftemperature x odor (3, 9) = 9.173, P = 0.004;
Holm‐Sidak post hoc test; n=4; normalized to the first image stack in A). (J) Odor responses at 34°C
are reduced on average by 60% compared to odor responses at 24°C (one‐way repeated measures
ANOVA, F = 11.881, P < 0.001; Holm‐Sidak post hoc test; same data as in C, normalized to the first ‘no
odor’ stack at 24°C and 34°, respectively). Bars and error bars indicate mean ± SEM.
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Figure S4, related to Figure 5. (A) Calibrated odor‐shock conditioning of TH‐GAL4 crossed to
GAL80ts;UAS‐Kir2.1 and genetic controls. Learning was severely impaired when dopamine neurons
were blocked. Kruskal‐Wallis test H=22.24 P<0.0001. Dunn's multiple comparisons test: TH‐GAL4 x
GAL80ts;UAS‐Kir2.1 vs. WT x GAL80ts;UAS‐Kir2.1 P<0.0001. TH‐GAL4 x GAL80ts;UASKir2.1 vs. TH‐GAL4
x WT P<0.05. n=16‐19, bars represent median ± quartiles. (B) Reflexive increased temperature
avoidance of MB247‐GAL4 crossed to UAS‐TNT and genetic controls. Reflexive increased
temperature avoidance was impaired when the mushroom bodies were blocked. F(2, 19)=10.88
P=0.0007. UAS‐TNT/MB247‐GAL4 vs. UAS‐TNT/+ t(19)=3.58, P=0.0025. UAS‐TNT/MB247‐GAL4 vs.
+/MB247‐GAL4 t(19)=2.97, P=0.0054. Bars and error bars indicate mean ± SEM. n=6‐10. (C) Odor‐
temperature conditioning of MB247‐GAL4 crossed to UAS‐TNT and genetic controls. Learning was
severely impaired when the mushroom bodies were blocked. F(2,42)=74.09 P<0.0001. UAS‐
TNT/MB247‐GAL4 vs. UAS‐TNT/+ t(42)=9.95, P<0.00001. UAS‐TNT/MB247‐GAL4 vs. +/MB247‐GAL4
t(142)=10.09, P<0.00001. Bars and error bars indicate mean ± SEM. n=14‐16.
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Figure S5, related to Figure 6. (A) Whole‐brain projection of hot‐cell‐GAL4 crossed to UASmCD8::GFP,
antibody staining. Green: fluorescence of GFP antibody staining, magenta:fluorescence of the
neuropil marker synapsin antibody staining. (B) Whole‐brain projections of antibody staining of TH‐
LexA crossed to LexAop‐mDC8::GFP (green: fluorescence of anti‐GFP antibody staining) and
dopamine neurons (magenta: fluorescence of anti‐TH antibody staining). (B1) Merged, (B2) TH‐LexA
positive neurons, (B3) Dopamine neurons. (C) Projections of THGal4/LexAop‐myr::cherry; TH‐LexA /
UAS‐mCD8::GFP. C1‐C4: Projection of anterior third of brain showing the MB lobes and PAM‐cluster.
C5‐C8: Projection of posterior part of brain showing several dopaminergic cell clusters (e.g. PPL1,
PPL3). Green: fluorescence of GFP antibody staining (C2, C6). Red: fluorescence of the anti‐dsred
antibody staining against myr::cherry (C3, C7). Blue: fluorescence of anti‐TH antibody staining (C4,
C8). C1 and C5: merged. For unknown reasons, additional unspecific labelling of trachea obscures the
dopaminergic processes of TH‐LexA, if LexAop‐myr::mCherry is used as a reporter. All scales are 10
μm.
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Figure S6, related to Figure 7. (A) Reflexive increased temperature avoidance of TH‐D’ and TH-F3‐
GAL4 drivers crossed to GAL80ts;UAS‐Kir2.1 and genetic controls. None of the lines were impaired in
reflexive increased temperature avoidance. F(4,25)=0.5449, P=0.7. n=4‐10. (B and C) Calibrated odor‐
shock conditioning of these flies and genetic controls. (B) Calibrated odor‐shock learning was
impaired when the dopamine neurons labeled by TH‐D’ –GAL4 were blocked. F(2,21) = 4.914 . TH‐D’‐
GAL4 x GAL80ts;UAS‐Kir2.1 vs. TH‐D’‐GAL4 x WT P<0.05 TH‐D’‐GAL4 x GAL80ts;UAS‐Kir2.1 vs. WT x
GAL80ts;UAS‐Kir2.1 P<0.05. n=8. (C) Calibrated odor‐shock learning was impaired when the dopamine
neurons labeled by TH‐F3‐GAL4 were blocked. F(2,47) = 7.991 . TH‐F3‐GAL4 x GAL80ts;UAS‐Kir2.1 vs.
TH‐F3‐GAL4 x WT P<0.01 TH‐F3‐GAL4 x GAL80ts;UAS‐Kir2.1 vs. WT x GAL80ts;UAS‐Kir2.1 P<0.01. n=10‐
21. Bars and error bars indicate mean ± SEM.
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Supplemental Experimental Procedures
Immunohistochemistry
Progeny of the crosses was collected and dissected as described in the main text under ‘materials
and methods’. Figure S5A: hot‐cell‐GAL4 flies were crossed to UAS‐mCD8::GFP. The antibodies used:
for GFP, rabbit anti‐GFP (rabbit polyclonal, 1:1,000, Invitrogen). Secondary AB: AlexaFluor 488
conjugated goat anti‐rabbit IgG (Molecular Probes). For synapsin, mouse anti‐synapsin (mouse,
1:100, DSHB). Secondary AB: AlexaFluor 488 conjugated goat anti‐mouse IgG (Jackson
ImmunoResearch). Figure S5B: TH‐LexA flies were crossed to LexAop‐mDC8::GFP. The antibodies
used: for GFP, rabbit anti‐GFP (rabbit polyclonal, 1:1,000, Invitrogen). Secondary AB: AlexaFluor 488
conjugated goat anti‐rabbit IgG (Molecular Probes). Dopamine neurons (Fig. S5B,C) were visualized
using anti‐TH antibody staining (mouse monoclonal Tyrosine Hydroxylase antibody, ImmunoStar Inc.,
1:200) followed by Cy3 anti‐mouse (Jackson ImmunoResearch, 1:250). Figure S5C: TH‐GAL4 and TH‐
lexA were crossed to lexA‐myr::cherry ; UAS‐mCD8::GFP. For the double labeling of myr::cherry and
mCD8::GFP we used rat a‐GFP (3H9, Chromotek,1:200) and rabbit a‐dsred (Living colors DsRed
polyclonal, Clontech, 1:200) followed by Alexa Fluor 488 (goat anti‐rat, Invitrogen, 1:250) and Cy3
anti‐rabbit (Jackson ImmunoResearch, 1:250).
Calcium imaging
For imaging dopaminergic neurons in 3‐9 days old UAS‐GCaMP3, mbDsRed; TH‐GAL4, mbDsRed flies,
the flies were prepared as follows: Instead of cutting open the head dorsally, the fly’s head was bent
to the ventral side and cut open from posterior (Fig. S3F, Murthy and Turner (2010)). To display the
reliability of electric shock application the mean of the maximum brightness value z‐projection was
calculated pixelwise. For normalization the image stack acquired immediately before electric shock
stimulation was used.
For imaging olfactory receptor neurons in the antennal lobe, 4‐8 days old UAS‐GCaMP3; Orco‐GAL4
flies were prepared as described in Silbering and Galizia (2007). 1‐butanol (Fluka, CAS 71‐36‐3), 4‐
methylcyclohexanol (Sigma‐Aldrich, CAS 589‐91‐3) and the mixture of both were used as odor
stimuli. Odors were diluted in mineral oil (Sigma‐Aldrich, CAS 8042‐47‐5; But 1:500, MCH 1:1000).
The mixture was generated by simultaneous application of both diluted odors. For odor application a
custom‐built, computer‐controlled olfactometer (Szyszka et al., 2011) was used. Odor stimulation
was controlled via a stimulus control software written in LabView (National Instruments) and was
triggered by the acquisition software of the imaging system (T.I.L.L. Vision; T.I.L.L. Photonics).
Continuous air suction behind the fly cleared residual odor. (Fig. S3I,J) Signal strength was calculated
from the maximum brightness value z‐projections as the mean over the entire antennal lobe. (I) For
normalization the z‐projection of the first image stack was used. (J) For normalization of the odor
responses at 24°C and 34°C the respective ‘no odor’ z-projections were used.
Statistical analysis
Statistical analyses of behavioral data were performed using Prism6 (GraphPad Software). Statistical
analyses of calcium imaging data were performed using Sigma Stat (Systat Software). Most of the
tested groups did not violate the assumption of normal distribution and homogeneity of variance.
Therefore, mean performance indices were compared with Student’s t‐test for selected pairs with
Bonferroni correction for multiple comparisons, following one‐way ANOVA (Fig. S2D,E, S4B,C, S6), or
Student’s t‐test (Fig. S2A‐C). For the groups that violated the assumption of normal distribution, non‐
parametric statistics were applied: Dunn’s multiple comparison test following Kruskal‐Wallis‐test (Fig.
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S4A). Data are presented as mean ± SEM except of Fig. S4A where bars represent median ± quartiles.
One‐way or two‐way repeated measures ANOVA was used in Fig. S3 with Holm‐Sidak post‐hoc tests.
Throughout the supplemental figures: * p<0.05, ** p<0.01, *** p<0.001, ns not significant.
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Abstract
During classical conditioning, animals learn to associate a cue (CS) with either a punishment or
reward (US). Forming this association alters the neural CS- and US-representation. In mammals and
insects, dopaminergic neurons (DANs) mediate US information and undergo learning-related
plasticity. In Drosophila, DANs are identified and genetically addressable. Here we study the plasticity
of spatiotemporal response patterns across different DANs and their postsynaptic partners, the
mushroom body Kenyon cells (KCs), in a paradigm where we paired odorants with electric shocks.
We find that DANs and KCs differ across mushroom body compartments in both their response
strength to the CS and US, and in their susceptibility to CS-US pairing-induced associative plasticity.
Conditioning leads to increased CS-induced responses in DANs, and simultaneously decreasing
responses in KCs. The population of DANs that responds to the US and that undergoes associative
plasticity is larger than the population of DANs that is known to be involved in odor-shock
conditioning. Conditioning prevents the CS-induced DAN ensemble activity pattern from becoming
dissimilar to the US-induced activity pattern. Our results show that more neurons modify their CS
and US representations than postulated in current models of associative learning.
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Introduction
Associative learning enables animals to anticipate negative or positive events. In classical
conditioning paradigms, animals are trained to associate a cue (conditioned stimulus; CS) with a
reinforcing punishment or reward (unconditioned stimulus; US; Pavlov (1927)). In animals as diverse
as monkeys and fruit flies, the US is mediated by dopaminergic neurons (DANs; Schultz, 2013,
Waddell, 2013).
Thanks to recent progress in genetic tools for monitoring and manipulating neural activity, the fruit
fly Drosophila melanogaster has revealed many of its secrets about the neural mechanisms of
dopamine-mediated learning, in particular for ‘odor - shock conditioning’ in which an olfactory CS is
paired with an electric shock US (Quinn et al., 1974, Tully, 1984, Pitman et al., 2009). The odor shock association is formed in the mushroom bodies (MBs). The intrinsic neurons of the MB are the
Kenyon cells (KCs). They get olfactory input in the MB calyx and project to the vertical (α and α’) and
the horizontal (β, β’ and γ) MB-lobes. During odor-shock conditioning the olfactory CS activates an
odorant-specific KC population, and the electric shock US activates DANs (Riemensperger et al., 2005,
Mao and Davis, 2009). Upon activation, DANs release dopamine onto KCs which is thought to trigger
G-protein signaling in KCs (Livingstone, 1985, Levin et al., 1992, Connolly et al., 1996, Kim et al., 2007,
Qin et al., 2012). In KCs, the CS-induced increase in intracellular calcium and the US-(dopamine)induced second messengers synergistically activate an adenylyl cyclase (Tomchik and Davis, 2009,
Gervasi et al., 2010), which is thought to alter the strength of KC synaptic output onto MB output
neurons (MBONs), and thus encode associative memory (Dubnau et al., 2001, McGuire et al., 2001,
Schwaerzel et al., 2003, Sejourne et al., 2011, Pai et al., 2013, Zhang and Roman, 2013, Aso et al.,
2014b, Bouzaiane et al., 2015, Cohn et al., 2015, Hige et al., 2015a, Owald et al., 2015). The MB-lobes
are divided into 15 discrete compartments constituting functional units that are involved in different
forms of appetitive and aversive associative learning (Tanaka et al., 2008, Séjourné et al., 2011, Pai et
al., 2013, Placais et al., 2013, Aso et al., 2014a, Aso et al., 2014b, Bouzaiane et al., 2015, Cohn et al.,
2015, Hige et al., 2015a, Hige et al., 2015b, Masek et al., 2015, Owald et al., 2015). Each
compartment is innervated by a distinct population of DANs (Tanaka et al., 2008, Mao and Davis,
2009, Aso et al., 2014a). In some compartments, in particular in γ1, γ2, β2 and β’2, DANs mediate
electric shock reinforcement (Aso et al., 2010, Aso et al., 2012, Qin et al., 2012).
In Drosophila DANs are mainly studied as reinforcement-mediating neurons (Waddell, 2013).
Vertebrate studies revealed that DANs also encode other information during associative learning
tasks, for example the reward prediction error (Schultz et al., 1997). Plasticity in the CS-induced
responses in US reward-mediating neurons is interpreted as neural correlate of the reward
prediction error (Montague et al., 1996, Hammer, 1997, Schultz et al., 1997, Steinberg et al., 2013).
According to the prediction error theory, animals only form a CS-US association when there is a
deviation (error) between the predicted and the obtained US (Kamin, 1969, Rescorla and Wagner,
1972). While the animal learns that the CS predicts the US (and thus the US prediction error
decreases), US-mediating neurons increase their response to the CS while decreasing their response
to the US. This phenomenon has been first reported in DANs in the basal ganglia of monkeys (Schultz
et al., 1997). Although behavioral data indicate that Drosophila should be able to encode the
prediction error, its neuronal correlates are still elusive (Riemensperger et al., 2005). Based on the
vertebrate literature we reasoned that also in Drosophila the prediction error should be encoded by
DANs. In addition, DANs may be important for hedonic value (Tellez et al., 2016), salience (Metereau
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and Dreher, 2013) and US identity representations (Watanabe, 1996, Valentin and O'Doherty, 2009),
aspects that are not studied here.
The current model of associative learning accounts solely for simple CS-US associations but, for
example, cannot explain second-order conditioning (Tabone and de Belle, 2011), which potentially
requires CS-induced reinforcement signaling, possibly via DANs (Mizunami et al., 2009, Tabone and
de Belle, 2011). Moreover, the model only considers plasticity in KCs. However, in insects and
mammals classical conditioning induces neural plasticity at multiple levels in the CS pathway (insects:
Faber et al. (1999), Faber and Menzel (2001), Sandoz et al. (2003), Daly et al. (2004), Szyszka et al.
(2008), Fernandez et al. (2009), Denker et al. (2010), Rath et al. (2011); mammals: Sullivan and Leon
(1987), Fletcher (2012)), and the US pathway (insects: Hammer (1993), Riemensperger et al. (2005);
mammals: Schultz et al. (1997), Pan et al. (2005)). Still, it is unclear how associative plasticity in USand CS-mediating neurons acts together. Therefore, we investigate the spatiotemporal pattern of USand CS-induced associative plasticity across identified DANs and their postsynaptic partners, the KCs.
We used calcium imaging to monitor the spatiotemporal pattern of CS- and US-induced responses
and associative plasticity in DANs and KCs before, during, and after odor - shock conditioning. To
separate associative from non-associative effects of the conditioning procedure, we compared the
effect of paired CS-US presentation against isolated (unpaired) CS and US presentations. We focused
on the horizontal MB-lobes, because there KCs receive input from those DANs that encode aversive
reinforcement during odor-shock conditioning (Aso et al., 2010, Aso et al., 2012, Qin et al., 2012). We
found that both KCs and DANs change their responses during learning, but in opposite directions.
Changes were compartment-specific for both neuron populations. We discuss the implications of
these data for the MB circuitry and a function of DANs in higher-order features of classical
conditioning.

