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ABSTRACT  
 

Gustatory Processing in Drosophila Higher Brain Centers 
 

by 
 

Colleen Rose Kirkhart  
 

Doctor of Philosophy in Neuroscience 
 

University of California, Berkeley 
 

Professor Kristin Scott, Chair  
 
 

 The sense of taste, which allows animals to distinguish between nutritious and toxic 
substances, is essential for survival. However, we know very little about how taste 
information is processed by the brain, and how this processing allows for complex 
behaviors, such as those involved in learning and memory tasks. Using the model system 
Drosophila melanogaster, I investigated taste circuitry and the representation of taste 
information in the higher brain.  
 In the first part of this dissertation, I examine the neural basis of taste memory in 
Drosophila. First, I establish the role of the mushroom body in aversive taste conditioning, 
and show that the γ lobe Kenyon Cells, in particular, are necessary for this type of 
conditioning. I also show the requirement of dopaminergic PPL1 neurons in taste 
conditioning and demonstrate that most of these neurons are bitter-responsive using 
calcium imaging. Through an extensive analysis of taste activation in the calyx of the 
mushroom body, I show how taste is represented in this structure, revealing sparse, 
modality-specific activation in the mushroom body dendrites in response to taste 
stimulation.  
 The second part introduces a new class of neurons, the Taste Projection Neurons, or 
TPNs, which we identify and classify through anatomical, functional and behavioral studies. 
Each of these neurons overlaps with primary sensory projections of a single modality, and 
responds in a modality-specific manner. We show that all three of these neurons are 
capable of influencing proboscis extension, an innate feeding behavior. Two of these 
neurons, TPNs 2 and 3 extend projections into the higher brain and are necessary for 
aversive taste conditioning, and activation of TPN3 is sufficient to act as the unconditioned 
stimulus during associative learning. Together, these studies examine the multiple roles 
taste information plays in the higher brain and provides a foundation for future studies of 
taste circuitry and learning and memory in Drosophila.  
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Learning and Memory 
 