Methods
Flies and fly preparation
Flies: We reared flies on standard cornmeal medium at 25°C and 60 % rel. humidity under a 12:12
hours light:dark cycle. For recording neuronal activity, we used the GAL4-UAS system for targeted
gene expression (Brand and Perrimon, 1993), to express the calcium-sensitive fluorescent protein
GCaMP3 in DANs or KCs. For imaging DANs, we crossed females homozygous for both UAS-GCaMP3
(Tian et al., 2009) and TH-GAL4 (Friggi-Grelin et al., 2003) with males homozygous for mb247-DsRed;
mb247-DsRed (Riemensperger et al., 2005) so that DsRed expression in the MBs could be used as a
landmark. In the following, we refer to the F1 flies (+; UAS-GCaMP3/mb247-DsRed; TH-GAL4/mb247DsRed; +) as TH>GCaMP3. To drive GCaMP3 expression in the KCs we crossed homozygous male UASGCaMP3 flies with homozygous female OK107-GAL4 flies (Connolly et al., 1996). In the following, we
refer to the F1 flies (+; UAS-GCaMP3/+; +; ok107-GAL4/+) obtained from this cross as
OK107>GCaMP3. All experimental flies were 1 – 11 days old F1 females (average age: 5 days).
Fly preparation: We anesthetized a single fly on ice and fixed it with wax in a plastic holder such that
the fly’s dorsal side could be bathed in saline while its ventral side in air (including antennae and legs)
was accessible for odorant and electric shock application (Fig. 1A). In TH>GCaMP3 flies, we had to fix
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the proboscis with wax to reduce brain movement. After sealing the preparation we cut open the fly
head dorsally and covered the preparation with saline (130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM
CaCl2, 36 mM sucrose, and 5 mM HEPES; pH 7.3). As a last step we removed glands and trachea from
the brain.
Stimuli and stimulus control
Electric shock: We applied electric shocks (four 90 V pulses, each lasting 1.5 s, 5 s inter-pulse
intervals) to the fly’s legs by placing the fly on a custom-build copper grid, such that right- and leftside legs were touching opposing electric poles (Fig. 1A). Since the fly could move its legs the
received electric shock strength varied. Therefore, we recorded the shock strength received by an
individual fly using a bridge circuit (sampling rate: 16 kHz; Fig. 1B and Fig. S1B). We measured the
mean voltage change (Udef) during each shock pulse by subtracting the pre-stimulus voltage (mean of
200 - 100ms before shock) and excluded cases where this value was negative. We calculated the
current through the fly as Ifly =

Udef ∗(R def + Rosc )
.
Rdef ∗ Rosc

We tested for significance in electric shock

strength differences over training trials in DANs and KCs (Fig. 4C and Fig. S4B) and between the four
experimental groups (Fig. S1B) using a linear mixed-effect model on log-transformed values (R: “lme”
function).
Odorant stimuli: We used the odorants 1‐butanol (BUT; Fluka, CAS 71‐36‐3) and 4‐
methylcyclohexanol (MCH; Sigma‐Aldrich, CAS 589‐91‐3) diluted in mineral oil (MO; Sigma‐Aldrich,
CAS 8042‐47‐5; BUT 1:500, MCH 1:1000). We prepared 10 ml odorant solutions in 100 ml glass
bottles. We stimulated with odorant using a custom-build olfactometer (Szyszka et al., 2011) with a
continuous air flow (1.3 m/s, 43% rel. humidity) and odorant stimuli of 10 s. We measured the
dynamics of the used odorant stimuli with a photo ionization detector (miniPID, Model 200B, Aurora
Scientific Inc, 500 Hz resolution) to confirm a steep odorant onset and precise odorant offset. We
positioned the PID inlet at the location of the fly, and kept everything else identical to the imaging
experiments. We baseline-corrected the data and down-sampled it to 10 Hz by taking the mean over
50 data points (Fig. S1C). Swift odorant stimulus termination allowed us to separately analyze the
responses to the olfactory CS and to the electric shock US.
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Fig. 1: Imaging setup and stimulation protocols. (A) During calcium imaging electric foot shock and
odorants were applied to a fixed fly. (B) Electric circuit for monitoring the current flow through the
fly during electric shock application. The voltage generator provided constant 90 V pulses. The
current flow through the fly (Ifly) was determined by measuring with an oscilloscope (R = 150 kΩ) the
voltage (Udef) over a defined resistor (Rdef = 29 MΩ). (C) Paired and unpaired stimulation protocol.
Both protocols were identical except for the training phase. Pre-training (trial 1 – 3): 10-second-long
pulses of the solvent (MO; gray), the olfactory CS (BUT; green) and the control odorant (MCH; blue)
were applied. Training (trial 4 – 9): each of the six training trials consisted of a 10-second-long CS
pulse and four 1.5-second-long 90 V US pulses (electric shock; red). The interval between the onsets
of CS and US was 15 s in the paired protocol and 90 s in the unpaired protocol. In the unpaired group,
the sequence of CS and US was pseudorandomized. Note that in both groups there was a stimulusfree gap between CS and US. Post-training (trial 10 – 13): CS, control odorant and US were followed
by a last CS presentation at the end of the protocol to detect a possible run-down of calcium signals.
The inter-trial interval was 210 s. Calcium imaging was performed during the first 45 s of each trial.
Therefore, for the unpaired group only the first stimulus in each trial was recorded. The time of trial
onsets is given in minutes. Each protocol lasted 45.5 minutes.
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Stimulation protocols
We adopted the stimulation protocols (paired and unpaired, Fig. 1C) from Galili et al. (2011), who
showed that flies can associate the odorant 1-butanol (BUT) with a temporally separated electric
shock (trace conditioning with a 5s gap), but that flies do not learn when the gap is longer (e.g., 80s).
Because trace conditioning worked best with BUT (Galili et al., 2011), we used BUT as CS. During pretraining we presented the solvent (MO), the olfactory CS (BUT, without a reinforcer) and the control
odorant (MCH). We trained with six pairing trials in which the olfactory CS was followed by the US
(electric shock; interval between the onsets of CS and US: 15 s, stimulus-free gap: 5 s). Our control
unpaired training consisted of six trials of CS and US, in which CS and US were separated by 80 s, and
in which the sequence of CS and US was pseudorandomized. We kept the imaging times equal to the
paired protocol, by recording only the first stimulus in each of the unpaired training trials. During
post-training we measured the responses to the CS, the control odorant and the US. To confirm that
the fly was still alive, we presented a very last CS at the end of the stimulation protocol. Each
stimulation protocol lasted 45.5 minutes.
Calcium imaging
We measured the fluorescence of GCaMP3 and DsRed with a confocal laser scanning microscope
(LSM 510 META, Zeiss), equipped with a 20x water-immersion objective (W-PlanApochromat 20x DIc
VIS-IR, numerical aperture 1.0, Zeiss). We used a 488-nm argon laser line with a 500- to 530-nm
emission filter for GCaMP3, and a 535- to 590-nm emission filter for DsRed. We acquired images at
12 bit depth and 5 Hz with 68 x 131 pixels resolution, corresponding to an area of 204 x 393 µm in
the fly brain. Optical slices were 10 µm for recordings of KCs and 15 µm for recordings of DANs. As
focal plane we selected the horizontal MB lobes. When possible, we recorded simultaneously the γ2
compartment of the MB-lobes in both hemispheres (Fig. 2A). Additionally, we sought for a good
visibility of the separation of γ and β’ lobe. When necessary, we readjusted the focus after each
recording. One recording lasted 45 s, followed by a 165 s non-recording period (Fig. 1C).
Analysis of the imaging data
Imaging data: First, we corrected the movement in the confocal imaging data within each trial. We
conducted an automatized movement correction, which for DANs was based on the DsRed signal.
We further conducted a manual movement correction between trials. Then, we defined the MBcompartments according to Tanaka et al. (2008) and Aso et al. (2014a) as regions of interest, based
on the GCaMP3- and DsRed-expression for KCs and DANs, respectively. Note that for reasons of
readability we also refer to merged compartments like "α1/α’1" and regions like the "junction" as
compartments in this study. Additionally, we analyzed non-MB regions such as parts of the fanshaped body, the ellipsoid body and insulin-producing cells. For visualizations in the main figures, we
present four compartments of the MB: γ1, γ2, γ5, and β’2 (Fig. 2A), except in Fig. 5 and Fig. 6. For the
calculation of ∆F/F0 we subtracted from each frame the background fluorescence before odorant
onset (F0, mean of frames 3 – 24). As the signal amplitude varied between flies, we normalized the
∆F/F0-traces. Within each fly we divided the ∆F/F0-values by the maximum response to the CS in trial
2, irrespective of which region showed the strongest response.
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Correlation of electric shock strength and neuronal responses (Fig. 2D and Table S2D): We tested the
neuronal sensitivity to electric shock strength by correlating the mean electric current (for the
calculation see above) with the normalized mean calcium responses of DANs and KCs during the very
first shock pulse in trial 4. We analyzed the compartments separately using Spearman's correlation
(R: “cor.test” function).
Color-coded images (Fig. 2A,B and Fig. 5A): For color-coded images of spatial activity patterns we
calculated the mean fluorescence change during stimulus application (spanning 1 x 10 s for odorants
and 4 x 1.5 s for electric shock) as activity level. For KCs, we defined all raw fluorescence values
below 300 as background and set them to 0.
Changes in response trace (Fig. 3A, Fig. S3A, Fig. 4A, and Fig. S4A): To visualize training-related
changes in the stimulus-induced responses, we subtracted response traces before training from
response traces during or after training. Thus, positive values reflect a training-induced increase in
response strength while negative values reflect a decrease. Above the response traces we plotted
color-coded p-values (Wilcoxon test) obtained for each single frame to quantify differences between
paired and unpaired group (R: “wilcox.test” function).
Changes in response strength (Fig. 3B, Fig. S3B1, Fig. S3B2, Fig. S3B3, and Fig. S3B4): We quantified
training-induced changes in response strength by taking the mean response strength over the timewindow of stimulus application (spanning 1 x 10 s for odorants and 4 x 1.5 s for electric shock) and
calculating the difference between the respective training or test trial and the corresponding pretraining trial (trial 2 for the CS, trial 3 for the control odorant, and trial 4 for the US). Positive values
indicate a training-induced increase in response strength while negative values indicate a decrease.
For each shock pulse we calculated ΔF/F0 by taking the value of the frame prior to shock onset as F0.
First, we analyzed left and right brain hemispheres separately and tested for a significant difference
between hemispheres. We fitted the data obtained for the training-induced difference in response
strength in a linear mixed-effect model (R: “lme” function). We then used the model to perform a
repeated-measures ANOVA. In some regions the US-induced DAN responses in the unpaired protocol
and the CS-induced KCs responses in the paired protocol differed between hemispheres (Table 1).
We selected the hemisphere in which the underrepresented MB-γ1 region was visible for further
analysis. When we could not apply that criterion, we chose the hemisphere with the better signal
quality. Using the selected hemispheres, we fitted a linear mixed-effect model to the traininginduced difference in response strength (R: “lme” function).
CS – US response strength difference (Fig. 4D and Fig. S4D): To visualize how the response strength to
the CS and US changed relative to each other, we subtracted the response to the US from the
response to the CS for each training trial. We used a Box-Cox transformation on the data to achieve
normal distribution (R: “BoxCox” function). To test for an effect of training-trials we used a linear
mixed-effect model on the data (R: “lme” function).
Associative plasticity (Fig. 6B): We quantified associative plasticity as the difference between paired
and unpaired group in response strength change.
Spatial activity pattern (Fig. 5B and Fig. S5B): We compared the spatial activity pattern induced by a
stimulus in the brain of an individual over trials. To this end, we calculated the normalized mean
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fluorescence elicited during stimulus application in each of the nine MB compartments shared
between DANs and KCs. We used the mean fluorescence values as component of a 9D vector in a 9D
space. The dissimilarity between two spatial activity patterns was determined by the angle (φ)
between two vectors (α
⃗ and ⃗β).
cos φ =

⃗
⃗ °β
α
||α
⃗ || || ⃗β||

The angle is not influenced by uniform changes in activity strength but it compares the ratio of
activity in the compartments. To test for training-related changes in the pattern induced by the CS,
we compared each CS-induced pattern against pre-training. Accordingly, we compared the USinduced patterns against the naïve pattern in trial 4. We also probed the similarity between US- and
CS-induced patterns by comparing the mean response to the US over the trials 4, 7, 9 and 12
(available for both treatment groups) against the pattern induced by the CS in individual trials. We
tested for differences in pattern dissimilarity between paired and unpaired group using a linear
mixed-effect model on log-transformed values (R: “lme” function).
Software: For controlling the electric shock application we used software written by Stefanie
Neupert, University of Konstanz, for cRIO-9074, module NI-9403, LabVIEW 2011 SP1, National
Instruments. The protocols for electric shock application were triggered by the acquisition software
of the imaging system (TILLvisION 4.2, T.I.L.L.Photonics GmbH). To correct for movement we used an
elastix-based python toolkit (Georg Raiser, https://github.com/grg2rsr/xyt_movement _correction)
and custom-written routines in IDL (Research Systems Inc.). We created a mask of all regions of
interest in Photoshop CS4 (Adobe). We retrieved the fluorescence values for all regions of interest
using IDL. Further data processing and analysis we conducted in R (version i386 3.1.2, R Core Team
(2014)) using custom-written routines and the following packages: “reshape” (Wickham, 2007),
“scales” (Wickham, 2014a), “gridExtra” (Auguie, 2012), “ggplot2” (Wickham, 2009), “tidyr”
(Wickham, 2014b) and “dplyr” (Wickham and Francois, 2015), “forecast” (Hyndman and Khandakar,
2008), “nlme” (Pinheiro et al., 2014). For schematic drawings we used Illustrator CS2 (Adobe).
Statistics: To meet the criteria for parametric statistical methods we had to use a Box-Cox
transformation (R: “BoxCox” function of the “forecast” package (Hyndman and Khandakar, 2008)) on
the DAN data to achieve normal distribution. We tested for differences over training trials, between
hemispheres, between experimental groups, and between paired and unpaired group using linear
mixed-effect models (R: “lme” function of the “nlme” package (Pinheiro et al., 2014)). We performed
repeated-measures ANOVAs on the models. We provide detailed information on the models and
ANOVAs in Table 1. To test for a correlation between neuronal response strength and received
electric current, we used Spearman’s test (R: “cor.test” function). For statistics, we excluded trials in
which the corresponding stimulus presentation was not recorded in the unpaired group. Throughout
the paper we indicate *p < 0.05, **p < 0.01, and ***p < 0.001, not significant p ≥ 0.05.
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Results
We used calcium imaging to record DAN and KC responses to the olfactory CS, the control odorant
and the electric shock US in the horizontal MB-lobes during multiple-trial odor-shock conditioning. To
image DANs, we used TH>GCaMP3 flies. The TH-GAL4 driver labels DAN types that innervate one to
two MB-compartments each: one to two PPL1-γ1pedc neurons and one PPL1-γ1 neuron in γ1, one
PPL1-γ2α′1 neuron in γ2, 12 PAM neurons of which three innervate β2β′2a, while the rest innervates
either β’2 or γ5 (Mao and Davis (2009), Aso et al. (2010), Aso et al. (2014a); Fig. 2A and Fig. 6A). Note
that we detected GCaMP3 signals in additional compartments, in which TH-GAL4-labelled neuron
innervation has been described by another study (Pech et al., 2013). This discrepancy may be
explained by reporter-dependent gene expression differences (Pfeiffer et al., 2010). To image KCs,
we used OK107>GCaMP3 flies. Other than DANs, KCs send their axons through all compartments of a
specific lobe (for instance: γ-lobe: from γ1 to γ5 (Cohn et al., 2015); β’-lobe: from β’1 to β’2).
During imaging we applied odorants and electric foot shocks in a manner comparable to the stimulus
application in the T-maze paradigm that is commonly used for odor-shock conditioning in flies (Fig.
1A; Tully and Quinn (1985), Galili et al. (2011)). Because the US strength affects learning
performance, and in order to relate US strength to neural response strength, we monitored the
current flow through each fly during US applications (Fig. 1B and Fig. S1B).
KC and DAN responses to odorants and electric shock differ across MB-compartments
First, we compared the DAN and KC responses to odorants and electric shock between single MBcompartments prior to CS-US pairings (trial 1 - 4, unpaired group; Fig. 1C). Throughout the paper,
exemplary responses are shown for the MB-compartments γ1, γ2, γ5, and β’2 (Fig. 2A; see Fig. S2C1,
and Fig. S2C3 for the other compartments).
In DANs and KCs, the different odorant stimuli and the electric shock induced different crosscompartmental activity patterns (Fig. 2B). Both the dynamics and the relative amplitudes of the
responses differed between DANs and KCs as well as between MB-compartments (Fig. 2C, see Fig.
S2C1 and Fig. S2C3 for the other compartments). Odorant stimuli induced responses in all MBcompartments in DANs and KCs. Responses were strongest to BUT, less to MCH and least to MO,
with KCs responding stronger to MO than DANs. KCs in the β- and β’-lobe showed off-responses for
olfactory stimuli. DANs responded stronger to electric shocks than KCs, although OK107>GCaMP3
flies encountered the same shock strength as TH>GCaMP3 flies (Fig. 2D and Fig. S1B). Except in
compartment α1/α’1, DAN responses to electric shock increased linearly with the logarithm of
electric current flow through the fly (regression line slopes ranged from 0.024 in α1/α’1 to 0.715 in
γ1; Fig. 2D and Table S2D), and were strongest in γ1 and γ2. A positive correlation between response
strength and received current also existed in KCs in the β’-lobe and in the γ3 compartment, even
though the response strength was weak (Fig. 2D and Table S2D). These results show that DANs and
KCs respond to both olfactory and electric shock stimuli, but with different sensitivity in different
compartments, and with a stronger response to electric shock in DANs, and to odorants in KCs.
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Fig. 2: Odorant- and electric shock-induced responses in dopaminergic neurons (DANs) and Kenyon
cells (KCs) differ between mushroom body (MB) compartments. (A) Top: the MB β’- and γ-lobe are
indicated in the right brain hemisphere (magenta). Location of the MB-compartments γ1, γ2, γ5, and
β’2 (cyan) in the left hemisphere. DsRed raw fluorescence image (dorsal view; P: posterior, M:
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medial, A: anterior). Scale bar: 40 µm. Bottom: regions of interest defined in the DsRed image (top)
are transferred to an image of color-coded calcium activity. Calcium activity was induced by electric
shock in a TH>GCaMP3 fly in which DANs express the calcium sensor (same image as in B). Same
color code as in B. (B) Color-coded calcium activity patterns obtained for stimulations with odorants
and electric shock in DANs (TH>GCaMP3 fly) and KCs (OK107>GCaMP3 fly) in the unpaired group
prior to training (trial 1 – 4). Scale bar: 80 µm. (C) Calcium response traces obtained for stimulation
with odorants and electric shock in DANs and KCs in γ1, γ2, γ5, and β’2. Traces are normalized to the
strongest response amplitude induced by the first BUT (CS) presentation in any region of interest,
and show the median and quartiles over all flies in the unpaired group (number of flies (n) is
indicated in the figure). Response traces for all analyzed compartments and regions are shown in Fig.
S2C1 and Fig. S2C3. (D) Relationship between electric shock-induced responses in DANs and KCs and
individual current reception. Normalized electric shock-induced neural responses correlated with
received current strength in all four compartments in DANs and in β’2 in KCs (for all analyzed regions
see Table S2D). The regression line is shown in red. Results of a Spearman rank correlation test and
the number of flies (n) are indicated in the figure.

Associative plasticity is CS- and compartment-specific in DANs and KCs
Next, we asked how odor-shock conditioning affects the neuronal responses to the CS and to the US
in DANs and KCs. Therefore, we combined six-trial training with calcium imaging (Fig.1C, “training”).
In the paired group, flies were exposed to six pairings of CS and US. The stimulus-free period
between CS and US was 5 s which is short enough to allow for the formation of an aversive odor
memory (Galili et al., 2011). In the unpaired group, flies were exposed to the same number of CS and
US applications, but CS and US were presented in a pseudorandomized order with a stimulus free
gap of 80 s, which is too long for successful CS-US association (Galili et al. (2011); see methods and
Fig.1C). The unpaired group served as a control for non-associative effects such as sensitization,
habituation or pseudo-conditioning, that may be caused by the conditioning procedure (Tully, 1984).
In both groups the training was followed by a post-training phase in which the responses to the CS,
the control odorant and the US alone were monitored.
Calcium responses to the CS diminished over time in DANs that innervate the MB. This reduction was
stronger in the unpaired than in the paired group (bar code; Fig. 3A, Fig. S2C1, and Fig. S2C2). As
compared to pre-training, post-training responses increased in 8 out of 9 compartments in the paired
group relative to the unpaired group (Fig. 3B, Fig. 6B, and Fig. S3B1). In the paired group, DAN
responses to the CS increased or remained unchanged in most compartments. In contrast, in the
unpaired group, DAN responses to the CS gradually decreased in most compartments, possibly
reflecting a decrease in CS concentration (Fig. S1C) or a non-associative effect due to CS repetition.
The differential effect of training in the paired and unpaired group shows that odor-shock
conditioning induced associative plasticity in DANs innervating the γ lobe, the β’ lobe and the
junction (Fig. 3B, Fig. 6B and Fig. S3B1). Training-induced associative plasticity in DANs became visible
after the first training trial (trial 5), where the black (unpaired) and the red (paired) curve start to
diverge (Fig. 3B and Fig. S3B1).
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Fig. 3: CS-induced responses change during training in a compartment-specific manner in DANs and
KCs. (A) Normalized DAN and KC response traces obtained for stimulations with the CS for γ1, γ2, γ5
and β’2 in the paired (red) and the unpaired (black) group before and after training. Top: during pretraining the responses to the CS did not differ between the paired and the unpaired group. Middle:
post-training responses to the CS. In DANs, in all four compartments the response to the CS was
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stronger in the paired than in the unpaired group. In KCs, in β’2 the response to the CS was weaker in
the paired than in the unpaired group. Bottom: difference in response traces between post- and pretraining. Positive values reflect an increase, negative values a decrease in response strength after
training. Traces represent the median and quartiles (number of flies (n) is indicated in the figure). The
bar code above the traces indicates the p-value obtained for each frame from a Wilcoxon test
between paired and unpaired group (black: p ≥ 0.05, dark gray: p < 0.05, light gray: p < 0.01, white: p
< 0.001). (B) CS-induced response strength in DANs and KCs during the six training trials and the posttraining. For normalization the pre-training response strength to the CS or the control odorant was
subtracted. Top: CS-induced response strength (green background) in DANs. During training the
response strength induced by the CS increased in the paired group relative to the unpaired group in
all four compartments (mixed-effect model for repeated-measures ANOVA, factor “protocol”). After
training the response strength induced by the CS was higher in the paired than in the unpaired group
in all four compartments, but for the response strength induced by the control odorant (blue
background) there was no significant difference between the paired and unpaired group (see Fig. S3A
and Fig. S3B1). Bottom: CS-induced response strength in KCs. During training the response strength
induced by the CS decreased in the paired group relative to the unpaired group in β’2, but not in the
other three compartments (mixed-effect model for repeated-measures ANOVA, factor “protocol”).
After training the response strength induced by the CS was lower in the paired than in the unpaired
group in β’2 only, but for the response strength induced by the control odorant there was no
significant difference between the paired and unpaired group in none of the compartments (see Fig.
S3A and Fig. S3B3). All traces represent the mean and SEM. For all analyzed regions see Fig. S3B1 and
Fig. S3B3.

Other than in DANs, associative plasticity in KCs occurred only in 3 out of 9 MB regions (in β’1, β’2,
and junction) and responses to the CS decreased in the paired group relative to the unpaired group
(Fig. 6B). In the paired group, KC responses to the CS gradually decreased in most compartments,
whereas in the unpaired group, KCs responses in β’1, β’2 and junction decreased less or remained
unchanged (Fig. S3B3). Training-induced associative plasticity in KCs became visible after the second
training trial (trial 6).
In both DANs and KCs, the responses to the control odorant did not differ between the paired and
unpaired group (Fig. S3A, Fig. 3B, Fig. S3B1 and Fig. S3B3; trial 11), demonstrating the CS-specificity
of the associative effect. DAN and KC responses to the US decreased in their strength during training.
However, this response decrease occurred in both the paired and unpaired group and therefore
likely rather reflects non-associative than associative plasticity (Fig. S3B2 and Fig. S3B4). Since the
actual US did not decrease in the course of the training (Fig. S1B), the decrease in the US-induced
response strength likely reflects non-associative plasticity.
In DANs, the combination of associative strengthening of CS-induced responses and non-associative
decrease in US-induced responses led to a differential change in their responses to CS and US during
training: in the first training trial, DANs responded stronger to the US than to the CS (Fig. 4A). But this
CS–US response strength difference diminished in the course of the training (Fig. 4D). The increase in
CS-induced responses occurred albeit a decrease in the CS concentration (Fig. 4B). The decrease in
US-induced responses however could reflect a decrease in encountered US strength (Fig. 4C). The
training-induced reduction in the CS–US response strength difference occurred in all MB
compartments (Fig. 4D and Fig. S4D). Note, that in FB1, FB2, and EB, the CS–US response strength
difference was only reduced by decreasing responses to the US. In KCs, a differential change in the
responses to the CS and to the US was not visible (Fig. S4).
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Fig. 4: During odor-shock conditioning the CS-induced response increases and the US-induced
response decreases in DANs. (A) Top: DAN response traces obtained for the first training trial.
Middle: DAN response traces obtained for the sixth training trial. Bottom: difference between
response traces of the first and sixth training trial. Positive values reflect an increase, negative values
a decrease in response strength in the sixth training trial. All traces represent the median and
quartiles (number of flies (n) is indicated in the figure). (B) CS stimulus monitored with a photo
ionization detector (PID) during the 1st and 6th trial of the training phase (the CS was monitored
separately from the imaging experiment). After CS offset the CS concentration returns to zero before
the US starts (vertical reddish line). All traces represent the median and quartiles (n = 5). (C) Electric
current received by the flies during electric shock pulses in the 1st and 6th training trial of the imaging
experiment in A (boxplots: middle line in box represents the median, lower box bound the first
quartile, upper box bound the third quartile, whiskers the 95 % confidence interval of the mean, and
dots represent outliers of the 95 % confidence interval; mixed-effect model for repeated-measures
ANOVA, factor ”trial”: p < 0.001). (D) During odor-shock conditioning the CS- and US-induced
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response strengths become more equal in DANs. CS–US response strength difference decreases
during the paired protocol in DANs (for all analyzed regions see Fig. S4D). All traces represent the
mean and SEM (number of flies (n) is indicated in the figure; mixed-effect model for repeatedmeasures ANOVA, factor ”trial”).