 The way an animal responds to a stimulus is determined by a complex interplay 
between innate drives and learned reactions. In order to understand how an animal 
acquires or modifies knowledge or skills (learning) and stores and retrieves that 
information for later use (memory), we must first understand the environmental and 
behavioral conditions that lead to learning, the molecular and synaptic mechanisms that 
allow for memory encoding and storage, and the neural circuitry the underlying sensory 
processing and plasticity. In order to tackle such inherently complicated processes, many 
researchers rely on model organisms with simpler nervous systems, such as the sea slug 
Aplysia or fruit fly Drosophila, with the hope that discoveries made in these organisms will 
reveal underlying principles common across species and types of memory.  
 Associative conditioning is one of the simplest forms of memory and therefore lends 
itself to study in animal models. In classical, or Pavlovian, conditioning paradigms animals 
learn to associate a neutral stimulus, the conditioned stimulus (CS), with a stimulus that 
has inherent value, the unconditioned stimulus (US). The nature of the stimulus, whether 
pleasant or unpleasant, will cause the animal to form either an appetitive or aversive 
memory, respectively. Another form of simple associative memory is operant conditioning, 
first formalized by B.F. Skinner, in which an animal learns to associate a specific behavior 
with a negative or positive reinforcer.  Associative conditioning has been observed across 
the animal kingdom (Kandel et al., 2014), modifying many different types of behavior and 
integrating stimuli from all sensory systems .   
 Even a behavior as instinctual and essential for survival as feeding can be drastically 
modified by prior associations. Taste perception is innately coupled with the mechanisms 
of reward and aversion in a way that the other sensory systems are not. From humans to 
flies, nutritious substances like sugar are intrinsically positive and promote acceptance 
behavior, whereas potentially toxic bitter substances like quinine, for example, are met 
with disgust and aversion. Yet, a single pairing of a sweet substance with an aversive 
stimulus is capable of producing strong avoidance of this innately rewarding stimulus 
(Garcia et al., 1955). In fact, conditioned taste aversion is somewhat unique among 
associative learning paradigms for the unusual robustness of the memory it produces 
(Freeman and Riley, 2009; Garcia and Ervin, 1966).  
 Examining associative learning in model organisms has partially exposed the 
biological basis of memory formation and storage, revealing principles and molecular 
mechanisms that are conserved across species. Learning can induce synaptic plasticity, or 
changes in the strength of the connections between relevant neurons, a theory first 
suggested by Santiago Ramon y Cajal in the late 1800s, formalized by Donald Hebb in 1949, 
and first shown experimentally in Aplysia in the 1970s (Kandel et al., 2014).  In Aplysia a 
tactile stimulus applied to the siphon will cause a defensive withdrawal of the gill. If an 
electric shock is given to the tail prior to the stimulation of the siphon, the reflex will 
sensitize, or increase in force, even after a single application of shock. It was found that 
modulatory neurons, which receive information about the shock from the tail, release 
serotonin into the synapse that connects the sensory neuron of the siphon to the motor 
neuron innervating the gill (Castellucci et al., 1970; Glanzman et al., 1989). The serotonin 
acts on the sensory cell, causing an increase in the level cyclic monophosphate (cAMP), 
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which in turn causes an increase in the amount of glutamate released by the sensory cell 
(Brunelli et al., 1976). Hence, the synaptic connection between the sensory and motor cells 
is strengthened and results in a more powerful withdrawal reflex. Pairing the tactile 
stimulus and the tail shock, hence using a classical conditioning paradigm, causes an even 
stronger gill-withdrawal response through activity-dependent enhancement of synaptic 
facilitation (Hawkins, 1984). When the siphon sensory cell fires due to the CS, calcium 
enters the cell, causing an increase in the activity of adenylyl cyclase, the enzyme that 
synthesizes cAMP (Abrams et al., 1991). As in sensitization, increasing cAMP increases 
glutamate release, strengthening the synapse.  
 These first insights into the molecular mechanisms of learning were soon confirmed 
and further elucidated as the field of molecular biology expanded to encompass questions 
of brain and behavior. These advancements were largely due to genetic manipulation and 
analysis of the fruit fly, Drosophila melanogaster.  
 