Taken together, odor-shock conditioning-induced associative plasticity in DANs and KCs differed in
three ways: 1) Responses to the CS increased in DANs and decrease in KCs. 2) Associative plasticity in
the response to the CS occurred in DANs in 8 out of 9 compartments, whereas it occurred in KCs in 3
out of 9 compartments (Fig. 6B). Note that associative plasticity in DANs occurred in the absence of
associative plasticity in KCs in the same compartment, but not vice versa. 3) Associative plasticity in
the response to the CS was visible after the 1st training trial in DANs and after the 2nd training trial in
KCs. Note, however, that this could be a genotype effect.
Associative plasticity in DAN spatial activity patterns
How does odor-shock conditioning affect DAN cross-compartmental activity patterns? Fig. 5A shows
color-coded DAN activity patterns induced by the CS and US in single TH>GCaMP3 flies of the paired
and unpaired group. In both flies the CS and US induced cross-compartmental activity patterns that
changed over the course of the stimulation protocol.
To quantify the change in cross-compartmental activity patterns, we translated activity patterns of
each fly into vectors that comprise the response strength of 9 compartments. The dissimilarity
between two activity patterns was quantified as the angle between the two respective vectors. To
illustrate how the CS-induced spatial activity pattern changes during training, we compared each
pattern with that induced by the first CS stimulation in the pre-training (Fig. 5B, “CS vs. 1st CS”). In
both the paired and the unpaired group the CS-induced activity patterns diverged from the initial
pattern. This divergence was stronger in the unpaired than in the paired group, showing that
associative plasticity altered CS-induced spatial activity of DANs (Fig. 5B, “CS vs. 1st CS”).
We also investigated how US-induced spatial activity across DANs changed during training, by
comparing each US-induced spatial activity pattern with the pattern induced by the first US
stimulation (Fig. 5B, “US vs. 1st US”). The US-induced activity patterns also diverged from the initial
pattern. However, the divergence was less than in CS-induced activity patterns, and comparable for
the paired and unpaired group (Fig. 5B, “US vs. 1st US”). Thus, electric shock US induced robust spatial
activity patterns in DANs which appear to be devoid of associative plasticity.
During odor-shock conditioning in Drosophila the CS acquires the capacity to mediate the
conditioned response (Tully, 1984) and, possibly, to mediate the reinforcing function of the US
(Tabone and de Belle, 2011). Is such an associative change in the hedonic value of the CS reflected in
the CS-induced spatial activity pattern of DANs? For instance, does the CS-induced activity pattern
become similar to the US-induced activity pattern? To quantify how the similarity between CS- and
US-induced activity pattern changes during training, we compared each CS-induced activity pattern
with the mean activity pattern induced by the US (Fig. 5B, “CS vs. mean US”). In the paired group the
mean angles between the CS- and US-induced activity patterns ranged between 0.6 and 1.0 rad. In
contrast, in the unpaired group the mean angles between the CS- and US-induced activity patterns
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diverged from 0.7 to 1.5 rad. After training, the CS-induced spatial activity pattern was more similar
to the US-induced pattern in the paired than in the unpaired group (Fig. 5B, “CS vs. mean US”). The
same comparison of KC activity patterns did not yield any associative changes (Fig. S5B). In sum,
associative plasticity during odor-shock conditioning altered CS-induced activity patterns in DANs in
such a way that they do not diverge from the US-induced activity patterns.

Fig. 5: Odor-shock conditioning affects CS-induced spatial activity patterns in DANs. (A) Color-coded
images of calcium responses induced during conditioning in single TH>GCaMP3 flies of the paired
and unpaired group. Gray squares indicate non-availability of data. Scale bar: 80 µm. (B) Dissimilarity
of spatial activity patterns in DANs was quantified as the angle between vectors that comprise the
response strengths of all 9 compartments. Training differently changed the CS-induced spatial
activity pattern in the paired (red) and unpaired (black) group. CS vs. 1st CS: during training the CSinduced spatial activity patterns became dissimilar to the pre-training spatial activity pattern. This
effect was stronger in the unpaired than in the paired group. US vs. 1st US: during training the USinduced spatial activity patterns became equally dissimilar to the first US-induced spatial activity
pattern in the paired and unpaired group. CS vs. mean US: during training the degree of dissimilarity
between CS- and US-induced spatial activity patterns remained unchanged for the paired group and
increased for the unpaired group. All traces represent the mean and SEM (number of flies (n) is
indicated in the figure; mixed-effect model for repeated-measures ANOVA, factor “protocol”).
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Discussion
We investigated associative plasticity in US-encoding dopaminergic neurons (DANs) and in their
postsynaptic partners, the CS-mediating Kenyon cells (KCs) across the compartments of Drosophila
mushroom bodies (MB). Using calcium imaging we recorded the activity of DANs and KCs during
odor-shock classical conditioning under stimulus conditions similar as in the commonly used T-maze
paradigm (Tully, 1984). Separating CS and US in time allowed us to record responses to the olfactory
CS and the electric shock US separately. Across compartments, DANs and KCs differed in their
response strength to odorants and electric shock (Fig. 2, Fig. S2C1, and Fig S2C3), and they also
differed in their CS-US pairing-induced plasticity during classical conditioning (Fig. 3, Fig. 6, Fig. S3B1,
and Fig. S3B3). Responses to the CS increased in DANs and decreased in KCs compared to the
responses in the control group, in which flies received unpaired CS-US presentations. Associative
plasticity occurred in DANs of most compartments and kept the CS-induced cross-compartmental
activity pattern in DANs similar to the US-induced activity pattern.
Compartment-specific responses to CS and US in DANs
Previous studies suggested that DANs in the MB lobes respond strongly to electric shock and weakly
to odorants (Riemensperger et al., 2005, Mao and Davis, 2009). The compartment-resolved analysis
of our calcium imaging data refines this picture and shows that DANs of all compartments responded
to electric shock and odorants, but that their response strength to odorants and electric shock
differed across compartments. For example, DANs innervating γ1 responded stronger to electric
shock than to odorants, while DANs innervating β’2 responded equally strong to odorants and
electric shock (Fig. 2). We found the strongest DAN responses to electric shock in the compartments
γ1 and γ2. These compartments are innervated by PPL1-γ1pedc and PPL1-γ2α’1 DANs which mediate
electric shock reinforcement (Aso et al., 2010, Aso et al., 2012). In all compartments, except α1/α’1,
DAN responses were positively correlated with the current strength encountered by an individual fly.
Thus, DANs are capable to encode the strength of the electric shock US (Mao and Davis, 2009), and
this property may account for the positive dependence between electric shock strength and learning
performance in flies (Tully and Quinn, 1985).
We found that the population of DANs that responded to electric shock and showed associative
plasticity is larger than the population of DANs that is involved in odor-shock conditioning (Aso et al.,
2010, Aso et al., 2012). According to Aso et al. (2010, 2012) DANs innervating γ1, peduncle, γ2, α’1,
β2 and β’2 play a role in odor-shock conditioning, but we found shock-induced responses also in
DANs innervating β’1, γ3, γ4, and γ5. This suggests that DANs innervating β’1, γ3, γ4, and γ5 serve a
function which is not captured by the commonly applied learning paradigms. Possibly, these
additional DANs could contribute to encoding of the US identity, while only the first group would
mediate the reinforcing property of the electric shock US. US identity coding is common in DANs
since different, but sometimes overlapping, subsets of DANs encode a variety of aversive or
appetitive US (Burke et al., 2012, Das et al., 2014, Galili et al., 2014a, Lin et al., 2014b, Huetteroth et
al., 2015). It seems that information about the US identity is not only available during actual US
exposure. Information about the US identity encoded in DANs could also be used to form US-specific
memories, the existence of which has been demonstrated in Drosophila larva odor-taste conditioning
(Schleyer et al., 2015). The expression of CS-evoked learned behavior depends on comparing the
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Fig. 6: Summary of associative effects of odor-shock conditioning in DANs and KCs. (A) Scheme of
the analyzed regions. FB: fan-shaped body, EB: ellipsoid body, IPCs: insulin-producing cells. Note that
α1/α’1 constitutes a different focus layer (indicated by blue). (B) Values and color code show the
difference in response strength change to the CS between the paired and unpaired group
(normalized ∆F/F0; differences are calculated on the values plotted in Fig. 3B, Fig. S3B1, and Fig.
S3B3) for the different MB-compartments and other regions innervated by either DANs (top), or KCs
and IPCs (bottom). Associative effects were defined as significant difference between the paired and
the unpaired group (p-values are indicated below each table). In DANs, odor-shock conditioning in
most compartments induced an associative increase in the response to the CS. In KCs, odor-shock
conditioning induced an associative decrease in the response to the CS in three compartments (n = 9
– 24; mixed-effect model for repeated-measures ANOVA, factor “protocol”). Non-availability of data
is indicated by gray.
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predicted and the current US quality (Schleyer et al., 2015). Consequently, the predictive CS-induced
response should resemble the predicted US-induced response after learning. This is exactly what we
found in the spatial activity patterns of DANs. Thus, the associative plasticity in the CS-induced DAN
response could serve as a neural substrate for encoding the US-quality prediction during CS-US
memory retrieval.
Compartment-specific responses to CS and US in KCs
In the Drosophila MB different odorants activate different but overlapping ensembles of KCs.
(Murthy et al., 2008, Turner et al., 2008, Honegger et al., 2011, Campbell et al., 2013, Hige et al.,
2015b). The calcium responses in KCs differ between KCs of different lobes (Turner et al., 2008, Lin et
al., 2014a), and they differ between the compartments of a given lobe, possibly due to
compartment-specific modulation by DANs and MBONs (Tanaka et al., 2008, Aso et al., 2014a, Cohn
et al., 2015). We found the strongest KC responses to odorants in the γ-lobe in γ2 and γ3 (Fig. S2C3),
in line with Cohn et al. (2015). In contrast, we found only weak or no responses to electric shock in
KCs. Published strong responses may be due to electric shock stimuli being applied to the flies’
abdomen, resulting in stronger effects (Akalal et al., 2010).
Source of odorant-induced activity in DANs
It is not known which neurons transmit odorant-induced activity to DANs that innervate the MB.
DANs of the PPL1 and PAM cluster receive most of their dendritic input outside of the MB, in the
crepine, the superior medial protocerebrum, the superior intermediate protocerebrum and superior
lateral protocerebrum (Aso et al., 2014b), which are areas unlikely to deliver odor-specific
information. However, the fact that DANs show an associative increase in their responses to the
olfactory CS but not to the control odorant indicates that DANs receive odorant-specific synaptic
input. Some DANs could receive odorant-specific input from antennal lobe projection neurons in the
lateral horn, but DAN dendrites are only sparse there, and we found odorant-specific associative
plasticity in DANs of the PAM cluster which do not arborize in the lateral horn. Therefore, it seems
unlikely that odorant-specific information is transmitted from projection neurons onto DANs. Other
neurons that project onto DANs do not appear to precisely encode chemical odorant identity (e.g.,
MBONs; Hige et al. (2015b)). We propose that DANs receive odorant-induced activity via KC-to-DAN
synapses (Fig. 7), which are present in Drosophila larvae (pers. commun. Andreas Thum, University of
Konstanz), but have not yet been reported in the adult fly. If learning would strengthen KC-to-DAN
synapses, that would explain the results reported here. Anatomical studies are needed to confirm
the existence of the proposed KC-to-DAN synapses in adult flies.
Non-associative effects in DANs and KCs
Repeated unpaired stimulus presentations can lead to a decrease in both neuronal response strength
and behavioral response to the respective stimulus (Thorpe, 1943-44). Such a decrease in response
strength has been shown for the KC population in calcium imaging studies in the MB calyx (Szyszka et
al., 2008, Honegger et al., 2011, Li et al., 2013), but not yet for MB-innervating DANs. We found a
decrease in the response strength to repeated unpaired CS and US stimulations in both KCs and
DANs, indicating non-associative plasticity. Since the response to the control odorant remained
unaltered, the signal decrease is most likely not due to bleaching of the calcium sensor. The decrease
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in response strength to the CS might partly reflect a decrease in CS concentration (Fig. S1C). But the
fact that in the unpaired group the decrease in response strength to the CS differed between
compartments indicates that the decrease also reflects non-associative plasticity. The decrease in
response strength to the US in the unpaired group occurred albeit constant electric shock stimuli,
and therefore may rather reflect non-associative plasticity than a decrease in received current
strength (Fig. S1B). In some MB compartments the KC responses to repeated unpaired presentations
of the CS remained unaltered while the DAN responses decreased, suggesting, that the nonassociative decrease in DAN response strength is not inherited from KCs.
Associative plasticity in DANs and KCs
Corresponding to Riemensperger et al. (2005) we found associative strengthening in DAN responses
to the olfactory CS. Associative plasticity only occurred in those DANs that innervate the MBs (PPL1
and PAM cluster DANs) but not in DANs that innervate the central complex (PPL1 and PPM3 cluster
DANs). This is in line with the established role of the MBs and its innervating DANs in associative
memory formation. DANs that innervate the central complex, on the contrary, promote behaviors
such as wakefulness (Liu et al., 2012b), locomotion (Kong et al., 2010) and arousal (Ueno et al., 2012)
and are therefore not expected to show odor-shock conditioning-induced plasticity.
We found a previously undescribed associative decrease in KC responses to the CS in the β’-branch of
α’/β’ KCs. This decrease likely reflects a decrease in presynaptic calcium, since odor-shock
conditioning has no effect on somatic calcium responses in KCs (Hige et al., 2015a). Our results differ
from studies that found an associative increase in KC calcium responses to the CS in MB lobes after
odor-shock conditioning (Wang et al., 2008, Akalal et al., 2010, 2011). However, those studies
recorded KCs at time points later than 30 minutes after the training, and only one of the studies
reported associative plasticity specifically in α’/β’ KCs (Wang et al., 2008). Although the γ KCs are the
site of short-term memory formation in odor-shock delay conditioning (Zars et al., 2000, but see
McGuire et al., 2001, Akalal et al., 2006, Blum et al., 2009, Qin et al., 2012, Xie et al., 2013) and
although our protocol is suited to induce an associative short-term memory (Galili et al., 2011), we
did not find associative plasticity in KCs of the γ lobe. If this is specific for trace conditioning remains
unclear since overall, the results published on odor-shock conditioning-induced associative plasticity
in the γ lobe are inconsistent (Zhang and Roman, 2013, Boto et al., 2014, Hige et al., 2015a).
We combined our findings of CS-specific associative plasticity in DANs and α’/β’ KCs in a circuit model
(Fig. 7).
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Figure 7: Circuit model of associative plasticity in a β’-compartment. Both CS-activated (green) and
control odorant-activated (blue) Kenyon cells (KCs) traverse the exemplary compartment (gray
border) of the β’-lobe. The compartment is innervated by a compartment-specific dopaminergic
neuron (DAN; red) which receives postulated input from both KCs. Only postsynaptic of CS-activated
KCs, associative conditioning induces synaptic potentiation (+) in DANs. The DAN neuron modulates
the KC synapse onto the mushroom body output neuron (MBON; black). Only in the synapse of the
CS-activated KCs onto the MBON, associative conditioning leads to synaptic depression (-). Current
knowledge suggests that associative plasticity occurs only at the presynaptic site of the KC-to-MBON
synapse (Cohn et al., 2015, Hige et al., 2015a). Note, that not all compartments show the indicated
synaptic potentiation and/or depression.

Associative plasticity in DANs occurred in the absence of associative plasticity in KCs in the same
compartment, but not vice versa (Fig. 6). This suggests that associative plasticity in DANs is not
inherited from KCs and that both DANs and KCs have their own coincidence detection mechanism.
What is the substrate of CS-US coincidence detection in DANs and KCs? Our data shows that CS-US
coincidence detection occurs despite the temporal gap between CS-induced calcium response and US
presentation. This implicates that a terminated CS leaves a CS-specific biochemical trace in DANs and
KCs which is associated with the US, and that this trace is not mediated by calcium (Galili et al., 2011,
Szyszka et al., 2011, Dylla et al., 2013).
Function of associative plasticity in CS-induced responses in DANs
DAN responses to odorants and associative strengthening of DAN responses to the CS-odorant are
not included in current models of associative learning in the MB (Busto et al., 2010, Owald and
Waddell, 2015). What could be the function of odorant-induced responses and odor-shock
conditioning-induced plasticity in a large population of DANs? Associative plasticity of CS-induced
responses in US-mediating neurons can serve as neural correlate of the US prediction error during
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classical conditioning (Montague et al., 1996, Hammer, 1997, Schultz et al., 1997, Steinberg et al.,
2013), i.e. the deviation (error) between the predicted and the obtained US (Kamin, 1969, Rescorla
and Wagner, 1972). Does the associative plasticity in Drosophila DANs comply with the
characteristics of US prediction error coding? DANs innervating the Drosophila MB appear to encode
the predictive value of the CS, for instance, by prolonging their response to the CS during odor-shock
conditioning (Riemensperger et al., 2005). Also we found a strengthening in DAN responses to the CS,
but different to monkey DANs (Schultz et al., 1997) we did not observe associative plasticity in the
response to the US. Our data therefore supports the idea that Drosophila DANs encode in their
response strength the predictive value of the CS, but not the prediction error. Alternatively, DANs
could encode the prediction error in form of a temporal code: We found that the difference between
the CS- and US-induced response strength decreased in the course of conditioning (as does the
prediction error). Thus, the difference in DAN response strength between CS and successive US could
encode the prediction error. The fact that DANs can detect the contiguity between a terminated CS
and the subsequent US shows that DANs can indeed integrate information over time.
Associative plasticity in DAN responses to the CS may play a role in higher-order features of classical
conditioning. For example, the associative strengthening of responses to the CS could mediate
reinforcement during second-order conditioning. One theoretical explanation for second-order
conditioning is that, a previously reinforced CS1 can act as US in subsequent conditioning of a second
CS2 (Pavlov, 1927). As Drosophila is capable of second-order learning (Brembs and Heisenberg, 2001,
Tabone and de Belle, 2011), this theory can be tested: if associative strengthening of DAN responses
to the CS underlies CS1-induced reinforcement in second-order conditioning, then preventing
associative plasticity in DANs, or blocking their output during the CS2-CS1 pairing should abolish
second-order conditioning.
A recent study suggested that the DAN ensemble encodes the hedonic value of a stimulus (Cohn et
al., 2015). If so, then the non-associative plasticity in the spatial activity pattern caused by repeated
unpaired presentations of an odorant might render its hedonic value less aversive (decrease in
pattern similarity to electric shock), and it might reduce its salience (decrease in response strength).
Therefore, associative plasticity in CS-induced DAN responses might alter the hedonic value of a CS in
addition to assigning a predictive value to the CS, thereby preventing the loss of CS salience (Cevik,
2014). If the odorant-induced spatial activity pattern in the DAN ensemble indeed encodes the
hedonic value of an odorant, then these patterns should be more similar within appetitive and
aversive odorants than between appetitive and aversive odorants. If odorant-induced DAN response
strength indeed encodes the salience of an odorant, then the strength of odorant-induced DAN
responses should correlate with the learning rate for a given odorant (Rescorla and Wagner, 1972).
The occurrence of CS-induced responses and associative plasticity in most of the MB-innervating
DANs suggests that the separation of the CS and US pathways in the Drosophila brain is less strict
than suggested in current models of associative learning in the MB. The associative plasticity in CSinduced responses in DANs makes DANs a potential neural substrate for encoding the salience and
hedonic value of a stimulus, the US identity, and the prediction error during classical conditioning.
Revealing the function of associative plasticity in DANs will require paradigms that allow investigating
higher-order features of classical conditioning, such as second-order conditioning, overshadowing
and blocking while genetically manipulating associative plasticity in DANs.
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Supplemental Information

Supplemental Figures

Fig. S1B: Electric current received by flies during US presentations. Electric current flow during
single US pulses in each experimental group. Top: electric current flow during DAN imaging in the
paired (red) and unpaired (black) group. Bottom: electric current flow during KC imaging in the paired
and unpaired group. The US was applied as a train of four pulses in each of the training trials (4 – 9)
and the post-training trial (12). All data is displayed as boxplots (middle line in box represents the
median, lower box bound the first quartile, upper box bound the third quartile, whiskers the 95 %
confidence interval of the mean, and dots represent outliers of the 95 % confidence interval; number
of flies (n) is indicated in the figure; mixed-effect model for repeated-measures ANOVA, factor
“group”: p = 0.462, factor “pulse no.”: p < 0.001, interaction “group x pulse no.”: p < 0.01).
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Fig. S1C: The CS terminates before US onset. Normalized photo ionization detector (PID) signals
induced by the CS (top) and the control odorant (bottom) for pre-training (2, 3), training (4 – 9), and
post-training (10, 11, 13) trials. The maximum PID signal during pre-training was set to 100 %. After
CS offset the CS concentration returns to zero (horizontal reddish line) before the US starts (vertical
reddish line). All traces represent the median and quartiles (n = 5).
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Fig. S2C1: DAN response traces obtained for unpaired CS-US presentation for all regions.
Normalized DAN response traces obtained for the unpaired protocol for the regions γ1 – 5, β’1 – 2,
junction, α1/α1’, fan-shaped body (FB) 1 – 2, and ellipsoid body (EB). Traces represent the median
and quartiles (number of flies (n) is indicated in the figure).
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Fig. S2C2: DAN response traces obtained for paired CS-US presentation for all regions. Normalized
DAN response traces obtained for the paired protocol for the regions γ1 – 5, β’1 – 2, junction, α1/α1’,
fan-shaped body (FB) 1 – 2, and ellipsoid body (EB). Traces represent the median and quartiles
(number of flies (n) is indicated in the figure).
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Fig. S2C3: KC response traces obtained for unpaired CS-US presentation for all regions. Normalized
KC response traces obtained for the unpaired protocol for the regions γ1 – 5, β’1 – 2, β2, junction,
α1/α1’, and insulin-producing cells (IPCs). Traces represent the median and quartiles (number of flies
(n) is indicated in the figure).
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Fig. S2C4: KC response traces obtained for paired CS-US presentation for all regions. Normalized KC
response traces obtained for the paired protocol for the regions γ1 – 5, β’1 – 2, β2, junction, α1/α1’,
and insulin-producing cells (IPCs). Traces represent the median and quartiles (number of flies (n) is
indicated in the figure).
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Fig. S3A: Odor-shock conditioning does not affect the response to the control odorant. Normalized
DAN and KC response traces obtained for the control odorant for γ1, γ2, γ5 and β’2 for the paired
(red) and the unpaired (black) group before and after training. Top: during pre-training the responses
to the control odorant did not differ between the paired and the unpaired group. Middle: posttraining responses to the control odorant did not differ between the paired and the unpaired group.
Bottom: difference in response traces between post- and pre-training. Positive values reflect an
increase, negative values a decrease in response strength after training. Traces represent the median
and quartiles (number of flies (n) indicated in the figure). The bar code above the traces indicates the
p-value obtained for each frame from a Wilcoxon test between paired and the unpaired group (black:
p ≥ 0.05, dark gray: p < 0.05, light gray: p < 0.01, white: p < 0.001).
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Fig. S3B1: Associative plasticity in the response to the CS in DANs. CS-induced response strength
during the six training trials and the post-training for the paired (red) and the unpaired (black) group.
For normalization the pre-training response strength to the CS or the control odorant was
subtracted. During training the CS-induced response strength (green background) increased in the
paired group relative to the unpaired group for the regions γ1 – 5, β’1 – 2, and the junction (p-values
and number of flies (n) is indicated in the figure; mixed-effect model for repeated-measures ANOVA,
factor “protocol”). After training the CS-induced response strength was higher in the paired than in
the unpaired group in those regions, but for the response strength induced by the control odorant
(blue background) there was no significant difference between the paired and unpaired group.
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Fig. S3B2: DAN responses to the US decrease during training. US-induced response strength during
the six training trials and the post-training for the paired (red) and the unpaired (black) group. For
normalization the US-induced response strength obtained for the first training trial was subtracted.
During training the US-induced response strength decreased similarly in the paired and unpaired
group in all regions of interest (number of flies (n) are indicated in the figure; mixed-effect model for
repeated-measures ANOVA, factor “protocol”: p = 0.082).
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Fig. S3B3: Associative plasticity in the response to the CS in KCs. CS-induced response strength
during the six training trials and the post-training for the paired (red) and the unpaired (black) group.
For normalization the pre-training response strength to the CS or the control odorant was
subtracted. During training the CS-induced response strength (green background) decreased in the
paired group relative to the unpaired group for the regions β’1 – 2, and the junction (p-values and
number of flies (n) are indicated in the figure; mixed-effect model for repeated-measures ANOVA,
factor “protocol”). After training the CS-induced response strength was lower in the paired than in
the unpaired group in those regions, but for the response strength induced by the control odorant
(blue background) there was no significant difference between the paired and unpaired group.
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Fig. S3B4: KC responses to the US decrease during training. US-induced response strength during
the six training trials and the post-training for the paired (red) and the unpaired (black) group. For
normalization the US-induced response strength obtained for the first training trial was subtracted.
During training the US-induced response strength decreased similarly in the paired and unpaired
group in all regions of interest (number of flies (n) are indicated in the figure; mixed-effect model for
repeated-measures ANOVA, factor “protocol”: p = 0.363).
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Fig. S4: During odor-shock conditioning the CS-induced response decreases in KCs. (A) Top: KC
response traces obtained for the first training trial (trial 4). Middle: KC response traces obtained for
the sixth training trial (trial 9). Bottom: difference in response traces between first and sixth training
trial. Positive values reflect an increase, negative values a decrease in response strength in the sixth
training trial. The bar code above the traces indicates the p-value obtained for each frame from a
Wilcoxon test between the median and zero (black: p ≥ 0.05, dark gray: p < 0.05, light gray: p < 0.01,
white: p < 0.001; number of flies (n) is indicated in the figure). All traces represent the median and
quartiles. (B) Electric current applied during US pulses in the 1st and 6th training trial, corresponding
to response traces in A (boxplots: middle line in box represents the median, lower box bound the first
quartile, upper box bound the third quartile, whiskers the 95 % confidence interval of the mean, and
dots represent outliers of the 95 % confidence interval; mixed-effect model for repeated-measures
ANOVA, factor ”trial”: p = 0.263).
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Fig. S4D: During odor-shock conditioning the CS- and US-induced response strengths become more
equal in DANs in all regions. CS – US response strength difference obtained for the paired protocol in
DANs for the regions γ1 – 5, β’1 – 2, junction, α1/α1’, fan-shaped body (FB) 1 – 2, and ellipsoid body
(EB). Traces represent the median and quartiles (number of flies (n) is indicated in the figure; mixedeffect model for repeated-measures ANOVA, factor ”trial”).
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Fig. S5B: Odor-shock conditioning does not affect the KCs spatial activity patterns. Dissimilarity of
spatial activity patterns in KCs was quantified as the angle between vectors that comprise the
response strengths of all 9 compartments. Training similarly changed the CS-induced spatial activity
pattern in the paired (red) and unpaired (black) group. CS vs. 1st CS: during training the CS-induced
spatial activity patterns became dissimilar to the pre-training spatial activity pattern. This effect was
equally strong in the unpaired and in the paired group. US vs. 1st US: during training the US-induced
spatial activity patterns became equally dissimilar to the first US-induced spatial activity pattern in
the paired and unpaired group. CS vs. mean US: during training the degree of dissimilarity between
CS- and US-induced spatial activity patterns remained unchanged for the paired and for the unpaired
group. All traces represent the mean and SEM (number of flies (n) is indicated in the figure; p-values
for mixed-effect model for repeated-measures ANOVA, factor “protocol”).
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Supplemental Tables
Table 1: Results of the ANOVAs run on linear mixed-effect models.
Figure

Model

Compartment

NA (hemispheres: KCs, paired, shock)

all

NA (hemispheres: KCs, unpaired, shock)

all

NA (hemispheres: DANs, paired, shock)

all

NA (hemispheres: DANs, unpaired, shock)

all
difference in response strength ~ hemisphere, random = ~1|fly/compartment/trial

NA (hemispheres: KCs, paired, CS)

all

NA (hemispheres: KCs, unpaired, CS)

all

NA (hemispheres: DANs, paired, CS)

all

NA (hemispheres: DANs, unpaired, CS)

all

S1B

electric current strength ~ pulse no.*group, random = ~1|fly

training-induced difference in response strength ~ trial*compartment*protocol, random = ~1|fly

NA

all

γ1

γ2

γ3

γ4

γ5
S3B1
β'1
training-induced difference in response strength ~ trial*protocol, random = ~1|fly
β'2

junction

α1/α'1

FB1

FB2

EB

S3B2

training-induced difference in response strength ~ trial*compartment*protocol, random = ~1|fly

(continued on next page)
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all

Factor

df1

df2

F

p

(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere
(Intercept)
hemisphere

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

201
201
217
217
315
315
331
331
403
403
435
435
631
631
663
663

2.017
3.479
13.966
3.077
1805.556
1.444
1257.702
4.718
55.757
24.210
27.580
1.420
0.256
3.816
42.795
0.848

0.1571
0.0636
0.0002
0.0808
<.0001
0.2304
<.0001
0.0306
<.0001
<.0001
<.0001
0.2341
0.6133
0.0512
<.0001
0.3574

(Intercept)
pulse no.
group
pulse no.:group

1
1
3
3

1724
1724
60
1724

2254.346
17.781
0.869
4.686

<.0001
<.0001
0.4621
0.0029

(Intercept)
protocol
trial
compartment
protocol:trial
protocol:compartment
trial:compartment
protocol:trial:compartment
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial

1
1
1
11
1
11
11
11
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1332
45
1332
383
1332
383
1332
1332
121
39
121
121
139
45
139
139
133
43
133
133
133
43
133
133
139
45
139
139
109
35
109
109
139
45
139
139
115
37
115
115
25
7
25
25
109
35
109
109
97
31
97
97
73
23
73
73

9.545
17.423
36.507
7.781
47.101
3.988
2.027
1.261
3.334
20.173
0.629
8.181
18.897
6.901
9.198
9.386
3.211
6.438
1.518
7.395
0.010
18.432
0.630
8.579
0.284
20.412
1.349
7.628
14.659
5.592
37.768
1.745
28.955
33.183
4.300
11.866
1.158
19.272
1.461
6.744
0.338
2.658
0.004
1.014
0.328
0.109
2.152
1.344
1.134
0.184
4.655
1.740
0.529
0.004
3.332
0.194

0.0020
0.0001
<.0001
<.0001
<.0001
<.0001
0.0229
0.2418
0.0703
0.0001
0.4293
0.0050
<.0001
0.0117
0.0029
0.0026
0.0754
0.0149
0.2201
0.0074
0.9190
0.0001
0.4286
0.0040
0.5947
<.0001
0.2474
0.0065
0.0002
0.0237
<.0001
0.1893
<.0001
<.0001
0.0400
0.0008
0.2841
0.0001
0.2293
0.0106
0.5664
0.1470
0.9512
0.3235
0.5682
0.7429
0.1453
0.2489
0.2896
0.6708
0.0334
0.1903
0.4692
0.9531
0.0720
0.6612

(Intercept)
protocol
trial
compartment
protocol:trial
protocol:compartment
trial:compartment
protocol:trial:compartment

1
1
1
11
1
11
11
11

428
45
428
383
428
383
428
428

2441.799
3.174
2.908
12.060
0.030
0.939
0.370
0.670

<.0001
0.0816
0.0889
<.0001
0.8637
0.5025
0.9672
0.7668
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Figure

Model

training-induced difference in response strength ~ trial*compartment*protocol, random = ~1|fly

Compartment

all

γ1

γ2

γ3

γ4

S3B3

γ5

training-induced difference in response strength ~ trial*protocol, random = ~1|fly

β'1

β'2

junction

α1/α'1

IPCs

β2

S3B4

training-induced difference in response strength ~ trial*compartment*protocol, random = ~1|fly

4C

all

NA
electric current strength ~trial, random=~fly/pulse no.