Memory in Drosophila  

 With only 100,000 neurons, the nervous systems of flies are much more tractable 
than mammalian brains, yet are still capable of producing a wide array of memories, 
ranging from short- to long-term and including forms such as classical and operant 
conditioning, habituation, dishabituation, and sensitization (Carew and Sahley, 1986). Flies 
are capable of forming memories that last from minutes to days, which can be divided into 
four different categories: short-term memory (STM), middle- or medium-term memory 
(MTM), long-term memory (LTM), and amnesia-resistant memory (ARM), which decays 
slightly faster than LTM and is not dependent on protein synthesis (Tully et al., 1994). 
These different types of memories have been shown to rely on different molecular 
mechanisms and are formed in distinct populations of neurons (McGuire et al., 2005).   
 The study of memory in Drosophila first began in the early 1970s when Seymour 
Benzer showed that flies were capable of conditioned learning and suggested that isolating 
mutants with deficits in this behavior would allow researchers to study memory using 
genetic techniques (Quinn et al., 1974). The first memory mutant to be isolated was dunce 
(dnc), which showed a striking inability to learn an association been odor and shock (Dudai 
et al., 1976). These mutants were found to encode cAMP phosphodiesterase (Davis and 
Kiger, 1980), lending further support to the Aplysia findings, which implicated the cAMP 
signaling pathway in learning. The second mutant discovered, rutabaga (rut), was also 
implicated in the cAMP pathway, encoding a calcium/calmodulin-sensitive adenylyl cyclase 
(Livingstone et al., 1984). If either of these genes are disrupted, flies show defects in 
habituation and sensitization, as well as classical and operant conditioning (Skoulakis and 
Grammenoudi, 2006), showing that the cAMP signaling pathway is a fundamental element 
of most kinds of learning. There is mounting evidence that rut may act as a coincidence 
detector (Gervasi et al., 2010) that integrates signals from the US and CS. Additional 
elements in the cAMP pathway identified via mutant analysis include multiple alleles of 
cAMP-dependent protein kinase (PKA), the primary downstream effector of cAMP 
modulation, and cAMP-response element binding protein (CREB), a major target of PKA 
(McGuire et al., 2005; Skoulakis and Grammenoudi, 2006). PKA, dnc, rut, and multiple 
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downstream targets of PKA are necessary for STM, whereas CREB is essential for LTM 
alone (Yin et al., 1994) and has been implicated in the de novo transcription of proteins 
involved in the process. A gene called amnesiac (amn) is necessary for the development of 
MTM. Amnesiac mutants were identified in the early Benzer studies (Quinn et al., 1979), 
but the single gene, which encodes a neuropeptide related to PACAP (pituitary adenylyl 
cyclase–activating peptide) and is thought to activate the adenylyl cyclase encoded by rut, 
was not identified until much later. This gene is preferentially expressed in the dorsal 
paired medial (DPM) neurons (Waddell et al., 2000), which have been shown to play an 
important role in memory consolidation. These genetic studies, and many others like them, 
have produced profound insights into the molecular basis of memory, and, since many of 
these mechanisms are tightly conserved across species, these insights are relevant not only 
to Drosophila or Aplysia, but to mammalian systems as well.  
 In addition to single-gene mutants, flies with chemically-induced brain 
abnormalities provided anatomical information about Drosophila memory. Two mutants 
that had impaired olfactory learning showed structural defects in a region of the brain 
called the mushroom body (MB): mushroom bodies miniature (mbm) and mushroom body 
deranged (mbd) (Heisenberg et al., 1985). Additionally, many of the genes identified in the 
mutant studies showed preferential expression in the MB, providing further evidence that 
the MB plays an important role in learning and memory (Nighorn et al., 1991). More 
recently, thanks to the development of powerful imaging techniques and methods for 
manipulating specific cell populations in vivo, flies are also being used to study memory at 
the neural and systems levels.  
 While the main focus of Drosophila research has been on olfactory memory, flies are 
capable of forming memories based on many types of sensory inputs. For example, flies are 
capable of recognizing and responding to learned visual patterns, colors, and intensities 
(Kahsai and Zars, 2011) and forming associative memories triggered by auditory cues 
(Menda et al., 2011) or tastes (Masek and Scott, 2010). Flies are also capable of 
remembering a location preference in an arena, whether barren or rich with visual cues, a 
type of learning known as place memory (Foucaud et al., 2010; Zars and Zars, 2009). One of 
the more ethological forms of associative memory studied in flies is courtship conditioning. 
In this type of conditioning, a naive male fly learns to suppress its instinct to court when 
continuously rejected by a female that has already mated and maintains this memory even 
when placed in the presence of a virgin female. As courtship behavior is complex and 
engages multiple sensory systems, the exact nature of the associative cue or cues is 
unknown, though contact with female pheromones seems to play a major role (Griffith and 
Ejima, 2009).  
  