S4B

NA

CS-US response strength difference ~ trial*compartment, random = ~1|fly/trial/compartment

all

γ1
γ2
γ3
γ4
γ5
S4D
β'1
CS-US response strength difference ~ trial, random = ~1|fly
β'2
junction
α1/α'1
FB1
FB2
EB

Factor

df1

df2

F

p

(Intercept)
protocol
trial
compartment
protocol:trial
protocol:compartment
trial:compartment
protocol:trial:compartment
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial

1
1
1
10
1
10
10
10
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

986
39
986
275
986
275
986
986
64
20
64
64
118
38
118
118
121
39
121
121
121
39
121
121
121
39
121
121
76
24
76
76
121
39
121
121
73
23
73
73
43
13
43
43
52
16
52
52
76
24
76
76

87.293
1.469
30.548
17.360
5.932
5.705
1.416
0.802
1.424
3.713
5.685
1.682
116.922
0.006
8.429
0.366
151.995
1.296
2.102
0.145
41.275
0.248
6.360
0.119
55.269
1.107
18.424
0.002
28.149
6.114
0.764
2.450
35.530
11.520
1.686
4.357
7.232
7.331
3.076
4.958
65.492
2.262
0.997
2.224
0.197
1.923
2.356
0.282
9.119
2.280
0.444
1.587

<.0001
0.2328
<.0001
<.0001
0.0150
<.0001
0.1678
0.6268
0.2371
0.0683
0.0201
0.1993
<.0001
0.9364
0.0044
0.5465
<.0001
0.2620
0.1497
0.7045
<.0001
0.6215
0.0130
0.7306
<.0001
0.2992
<.0001
0.9686
<.0001
0.0209
0.3847
0.1217
<.0001
0.0016
0.1966
0.0390
0.0089
0.0126
0.0836
0.0291
<.0001
0.1565
0.3235
0.1432
0.6592
0.1845
0.1309
0.5977
0.0034
0.1441
0.5073
0.2116

(Intercept)
protocol
trial
compartment
protocol:trial
protocol:compartment
trial:compartment
protocol:trial:compartment

1
1
1
10
1
10
10
10

314
39
314
275
314
275
314
314

13.732
0.847
0.288
3.912
0.151
0.442
1.869
0.413

0.0002
0.3631
0.5920
0.0001
0.6979
0.9251
0.0489
0.9401

1
1
1
1

134
134
125
125

283.426
12.749
486.060
1.260

<.0001
0.0005
<.0001
0.2638

1
11
1
11
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1202
1202
119
1202
104
104
119
119
109
109
114
114
119
119
84
84
119
119
94
94
34
34
94
94
84
84
54
54

1759.072
31.180
49.404
5.665
525.333
53.423
811.289
21.987
2698.252
30.776
1728.259
42.845
1394.971
46.700
1533.587
7.761
2076.700
48.681
879.509
49.758
239.587
7.507
1113.686
26.683
2590.500
11.549
678.847
15.378

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0066
<.0001
<.0001
<.0001
<.0001
<.0001
0.0097
<.0001
<.0001
<.0001
0.0010
<.0001
0.0003

(Intercept)
trial
(Intercept)
trial
(Intercept)
compartment
trial
compartment:trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial
(Intercept)
trial

5B (CS vs. 1st CS)

9 shared

(Intercept)
protocol
trial
protocol:trial

1
1
1
1

139
45
139
139

4.863
8.249
9.909
1.062

0.0291
0.0062
0.0020
0.3046

5B (US vs. 1st US)

9 shared

(Intercept)
protocol
trial
protocol:trial

1
1
1
1

92
45
92
92

597.721
0.109
4.454
0.105

<.0001
0.7429
0.0375
0.7470

5B (CS vs. mean US)

9 shared

(Intercept)
protocol
trial
protocol:trial

1
1
1
1

231
45
231
231

20.234
24.887
11.234
5.297

<.0001
<.0001
0.0009
0.0223

S5B (CS vs. 1st CS)

9 shared

(Intercept)
protocol
trial
protocol:trial

1
1
1
1

121
39
121
121

222.493
1.528
13.923
3.569

<.0001
0.2238
0.0003
0.0613

S5B (US vs. 1st US)

9 shared

S5B (CS vs. mean US)

9 shared

(Intercept)
protocol
trial
protocol:trial
(Intercept)
protocol
trial
protocol:trial

1
1
1
1
1
1
1
1

80
39
80
80
201
39
201
201

0.348
0.881
2.433
0.444
12.777
0.133
5.661
0.197

0.5570
0.3538
0.1227
0.5071
0.0004
0.7172
0.0183
0.6573

angle between 9D-vectors ~ trial*protocol, random = ~1|fly
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Table S2D: DANs are more sensitive to current strength than KCs. Relationship between current
flow through individual flies and induced responses in DANs and KCs. Spearman rank correlation was
calculated between the current flow through each fly and the US-induced normalized neuronal
responses. Additionally, the slope of the regression lines was calculated. Results and the number of
flies (n) are listed for all regions for DANs and KCs. Non-availability of data is indicated by gray.
MB compartments
and other regions
γ1
γ2
γ3
γ4
γ5
β'1
β'2
junction
α1/α'1
FB1
FB2
EB
β2
IPCs

108

p
< 0.001
0.0376
0.0011
< 0.001
0.0017
0.0091
0.0008
0.0052
0.8790
0.0056
0.0107
0.0044

DANs
ρ slope of regression
0.636
0.715
0.330
0.368
0.508
0.108
0.547
0.196
0.481
0.207
0.454
0.178
0.510
0.161
0.475
0.321
-0.071
0.024
0.486
0.215
0.475
0.282
0.583
0.414

n
35
40
38
38
40
32
40
33
7
31
28
22

p
0.4746
0.0661
0.0060
0.4079
0.2379
0.0401
0.0212
0.5939
0.0666

ρ
0.175
0.305
0.437
0.138
0.196
0.422
0.373
0.120
0.503

KCs
slope of regression
0.027
0.021
0.046
0.004
0.013
0.047
0.022
0.013
0.052

n
19
37
38
38
38
24
38
22
14

0.0567
0.4115

0.485
0.180

0.519
0.012

16
23
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General discussion
In the framework of this thesis, I contrasted different forms of associative learning and their neuronal
correlates. In Chapter I, I discussed the specific and the shared features of trace and delay
conditioning in insects (Dylla et al., 2013). In Chapter II, I demonstrated that the neuronal pathways
for heat US and electric shock US are distinct but converging (Galili et al., 2014b). In Chapter III, I
showed that the associative plasticity induced by odor-shock trace conditioning differs between
dopaminergic neurons and Kenyon cells (in prep.). One of my major improvements in functional
neuroimaging is the usage of stimulation protocols that are comparable to established behavioral
paradigms. This allows me to relate the acquired physiological data to behavioral data and to draw
conclusions about possible causal relationships. I will discuss my findings and its implications in a
broader context, referring to the functional organization of brains, and to shared features between
insect and vertebrate learning.

Neural representations of CS and US
In Chapter II, I showed that the neuronal pathways that signal the aversive US “heat” and the
aversive US “electric shock” differ at the sensory level. Anterior cell neurons are required for the
sensation of the heat US but not the electric shock US. Downstream of the anterior cell neurons,
both US-pathways converge at a population of dopaminergic neurons (Galili et al., 2014b). Although
US-specific tuning of single dopaminergic neurons within this population could not be determined,
the data suggested that the heat US-signaling neurons constitute a subset of electric shock-signaling
neurons. A convergence of US pathways suggests the existence of a dopaminergic pathway that
signals the hedonic value but not the identity of aversive reinforcing stimuli to the mushroom bodies.
In Drosophila, such a pathway may be represented by the PPL1-MP1 dopaminergic neurons, as these
neurons are activated by various aversive reinforcers like heat, electric shock and bitter tastants
(Chapter II + III, Mao and Davis, 2009, Kirkhart and Scott, 2015), and as their activation is sufficient to
drive the formation of an aversive short-term memory (Aso et al., 2012). In line with the notion of a
general reinforcement-signaling pathway, such a pathway does exist for appetitive US in vertebrates:
the mesolimbic dopaminergic pathway. This pathway is also referred to as “reward pathway” and is
involved in multiple forms of addiction (Lingford-Hughes et al., 2010).
Altogether, I showed that heat, electric shock, and odors, can influence the neuronal representations
of each other, and that the stimulus pathways are not strictly separated:
(1) in the olfactory receptor neurons, odor-induced calcium increase is reduced at 34°C
heat compared to 24°C (Chapter II)
(2) in anterior cell neurons, the temporal pattern of heat-induced calcium increase is
affected by an preceding electric shock (Chapter II)
(3) electric shock and heat activate an overlapping set of dopaminergic neurons (Chapter
II)
(4) odors and electric shock both activate Kenyon cells and dopaminergic neurons
(Chapter III).
It remains unclear whether the findings (1) and (2) can be ascribed to actual pathway interactions.
Similar to my calcium imaging data, electrophysiological recordings in cockroaches showed that
combined olfactory and temperature stimulation had different effects on antennal lobe local neurons
and olfactory projection neurons than unimodal stimulations (Zeiner and Tichy, 2000). This suggests
that my finding (1) does not solely reflect the temperature-dependency of the used calcium sensor,
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GCaMP3 (Chapter II). But in cockroaches as in Drosophila it remains to be shown, whether direct
input from thermoreceptive cells modulates the responses to odors in the antennal lobe. Similarly,
the sensory pathway for electric shock, and possible interaction sites, are unknown (Appel et al.,
2015). Alternatively, cell intrinsic factors, such as the membrane conductance in olfactory receptor
neurons and anterior cell neurons may be altered by the ‘pathway-unspecific’ stimuli heat (1) and
electric shock (2), respectively (Bezanilla and Taylor, 1978, Cao and Oertel, 2005, Martin et al., 2011).
Other than (1) and (2), the findings (3) and (4) clearly show that the pathways for heat, electric shock,
and odors, are not strictly separated. To conclude, there are both CS-US (1 and 4) and US-US (2 and
3) ‘interaction sites’ at different processing stages of the neural network.
The finding that pathway-unspecific stimuli inhibit the responses to pathway-specific stimuli at early
processing stages (1 and 2) likely reflects neuronal gain control (Priebe and Ferster, 2002). Gain
control – adjusting the dynamic range of neurons – might be necessary, for example, to adapt to the
increased volatility of odors at high temperatures, as indicated by behavioral and genetic data in
Drosophila (Riveron et al., 2009, 2013). As a side effect, the observed inhibition may contribute to
the low learnability of certain CS-US combinations: heat reduces the responses to odors (1), as does a
decrease in odor concentrations (Hallem and Carlson, 2006, Silbering et al., 2008). A weak neuronal
representation of the olfactory CS may correlate with a low CS salience. According to the RescorlaWagner rule for associative learning (Rescorla and Wagner, 1972), a reduced CS salience would result
in reduced associative memory formation. This could explain reduced associative memory formation
when pairing either an olfactory CS with a heat US (Chapter II), or a weak olfactory CS with an electric
shock US (Tully and Quinn, 1985). Finally, this might explain why odor-temperature conditioning
yielded lower learning scores than odor-shock conditioning (Chapter II). At higher processing stages I
found shared stimulus pathways that enable two different functions: heat and electric shock US
pathways converge into a common pathway that may code for the aversive nature of the two US (as
discussed above; US-US ‘interaction site’). Additionally, shared neuronal substrates for the olfactory
CS and the electric shock US in Kenyon cells and dopaminergic neurons enable associative memory
formation (Chapter III; CS-US ‘interaction site’).
Besides shared pathways, I also found parallel pathways. Those can be specialized to signal different
properties of the same stimulus (Müller et al., 2002, Wang et al., 2014). For example, as discussed in
Chapter II, different types of sensory neurons mediate temperature reception and are required for
different aspects of temperature-driven behavior. In Chapter III, I investigated parallel information
flow at higher processing stages: I showed that each compartment of the mushroom body receives
both olfactory and electric shock input. Hence, each compartment is in principle equipped with the
information needed to form a CS-US association. The observation that not all compartments exhibit
associative plasticity emphasizes the fact that they differ in their cellular composition (mushroom
body output neurons, dopaminergic neurons, and to a lesser extent Kenyon cells), and most likely
also in their molecular substrate (along the Kenyon cell axons). Indeed, compartments differ in their
tuning to stimulus identities (Aso et al., 2014b), and integrate stimuli with varying efficiency (Hige et
al., 2015a). My data suggests that the compartments do not only differ in their tuning to stimulus
durations (Hige et al., 2015a) but also to inter-stimulus intervals, as during trace conditioning Kenyon
cells only showed associative plasticity in three compartments (Chapter III). While certain
compartments may detect coincident CS-US presentations (delay conditioning; mostly used to study
learning in Drosophila), other compartments may integrate temporally non-overlapping CS-US
presentations (trace conditioning; used in Chapter III; specificities discussed in Chapter I). This may
111

General discussion
explain inconsistencies between the literature (mostly on delay conditioning), which describes shortterm associative plasticity in γ-Kenyon cells (Boto et al., 2014, Cohn et al., 2015, Hige et al., 2015a),
and my finding of short-term associative plasticity in α’/β’-Kenyon cells (trace conditioning; Chapter
III). It seems that in the mushroom body parallel information flow accounts for the diversity of
associative tasks, only a minority of which may have been explored so far.