 
Olfactory Conditioning  
 
 The most studied type of memory in flies is conditioned olfactory learning. In 
general, this type of memory is created when a fly learns to associate a previously neutral 
odor with a positive or negative stimulus through concomitant presentation (Figure 1.1). 
Memory retention and retrieval is usually assayed by providing the fly with a forced choice 
between the trained odor and an untrained odor and then recording the population 
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preference. For aversive learning, electric shock is the most commonly used US, whereas 
sugar is the usual choice of US for appetitive memory. Variations in the number of trials 
and the spacing between trials result in temporal differences in memory, ranging from a 
STM formed from single pairing to LTM after multiple, spaced rounds of training. Ablation 
and neural silencing experiments have shown that the MB is essential for the formation, 
consolidation, and retrieval of olfactory memory (Heisenberg, 2003; McGuire et al., 2005), 
corroborating the evidence from the mutant studies that implicated this structure in 
memory function.  
 The neurons upstream of the mushroom body that are responsible for delivering 
information about the olfactory US have been well studied. Flies have two organs that 
detect volatile chemicals in the environment, the antennae and the maxillary palps. The 
primary olfactory sensory neurons extend from these organs to the antennal lobes of the 
brain, where their projections are organized into about 45 glomeruli (Masse et al., 2009; 
Stocker, 1994). From here, two main types of neurons connect with the sensory afferents, 
local interneurons, which make connections between glomeruli, and projection neurons, 
which extend into the higher brain. The axons of the projection neurons (PNs) terminate in 
two anatomical regions, the lateral horn (LH) and the calyx of the mushroom body (MB). 
The axons of olfactory PNs are divided into multiple tracts. The majority of PNs follow the 
inner antenno-cerebral tract (iACT), synapsing first in the MB, then projecting into the LH. 
In contrast, PNs of the medial ACT (mACT), which are inhibitory (Liang et al., 2013), project 
solely to the LH, and the small number of neurons which form the outer ACT (oACT) project 
first to the LH, then to the calyx of the MB (Ito et al., 1998; Lin et al., 2013; Stocker, 1994).  
Whereas the MB is important for learning, the LH is believed to be important for innate 
behavior. This role is suggested by the connectivity of the PN-LH circuitry, which is quite 
stereotyped and invariant, especially in comparison to the random,  mutable connectivity 
of PN-MB neurons (Fişek and Wilson, 2014). 
 
 
The Mushroom Bodies 
 
 Almost all insects that possess olfactory glomeruli also have mushroom bodies 
(Strausfeld et al., 2009), dual structures in the higher brain that receive input from the 
olfactory PNs and are essential for the formation of olfactory memories (Heisenberg, 
2003). The intrinsic neurons of the mushroom body are the Kenyon cells (KCs). In most 
insect species with MBs, these cells synapse with the axons of olfactory PNs in a region 
called the calyx, then send axonal projections down a stalk-like structure called the 
peduncle to the lobes where they synapse with aminergic reinforcement neurons and 
output neurons. The lobes are believed to be the site of coincidence detection between the 
CS signals (from the PNs) and the US signals (aminergic neurons).  
 Compared to the more complex calyces of ants and bees, the calyces of Drosophila 
show little anatomical specialization. The Drosophila calyx has approximately 1,100 
microglomeruli (Turner et al., 2008), called synaptic claws, each of which is composed of 
thin dendritic projections of multiple KCs wrapped around a single, large olfactory PN 
bouton. While KCs are clustered into different regions in the calyx based on their 
developmental order (Lin et al., 2007), an intensive analysis of the connectivity between 
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PNs and KCs failed to reveal any clear patterns (Caron et al., 2013), suggesting random 
connectivity between different glomeruli and the three lobes of the MB. Each KC has 
between two and eleven claws (Caron et al., 2013), suggesting each cell integrates multiple, 
random odors. The cell bodies of the KCs surround the dorsal and posterior sides of the 
calyx and extend a single process down the peduncle, which branches out into the lobes.   
 Kenyon cells can be divided into three major subtypes, α/β, α'/β' and γ, based on 
anatomy, developmental order (Lee et al., 1999), and levels of gene expression (Crittenden 
et al., 1998). Unlike the α/β and α'/β' neurons, which bifurcate and send processes into 
both the medial and vertical lobes, the γ neurons project exclusively to medial lobes, 
forming the γ lobe. These neurons are essential for appetitive and aversive short-term 
olfactory learning (Akalal et al., 2006; Qin et al., 2012; Zars, 2000a) as well as courtship 
conditioning (Krüttner et al., 2012; McBride et al., 1999). The axonal processes of the α'/β' 
neurons form the α' lobe in the vertical lobes of the MB and the β' lobe in the horizontal 
lobes. An early memory trace has been observed in these neurons up to one hour after 
training (Wang et al., 2008), and blocking neurotransmission from these neurons during or 
up to 90 minutes after training disrupts memory performance (Cervantes-Sandoval et al., 
2013; Krashes et al., 2007). These data suggest that α'/β' neurons play a role in MTM and 
the consolidation of ARM and LTM. On the other hand, blocking synaptic transmission of 
the α/β neurons during learning does not seem to affect memory acquisition, but blocking 
transmission from these neurons during the testing phase causes significant disruption, 
with the most profound effects seen hours after training (Cervantes-Sandoval et al., 2013; 
Dubnau et al., 2001; McGuire et al., 2001), demonstrating that α/β neurons are essential for 
retrieval of LTM and ARM. Despite these differences, the three types of KCs are not 
functionally independent from one another.  Consolidation in particular seems to require 
interaction between the lobes and some types and phases of memory show much stronger 
disruption when multiple lobes are silenced instead of a single set (Guven-Ozkan and Davis, 
2014).   
 Though KCs have largely been described as third order olfactory neurons in 
Drosophila, it is clear that multiple sensory systems utilize this brain region. Firstly, 
silencing the MB causes disruption in non-olfactory behavior such as visual attention (van 
Swinderen et al., 2009) and context generalization in visual learning (Liu et al., 1999). 
Silencing the MB also disrupts learned taste aversion (Masek and Scott, 2010).  
Secondly, there is anatomical of evidence of multi-sensory processing in the MBs of other 
insect species. MB neurons in cockroaches, crickets and moths have been shown to respond 
to visual information (Balkenius et al., 2009; Li and Strausfeld, 1997; Schildberger, 1984). 
Anatomical analyses of honeybees have identified distinct pathways connecting the MB to 
the visual system (Ehmer and Gronenberg, 2002) and the subesophageal ganglion 
(Schröter and Menzel, 2003), which is presumably conveying gustatory and 
mechanosensory information. More recent anatomical evidence suggests that multimodal 
input to the mushroom bodies exists in the Drosophila MB as well.  Specifically, two MB 
regions referred to as the accessory calyces, have been implicated in non-olfactory 
processing. The dorsal accessory calyx is comprised of a subset of α/β neurons called α/βp. 
The dendrites of these neurons run along the outer edge of the calyx, arborizing not within 
it, but in a dorsal offshoot that is not innervated by olfactory PNs (Tanaka et al., 2008).  The 
other, more recently identified region is called the ventral accessory calyx and consists of a 
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subset of γ neurons, γd. The dendrites of these neurons extend ventrally and laterally to the 
main calyx, near the peduncle (Aso et al., 2014a). Though it is clear that neither of these 
regions synapse with olfactory PNs (Butcher et al., 2012), the pre-synaptic partners of 
these neurons have yet to be identified and their role in learning, multimodal or otherwise, 
is unknown.  
 Chapter 2 of this thesis examines taste memory and representation in the 
mushroom bodies. I report a requirement of the γ KCs in short-term aversive taste memory 
and, using calcium imaging, show sparse activation of synaptic claws in the main calyx and 
widespread activation of the dorsal accessory calyx in response to tastant stimulation.  
 The MB output neurons (MBONs) have long remained elusive, but Gerry Rubin and 
collaborators have recently conducted a series of thorough studies identifying and 
classifying these neurons (Aso et al., 2014a, 2014b). Interestingly, the thousands of 
intrinsic and extrinsic neurons that make up the MB converge onto only 34 output neurons 
of 21 types. These neurons do not appear to trigger specific motor patterns, but are instead 
thought to signal the predictive value of a given stimulus. According to this model, when a 
fly encounters certain overlapping stimuli in the environment, such as a neutral odor and a 
noxious shock, CS and US signals will be relayed to the MB by projection neurons and 
aminergic neurons, respectively. The coincident detection of these signals in the MB lobes 
will then modify the synaptic strength between KCs and MBONs, changing the response 
profile of the MBON and therefore biasing behavioral selection, in this case, increasing the 
likelihood of future avoidance. Anatomical analysis showed that the dendrites of each type 
of MBON innervate only a small section of the MB lobes, creating a tiled pattern of non-
overlapping compartments. This tiling pattern mirrors the pattern of arborizations that 
dopaminergic neurons relaying reinforcement signals make in the MB lobes. This semi-
autonomous compartmentalization could potentially explain the how a relatively small 
number of reinforcement and output neurons are able to code for such a large repertoire of 
specific memory behaviors.   
 