Dopaminergic neurons are likely to encode the US identity
Autoshaping experiments in pigeons could show that animals do not only learn about the identity of
the CS but also about the identity of the US (Jenkins and Moore, 1973, Brodigan and Peterson, 1976,
Timberlake and Lucas, 1985). I showed that different aversive US such as heat and electric shock are
differently represented in the neural network of Drosophila (Chapter II). This is the case at early
processing stages and also at the level of dopaminergic mushroom body innervation, which
constitutes a prerequisite for the formation of US-specific associative memories. Associative
plasticity in the CS-induced spatial activity pattern of these dopaminergic neurons indicates that the
US identity could be assigned to the CS representation during associative conditioning (Chapter III).
Hence, I suggest that dopaminergic neurons innervating the mushroom bodies encode the US
identity and mediate US-specific associative memory formation in Drosophila.
Whether dopaminergic neurons encode the US identity can be tested as follows: knowledge of the
identity of an aversive US enables an animal to execute the appropriate conditioned response (e.g.
running, jumping, or freezing; Gibson 2015). If dopaminergic neurons encode the US identity, then
US-specific conditioned responses should be abolished in Drosophila when dopaminergic neuron
output is blocked during testing. Actually, blocking dopaminergic neuron output seems not to impair
the conditioned avoidance response (Schwaerzel et al., 2003). But nevertheless dopaminergic neuron
activity may be needed for US identity-specific conditioned behavior, an aspect that has not been
investigated yet. If adult Drosophila exhibit US-specific conditioned responses to the CS, this may not
only be reflected at the level of dopaminergic neurons, but also at the level of mushroom body
output neurons. The population code of mushroom body output neurons is believed to drive the
conditioned response (Aso et al., 2014b, Owald and Waddell, 2015) and, thus, different avoidance
behaviors should elicit different cross-mushroom body output neuron activity patterns. Whether
dopaminergic neurons could signal the US identity via Kenyon cells or via a direct connection to the
mushroom body output neurons is unclear.
My findings might have implications for research on vertebrate learning, as it seems that insect and
vertebrate dopaminergic neurons serve similar tasks. Also vertebrates possess different types of
dopaminergic neurons, the responses of which depend on the US identity, e.g. on the type of reward
(Watanabe, 1996, Valentin and O'Doherty, 2009). Also with respect to prediction error coding a
specialization of dopaminergic neuron types is evident: Besides dopaminergic neurons that encode
the reward prediction error (Schultz et al., 1997), there are dopaminergic neurons that encode
salient prediction errors that depend on the ‘importance’ that is assigned to the US but not on the
hedonic value of the US. Hence, other than reward prediction errors, salient prediction errors code
for both aversive and appetitive US during Pavlovian learning tasks (Metereau and Dreher, 2013).
Thus, although more difficult to access, also in vertebrates a US-specific dopaminergic neuron
population code seems to exist. Consequently, if my theory of a dopaminergic neuron population
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code as the substrate for US-specific associative memories can be validated in Drosophila, it might be
worth to test the same theory in vertebrates.

Associative learning changes the information content of the CS
In vertebrates, the types of dopaminergic neurons and their functions in associative learning are
diverse (Bromberg-Martin et al., 2010). Also in Drosophila dopaminergic neurons seem to serve
several functions, such as punishment prediction, US mediation, and long-term memory formation
gating (Riemensperger et al., 2005, Placais et al., 2012, Waddell, 2013, Lewis et al., 2015). Although
difficult to compare, some functions of dopaminergic neurons in associative learning may be shared
between Drosophila and vertebrates, for example, functions related to associative plasticity in the
response to the CS.
In Chapter III, I interpreted the associative increase in CS-induced response strength in dopaminergic
neurons as an increase in CS salience. That dopaminergic neurons do encode salience has been
shown in a vertebrate study: analogous to my findings of increased and decreased response strength
to CS and US, respectively (Chapter III), increasing dopamine release in response to the CS and
decreasing dopamine release in response to the US occurs in the nucleus accumbens of vertebrates
when animals assign incentive salience to the reward-predicting CS (Flagel et al., 2011). Thus,
encoding salience might be a conserved role of dopaminergic neurons across invertebrates and
vertebrates.
In Chapter III, I further proposed that the spatial activity pattern across dopaminergic neurons
encodes the hedonic value of a stimulus. The pattern similarity analysis suggested that odor-shock
trace conditioning assigns a negative hedonic value to the CS, but does not affect the negative
hedonic value of the US (Chapter III). Due to the reduced genetic accessibility and the more complex
spatial organization of the vertebrate dopamine network, it has not yet been investigated whether
the spatial activity pattern across different dopaminergic neuron types encodes (equivalent)
information in vertebrates. In general, the unaltered spatial representation of the US should be a
conserved feature of odor-shock trace conditioning. Any changes in the spatial representation of the
US would complicate synapse-/compartment-specific associative plasticity during multi-trial
conditioning, and would impede the above proposed US identity encoding (Chapter III).
The dopaminergic network of vertebrates encodes different types of prediction errors, for example
reward prediction errors and salience prediction errors (Metereau and Dreher, 2013). As evident
from prediction error studies in vertebrates, dopaminergic neurons possess information about the
CS-US interval (Schultz et al., 1997). This information encoded by dopaminergic neurons may be
crucial for trace-conditioning, as a precise regulation of dopaminergic signaling is essential for trace
but not delay conditioning in vertebrates (Steinberg et al., 2013, Deng et al., 2015). Altogether,
dopaminergic neurons seem both capable and needed to encode the CS-US interval during trace
conditioning. In Chapter III, I discussed the potential of dopaminergic neurons in Drosophila to
encode the prediction error, although the characteristic neuronal representation of the prediction
error found in dopaminergic neurons of vertebrates seems not to exist in Drosophila. In
dopaminergic neurons of vertebrates the prediction error is characterized by an increasing response
to the CS and a decreasing response to the US, as the animal leans that the CS predicts the US. While
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in Drosophila only the CS but not the US is subject to associative plasticity, also in Drosophila the
response strength to the CS relative to the US increases. I propose that dopaminergic neurons in
Drosophila can encode the prediction error by integrating the difference between CS- and USinduced response strength (Chapter III). Based on the data in Chapter III, the following rules may
apply: as long as the US is not fully predicted, it induces stronger responses than the CS (CS < US). As
soon as the CS reliably predicts the US, both stimuli induce the same response strength (CS = US). If
now the CS is not followed by the (predicted) US, the CS-induced response is stronger than the
absent US-induced response (CS > US), and as a consequence the CS-induced response in
dopaminergic neurons will be reduced in the following trial. That way, dopaminergic neurons in
Drosophila could encode the prediction error in a different manner than dopaminergic neurons in
vertebrates. If dopaminergic neurons innervating the mushroom bodies encode the US identity and
mediate US-specific associative memory formation in Drosophila (as discussed above), then
dopaminergic neurons might also encode a prediction error that encodes both the US identity and
the expected gain during memory acquisition and retrieval, and thereby dopaminergic neurons might
enable Drosophila to compare predicted and encountered US (Gerber and Hendel, 2006, Schleyer et
al., 2011, Perisse et al., 2013, Schleyer et al., 2015).
Altogether, my data suggests that the information content of the CS increases (information about the
US is assigned to the CS), but that the information content of the US does not increase (no
information is assigned to the US). From a behavioral perspective this seems plausible: in an odorshock trace conditioning paradigm it is important for the animal to know that the olfactory CS
predicts the electric shock US but it does not benefit the animal if the electric shock US reminds it of
the olfactory CS.