 
Reinforcement Circuitry 
 
 Dopaminergic, octopaminergic and serotonergic neurons have all been implicated in 
reinforcement signaling in Drosophila. Until recently, the entire population of neurons 
releasing a given neurotransmitter in the brain were manipulated at once and implicated in 
single functions. However, as our ability to target and manipulate single neurons is being 
refined, the diversity of function among neurons within each category is being revealed.  
 Dopamine (DA), for example, was long considered essential for aversive learning 
alone, with octopamine signaling reward (Schwaerzel et al., 2003). More recently, however, 
it has been shown that dopaminergic neurons play a dual role in associative memory, with 
different subpopulations of neurons signaling negative and positive reinforcement (Liu et 
al., 2012). Eight different clusters of dopaminergic neurons innervate the mushroom body, 
and within a given cluster there is quite a bit of heterogeneity (Mao and Davis, 2009). The 
two subpopulations involved in associative odor learning are the posterior paired lateral 1 
(PPL1) cluster and the protocerebral anterior medial (PAM) cluster. The PPL1 cluster 
consists of 12 neurons that tile the MB lobes with non-overlapping projections, a pattern 
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which overlaps with the projections of some of the MBONs (Aso et al., 2014a). If these 
neurons are silenced, flies are not capable of forming aversive memories and activating 
these neurons during odor presentation is sufficient for memory formation (Claridge-
Chang et al., 2009). These data strongly suggest that PPL1 neurons are responsible for 
delivering the US signal during aversive odor learning. PAM neurons, on the other hand, 
have been implicated in providing the positive US in appetitive learning, as silencing them 
disrupts appetitive learning and activating them induces appetitive learning. Calcium 
imaging studies have also demonstrated that these neurons are activated by sugar 
ingestion (Liu et al., 2012).  
 Before the discovery of PAM, octopamine (OA), the insect equivalent of 
norepinephrine, was thought to be the main appetitive signal. OA neurons were shown to 
be essential for appetitive learning using silencing experiments (Schwaerzel et al., 2003) 
and sufficient for memory formation when activated (Burke et al., 2012). Unlike DA 
neurons, however, the specific neurons responsible for carrying this information have not 
yet been identified (Waddell, 2010). Octopaminergic innervation of the MB is relatively 
limited and diffuse (Busch et al., 2009; Pech et al., 2013), especially in comparison to the 
specific tiling patterns of the dopaminergic neurons. Our new understanding of PAM 
neurons opens up interesting questions about possible interactions or division of labor 
between OA and DA neurons. One theory is that octopamine neurons are upstream of PAM 
in the reward circuitry (Yamagata et al., 2014), but this has yet to be demonstrated 
experimentally.  
 Serotonergic (5-HT) neurons, on the other hand, do not have a clear role in 
reinforcement signaling, except in place learning (Sitaraman et al., 2008). However, the loss 
of serotonin receptors in the MB disrupts proper memory formation (Johnson et al., 2011). 
Interestingly, a pair of 5-HT neurons called the dorsal paired medial neurons (DPM) which 
heavily innervate the MB have been found to play a role in the consolidation of ARM 
through their interaction with α/β neurons (Lee et al., 2011), potentially explaining the 
requirement of 5-HT receptors in the MB. A similar connection between the 
octopaminergic anterior paired lateral (APL) and α'/β' neurons has been found to serve a 
similar function as DPM (Wu et al., 2013). A more general role for 5-HT in olfactory 
conditioning beyond ARM consolidation has not yet been identified 
 In chapter 2 we examine the role of aminergic neurons in aversive taste learning. 
We find that silencing PPL1, but not PAM, OA, or 5-HT neurons, disrupts aversive taste 
learning, and we examine the activity of PPL1 neurons in response to tastant stimulation 
using calcium imaging.  
 