Evidence for a calcium-independent odor trace in Kenyon cells
Calcium imaging experiments revealed that axonal calcium signals, e.g. induced by electric shock in
dopaminergic neurons (Chapter III), end with stimulus offset. For somatic calcium levels this is not
always the case: a small fraction of dopaminergic neurons exhibits somatic calcium signals that either
outlast, or are induced by, stimulus offset (own unpublished data). Similar post-stimulus somatic
calcium signals occur for odor-induced responses in Kenyon cells (pers. commun. Alja Lüdke,
University of Konstanz, Germany). Now, is it possible that somatic calcium encodes in Kenyon cells
the CS-trace and in dopaminergic neurons the US-trace, needed for trace and backward conditioning,
respectively? My dataset allows only conclusions about the CS-trace. In Chapter III, I demonstrated
that odor-shock trace conditioning induces associative plasticity in the mushroom body lobes. Those
harbor the axodendritic regions, but not the somata, of Kenyon cells and dopaminergic neurons.
Therefore, somatic calcium signals in Kenyon cells seem themselves not to encode the CS-trace that
is needed for associative memory formation in odor-shock trace conditioning. Nevertheless, somatic
calcium may be involved in molecular processes that underlie the encoding of the CS-trace.
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Still, the Kenyon cells are the most likely substrate of the CS-trace, as they encode odor identity for
CS-specific associative memory formation during odor-shock delay conditioning (Campbell et al.,
2013). Moreover, the perceived odor similarity is comparable in delay and trace conditioning (Galili
et al., 2011). Thus, in both conditioning paradigms the odor identity should be read out of the same
neuronal substrate, of the Kenyon cells. The fact that there are no calcium-based post-odor
responses in the axodendritic regions of Kenyon cells, where associative memory formation takes
place, leads me to the conclusion that the CS-trace is not encoded in the intracellular calcium level of
Kenyon cells. Given that Drosophila learn already in the first trace conditioning trial (Galili et al.,
2011), several computational models can be excluded as explanation for how the CS-trace is
encoded. Therefore, biochemical tagging of CS-encoding Kenyon cells currently seems the most likely
scenario. A detailed discussion of different scenarios is available in Chapter I.
Chapter III strongly indicates that the information flow between Kenyon cells and dopaminergic
neurons may be bidirectional. From my data, I derived a neuronal circuit model containing the
commonly acknowledged dopaminergic neuron-to-Kenyon cell synapses and the newly postulated
Kenyon cell-to-dopaminergic neuron synapses. Theoretically, microcircuits between Kenyon cells and
dopaminergic neurons could harbor reverberant activity that keeps the CS-trace alive (Laurent and
Naraghi, 1994, Rosay et al., 2001, Jiang et al., 2005, Placais et al., 2012). My data, however, does not
further support this hypothesis, as I found no reverberant calcium activity in the mushroom body
lobes. Also a reverberant circuit between α’/β’ Kenyon cells and mushroom body output neurons is
excluded by an anatomical study (Aso et al., 2014a). Since dopaminergic neurons show associative
plasticity that is not inherited from Kenyon cells, they either harbor their own CS-trace, or they may
retrieve it from the Kenyon cells. Hence, the in Chapter I discussed idea of synaptic tagging needs
further investigation (Frey and Morris, 1997). I would like to point out that reading out the odor
identity from either a non-calcium-based synaptic tag (in trace conditioning), or the intracellular
calcium level (in delay conditioning) should require distinct molecular machinery (Shuai et al., 2011).
In Chapter III, I found that short-term associative plasticity induced by trace conditioning requires a
different neuronal substrate than reported for delay conditioning (Boto et al., 2014). Trace
conditioning induces associative plasticity in the KCs with the most prominent response to the CSoffset, in the α’/β’ Kenyon cells. The question arises whether off-responses serve a biological
function and whether this function is meaningful in the context of trace conditioning. As shown for
visual cortical cells, off-responses can encode the stimulus duration (Duysens et al., 1996).
Interestingly, stimulus duration is a crucial factor in trace conditioning. For example, a minimum CS
duration is required for visual trace conditioning in Drosophila (Vogt et al., 2015). Consistently, with
increasing stimulus length, the likelihood of odor-induced offset responses increases in the Kenyon
cells of moths (Ito et al., 2008). Based on the available evidence I speculate that responses to the CSoffset in Kenyon cells may reflect an important prerequisite for trace conditioning, although not the
CS-trace itself (as discussed in Chapter I and above). Irrespective of whether longer CS presentations
lead to offset responses in Kenyon cells thereby promoting trace conditioning, the study by Vogt et
al. (2015) suggests that long and short CS induce different neuronal representations. This notion is in
line with my data, suggesting that trace conditioning requires a different neuronal substrate and
molecular machinery than delay conditioning.
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Scientific impact and concluding thoughts
In my PhD thesis I demonstrated that stimuli commonly used as CS or US in classical conditioning can
influence the neuronal representation of each other and that some of those stimuli are signaled via
shared neuronal pathways. Hence, CS- and US-pathways can neither be considered as clearly
separated nor as absolute stimulus-specific. The fact that CS and US can change the neuronal
representation of each other at various processing stages, is important to keep in mind studying
associative learning, as this will potentially determine the learnability of defined CS-US combinations.
Shared stimulus pathways indicate that stimuli are encoded and classified with respect to a certain
(subjective) feature, e.g. the hedonic value. Most likely, these findings about CS- and US-encoding are
universal and should apply in any species. Despite that, the complexity of CS- and US-encoding does
not receive much attention which may hamper a comprehensive understanding of the functional
organization of the neuronal substrates of learning.
I showed associative plasticity in dopaminergic neurons of Drosophila and discussed potential
functions. I propose that dopaminergic neurons in Drosophila could serve multiple functions during
associative learning, and during memory retrieval. Besides their acknowledged role in reinforcement
signaling, they seem capable to encode prediction errors, US identity, stimulus salience and hedonic
value. The here proposed functions will be an interesting topic for future studies on dopaminemediated associative learning in Drosophila. Possibly, some of the here proposed mechanisms may
also apply for vertebrate learning and should motivate studies that investigate the idea of a
dopaminergic neuron population code in vertebrate model systems.
My data further indicates that the neuronal basis of trace and delay conditioning is different in
Drosophila, as it is in vertebrates. This finding should encourage studies to compare the cellular and
molecular substrates of trace and delay conditioning. Especially the capability of distinct mushroom
body compartments to integrate temporally separated CS and US presentations, as used for trace
and backward conditioning, has not been investigated yet. My data strongly suggests that studies on
this topic will broaden our understanding of the functional organization of the mushroom body.
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For all species it is beneficial to associate environmental cues with positive or negative events. The
ability of associative learning is studied by training an animal to associate a cue (conditioned
stimulus; CS) with either punishment or reward (unconditioned stimulus; US). When the animal
successfully learnt that the CS predicts the US, the CS alone can trigger avoidance or approach
behavior (conditioned response) that has previously been elicited by the US only. The prerequisite
for the conditioned response is associative plasticity – associative conditioning has to change the
neuronal representation of the CS, so that the CS itself can induce the conditioned response. To
enable associative plasticity, the neuronal representations of CS and US have to co-occur in space
and time, and this co-occurrence has to be detected. Only upon coincidence detection the neuronal
representation of the CS is modified such that the CS can trigger the conditioned response.
In my PhD thesis I investigated different conditioning paradigms and asked how CS and US are
represented in the brain and how their representation changes during aversive associative
conditioning. To answer these questions I used in vivo calcium imaging techniques. As model
organism I chose the vinegar fly Drosophila melanogaster.
In Chapter I, I aimed at a better understanding of a certain form of associative conditioning, named
trace conditioning. In trace conditioning the CS terminates before – after a stimulus-free gap – the US
is presented. This is in contrast to the commonly studied delay conditioning during which the CS and
the US are presented in an overlapping manner. Other than delay conditioning, trace conditioning
implicates the existence of a transient memory of the CS (CS-trace) that persists until the US is
presented. The neuronal substrate of the CS-trace is still unknown. Also the mechanism of CS-US
coincidence detection in trace conditioning is unclear. To shed light on these open questions, I
reviewed the insect literature on trace conditioning and contrasted it with current knowledge of
delay conditioning. Based on published experimental data I discussed when the CS-trace is initiated
during trace conditioning, as this indicates the relevant time frame for physiological experiments.
Comparing the results of behavioral experiments between trace and delay conditioning, I revealed
special and common features of both forms of conditioning. Apart from that, I critically reviewed the
behavioral paradigms that have been used to study trace conditioning in insects. Additionally,
physiological, molecular, and computational approaches were reassessed to deduce both potential
neuronal substrates for, and mechanisms of, CS-trace encoding and coincidence detection.
Altogether, this review provides a more complete picture of trace conditioning in insects, and the
proposed mechanisms of CS-trace encoding and coincidence detection in trace conditioning should
encourage experimental testing of the posed hypotheses.
In Chapter II, I investigated whether the neuronal representations of heat US and electric shock US
differ in olfactory delay conditioning. I developed a setup for in vivo wide-field calcium imaging that
allowed me to probe the responsiveness of neuron populations to heat and, either electric shock or
odors, within the same animal. To establish the newly developed device for electric foot shock
application, I demonstrated reliable electric shock application in dopaminergic neurons. Next, I
investigated a potential temperature-dependency of the commonly used calcium sensor CGaMP3
and demonstrated that, de facto, the raw fluorescence of GCaMP3 is affected by temperature. I
further showed that odor-induced GCaMP3 signals in olfactory receptor neurons are reduced at 34°C
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compared to 24°C. Then, to investigate the specificity of heat and electric shock US-pathways, I
performed the first in vivo measurements of thermoreceptive anterior cell neurons and
demonstrated that they respond to the heat US, but not to the electric shock US. Together with my
collaborators at the Max Planck Institute of Neurobiology in Martinsried, Germany, I showed that the
heat US is received via anterior cell neurons and conveyed to a subset of dopaminergic neurons.
Electric shock US-signaling is independent of anterior cell neurons but also requires a subset of
dopaminergic neurons. Attempts to identify those dopaminergic neurons which only signal the heat
US, or only signal the electric shock US, provided no clear division, but indicated that the heat US is
encoded by a subpopulation of those dopaminergic neurons that signal the electric shock US. This
finding indicates that, on the one hand there might exist a US modality-unspecific aversive
reinforcement pathway, on the other hand there seems to be US modality-specific dopaminergic
signaling which might allow the animals to distinguish between US modalities.
In Chapter III, I investigated whether types of dopaminergic neurons in Drosophila encode the US
prediction error during trace conditioning. In addition, I investigated how trace conditioning affects
the neuronal representations of CS and US in the synaptic partner ‘Kenyon cells’. To this end, I
established a setup for recording neuronal plasticity in the brain of Drosophila during odor-shock
conditioning. Then, I combined confocal calcium imaging with trace conditioning to investigate
associative plasticity in US-mediating dopaminergic neurons and odor identity-encoding Kenyon cells.
The latter constitute the mushroom bodies, which are centers of associative memory formation. The
acquired data set is one of the first which allows the comparison of CS- and US-induced responses
and associative plasticity across a large set of mushroom body compartments, and across
dopaminergic neurons and Kenyon cells. I found associative plasticity in the CS-induced response in
both dopaminergic neurons and Kenyon cells. While dopaminergic neurons showed an associative
strengthening of CS-induced responses, Kenyon cells showed an associative decrease of CS-induced
responses. Associative plasticity in dopaminergic neurons occurred in nearly all mushroom body
compartments while associative plasticity in Kenyon cells was restricted to β’-compartments. I
further showed that trace conditioning keeps the CS-induced spatial activity pattern across
dopaminergic neurons similar to the US-induced pattern. Altogether, my dataset contributed to a
better understanding of the mushroom body circuitry and its function in associative learning: CSspecific associative plasticity suggests that dopaminergic neurons receive direct input from Kenyon
cells, a synaptic connection which has not been described yet. My data also hints at potential roles of
dopaminergic neurons in encoding the US prediction error, the stimulus salience and hedonic value,
and the US identity. In addition, I concluded that the CS-trace is not encoded by intracellular calcium
levels, as all CS-induced responses ended well before US presentations. Furthermore, I found that
associative plasticity induced in Kenyon cells by trace conditioning occurs in another Kenyon cell type
than associative plasticity reported for delay conditioning. Thus, I argue that trace conditioning is not
simply a form of weak delay conditioning, but that both forms of learning rely on different
mechanisms and neuronal substrates.
Altogether, my studies contribute to a better understanding of neuronal CS and US representations
in olfactory aversive conditioning paradigms. My data shows how different forms of learning vary
also with respect to their neuronal substrates. Directly comparing both neuronal stimulus
representations and forms of learning, I revealed yet undiscovered coding-capacities of the neuronal
circuitry of learning.
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Für Tiere aller Art ist es von Vorteil Umweltreize mit positiven oder negativen Vorkommnissen zu
assoziieren. Um diese Fähigkeit des assoziativen Lernens zu untersuchen, dressiert man Tiere einen
Reiz (konditionierter Reiz; CS) entweder mit einer Bestrafung oder einer Belohnung
(unkonditionierter Reiz; US) zu assoziieren. Nachdem das Tier erfolgreich gelernt hat, dass der CS den
US vorhersagt, genügt der CS, um Meide- oder Präferenzverhalten auszulösen (konditionierte
Verhaltensantwort), das vorher nur durch den US ausgelöst wurde. Voraussetzung für die
konditionierte Verhaltensantwort ist assoziative Plastizität – assoziative Konditionierung muss die
neuronale Repräsentation des CS ändern, so dass der CS selbst die konditionierte Verhaltensantwort
auslösen kann. Um assoziative Plastizität zu ermöglichen, müssen die neuronalen Repräsentationen
von CS und US zur gleichen Zeit am gleichen Ort vorhanden sein und diese Koinzidenz muss
detektiert werden. Nur wenn dies geschieht, wird die neuronale Repräsentation des CS so verändert,
dass der CS in der Lage ist, die konditionierte Verhaltensantwort auszulösen.
In meiner Doktorarbeit untersuchte ich verschiedene Lernparadigmen im Hinblick auf die Frage, wie
CS und US im Gehirn repräsentiert sind und wie ihre Repräsentationen sich während assoziativen
Bestrafungslernens ändern. Um diese Frage zu beantworten, verwendete ich die Methode des in vivo
Kalzium-Imaging. Als Modelorganismus wählte ich die Taufliege Drosophila melanogaster.
In Kapitel I strebte ich ein besseres Verständnis von „trace conditioning“, einer bestimmten Form des
assoziativen Lernens an. In „trace conditioning“ endet der CS bevor der US – nach einer reizfreien
Pause – gegeben wird. Dies steht im Gegensatz zu dem häufig untersuchten „delay conditioning“, bei
welchem CS und US zeitlich überlappen. Anders als „delay conditioning“ setzt „trace conditioning“
voraus, dass ein sensorischen Kurzzeitgedächtnisses über den CS (CS-Spur) existiert, welches
andauert bis der US gegeben wird. Das neuronale Substrat der CS-Spur ist bisher unbekannt. Ebenso
ist der Mechanismus der CS-US Koinzidenzdetektion in „trace conditioning“ unklar. Um diese offenen
Fragen anzugehen, hielt ich Rückschau über „trace conditioning“-Studien in Insekten, und verglich
diese mit dem derzeitigen Wissen über „delay conditioning“. Anhand von publizierten
experimentellen Daten diskutierte ich, wann während des „trace conditioning“ die CS-Spur initiiert
wird, was physiologischen Studien einen Hinweis auf das relevante Zeitfenster liefert. Indem ich die
Ergebnisse von Verhaltensexperimenten für „trace“- und „delay conditioning“ verglich, legte ich
spezifische und gemeinsame Merkmale der beiden Konditionierungsarten offen. Des Weiteren
unterzog ich die Verhaltensparadigmen, die für die Untersuchung von „trace conditioning“ in
Insekten verwendet wurden, einer kritischen Betrachtung. Zusätzlich wurden physiologische,
molekulare und theoretische Ansätze neu evaluiert, um auf potentielle neuronale Substrate und
Mechanismen für die Kodierung der CS-Spur und der Koinzidenzdetektion zu schließen.
Zusammenfassend trägt diese Rückschau zu einem vollständigeren Bild von „trace conditioning“ in
Insekten bei, und die vorgeschlagenen Mechanismen für die Kodierung der CS-Spur und die
Koinzidenzdetektion in „trace conditioning“ sollten eine experimentelle Untersuchung dieser
Hypothesen anregen.
In Kapitel II untersuchte ich, ob sich die neuronalen Repräsentationen von Hitze- und ElektroschockBestrafung bei olfaktorischem „delay conditioning“ unterscheiden. Ich etablierte einen
experimentellen Aufbau für in vivo Weitfeld-Kalzium-Imaging, welcher es mir ermöglichte die
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Sensitivität von Neuronpopulationen für Hitze und, entweder Elektroschock oder Düfte, in ein und
demselben Tier zu testen. Um die neu entwickelte Apparatur für elektrischen Fußschock zu
etablieren, demonstrierte ich die zuverlässige Applikation von Elektroschocks in dopaminergen
Neuronen. Als Nächstes untersuchte ich eine mögliche Temperaturabhängigkeit des häufig
verwendeten Kalziumreporters GCaMP3 und zeigte, dass die Rohfluoreszenz von GCaMP3 in der Tat
von der Temperatur beeinflusst wird. Des Weiteren zeigte ich, dass duftinduzierte GCaMP3-Signale in
olfaktorischen Rezeptorneuronen bei 34°C schwächer sind als bei 24°C. Um schließlich die Spezifität
von Hitze- und Elektroschock-Bestrafungspfad zu untersuchen, führte ich die ersten in vivoMessungen an temperaturrezeptiven „anterior cell“-Neuronen durch und zeigte, dass diese zwar auf
den Hitze-US, aber nicht auf den Elektroschock-US reagieren. Gemeinsam mit meinen
Kollaborationspartnern vom Max Planck Institut für Neurobiologie in Martinsried, Deutschland,
zeigte ich, dass der Hitze-US durch „anterior cell“-Neurone detektiert und an eine Subpopulation von
dopaminergen Neuronen weitergeleitet wird. Die Kodierung des Elektroschock-US erfolgt
unabhängig von ‚anterior cell“-Neuronen, benötigt aber ebenfalls eine Subpopulation von
dopaminergen Neuronen. Versuche die Identität jener dopaminerger Neurone zu bestimmen, die nur
den Hitze-US, oder nur den Elektroshock-US kodierten, erbrachten keine klare Trennung, deuteten
aber darauf hin, dass der Hitze-US von einer Subpopulation jener dopaminerger Neurone kodiert
wird, die den Elektroschock-US kodieren. Dieses Ergebnis deutet zum Einen darauf hin, dass es einen
modalitätenunabhängigen Bestrafungspfad geben könnte, zum Anderen scheint aber auch die
Modalität des US kodiert zu sein, was dem Tier eine Unterscheidung von US-Modalitäten
ermöglichen könnte.
In Kapitel III untersuchte ich, ob während des „trace conditioning“ von Drosophila dopaminerge
Neurontypen den US „prediction error“ kodieren. Zusätzlich untersuchte ich, wie „trace
conditioning“ die neuronalen Repräsentationen von CS und US im synaptischen Partner
„Kenyonzellen“ beeinflusst. Hierfür etablierte ich einen experimentellen Aufbau, der es mir erlaubte
neuronale Plastizität im Gehirn von Drosophila während Duft-Elektroschock-Konditionierung
aufzuzeichnen. Dann kombinierte ich konfokales Kalzium-Imaging und „trace conditioning“, um
assoziative Plastizität in US-kodierenden dopaminergen Neuronen und in Duftidentität-kodierenden
Kenyonzellen, zu untersuchen. Letztere bilden die Pilzkörper, welche Zentren für assoziative
Gedächtnisbildung darstellen. Der erhobene Datensatz ist einer der Ersten, der einen Vergleich von
CS- und US-induzierten Antworten und assoziativer Plastizität über viele Pilzkörper-Kompartimente
hinweg, sowie von dopaminergen Neuronen und Kenyonzellen, erlaubt. Ich entdeckte assoziative
Plastizität in der CS-induzierten Antwort sowohl in dopaminergen Neuronen als auch in
Kenyonzellen. Während dopaminerge Neurone eine assoziative Verstärkung der CS-induzierten
Antwort zeigten, zeigten Kenyonzellen eine assoziative Antwortabnahme. Assoziative Plastizität in
dopaminergen Neuronen trat in fast allen Kompartimenten des Pilzkörpers auf, wohingegen
assoziative Plastizität in Kenyonzellen auf die β’-Kompartimente beschränkt war. Ich zeigte des
Weiteren, dass „trace conditioning“ dazu führt, dass das CS-induzierte räumliche Aktivitätsmuster in
den dopaminergen Neuronen ähnlich dem US-induzierten Aktivitätsmuster bleibt. Im Ganzen trägt
mein Datensatz zu einem besseren Verständnis des Pilzkörpernetzwerks und dessen Funktion
während assoziativen Lernens bei: CS-spezifische assoziative Plastizität deutet darauf hin, dass
dopaminerge Neurone direkten Eingang von Kenyonzellen bekommen – eine synaptische
Verbindung, die bisher nicht beschrieben wurde. Meine Daten deuten auch auf mögliche Funktionen
von dopaminergen Neuronen bei der Kodierung des US „prediction errors“, der „salience“ und des
„hedonic value“ eines Reizes, sowie der US-Identität, hin. Des Weiteren schlussfolgerte ich, dass die
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CS-Spur nicht durch intrazelluläres Kalzium kodiert ist, da alle CS-induzierten Antworten lange vor der
Präsentation des US endeten. Außerdem ereignet sich durch „trace conditioning“ induzierte
neuronale Plastizität in einem anderen Kenyonzellentypus als für „delay conditioning“ beschrieben.
Deshalb argumentiere ich, dass „trace conditoning“ nicht einfach nur eine Form von schwachem
„delay conditioning“ ist, sondern dass beide Lernformen auf unterschiedlichen Mechanismen und
neuronalen Substraten beruhen.
In ihrer Gesamtheit tragen meine Studien zu einem besseren Verständnis der neuronalen
Repräsentation von CS und US während olfaktorischen Bestrafungslernens bei. Meine Daten zeigen,
wie sich unterschiedliche Lernformen auch im Hinblick auf ihre neuronalen Substrate unterscheiden.
Durch direkten Vergleich von neuronalen Reizrepräsentationen und Lernformen, enthüllte ich bisher
unentdeckte Kodierungskapazitäten des dem Lernen zugrunde liegenden neuronalen Netzwerks.
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