 
Taste Sensation and Conditioning in Drosophila   
 
 The sense of taste allows animals to sample the foods they are about to ingest, 
avoiding potentially toxic bitter compounds and accepting nutritious substances. Unlike 
mammals, which are only capable of tasting with their mouth, flies are able to detect taste 
stimuli with a variety of body parts, including their legs, wings, ovipositor, proboscis, and 
internal mouthparts (Stocker, 1994). These regions contain chemosensory bristles that 
house two to four gustatory receptor neurons (GRNs), each of which detects a different 
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taste modality via gustatory receptor (GR) proteins (Clyne et al., 2000; Scott et al., 2001; 
Wang et al., 2004).  The GR class contains 68 members (Dunipace et al., 2001; Scott et al., 
2001), most of which are expressed in taste sensilla. The GRs have been grouped according 
to co-expression and taste modality response. GR-5a and related receptors are sensitive to 
sugars with three to eight different GRs expressed per sugar-sensing GRN, whereas GR-66a 
and twelve other GRs are present exclusively in bitter-sensitive cells (Dahanukar et al., 
2001; Marella et al., 2006; Montell, 2009; Thorne et al., 2004; Wang et al., 2004). Additional 
contact chemosensation is mediated by members of the pickpocket (PPK) family of ion 
channels, with water-sensing GRNs expressing an osmosensitive ion channel called PPK28 
(Cameron et al., 2010), and pheromone-sensing GRNs expressing PPK23 and PPK29 
(Thistle et al., 2012). About 35 members of the ionotropic receptor (IR) family have also 
been found in taste neurons, with at least one member of the family expressed in almost all 
taste sensilla, including bitter-, sugar- and pheromone-sensing GRNs (Koh et al., 2014).  
 By expressing non-overlapping sets of receptors, each GRN is responsive to multiple 
tastants within a single category, known as labeled line encoding. The axons of the GRNs 
project from the peripheral sense organs into the central nervous system, terminating in 
either the ventral nerve cord (VNC) or the subesophageal zone (SEZ) of the brain. These 
projections segregate based on the organ of origin and the GRN type (Marella et al., 2006). 
This segregation suggests that the separation between taste modality and location seen in 
the periphery is maintained at this first relay. The results reported in this thesis show that 
separation among the modalities is maintained in the higher brain as well. 
 While the peripheral gustatory neurons have been well-defined, taste circuitry in 
the higher brain is still largely unknown. Various interneurons that are important for 
feeding or for the proboscis extension response (PER) have been characterized (Flood et 
al., 2013; Mann et al., 2013; Marella et al., 2012; Pool et al., 2014), as have motor neurons 
essential for PER and ingestion (Gordon and Scott, 2009; Manzo et al., 2012), but second-
order neurons that relay information between the primary taste areas and other brain 
areas have yet to be identified. Chapter 3 of this thesis addresses this issue, identifying 
three second-order taste neurons which synapse with the primary sensory neurons in the 
SEZ and VNC and project into higher brain.  
 Even though we have yet to identify the input pathway, it is clear that taste 
information reaches the MB and is encoded in a way that allows for it to play multiple roles 
in memory. In addition to using sugar as the US in appetitive olfactory paradigms, tastants 
can also be used as the CS in taste conditioning experiments. In one study, flies were 
trained to reject sweet tastants if they were paired with a noxious pulse of an infrared laser 
(Masek and Scott, 2010). Interestingly, flies were unable to distinguish tastants of similar 
palatability within the same modality, suggesting that taste processing in the higher brain 
maintains the same type of labeled line coding seen in the periphery. In a similar study, 
bitter-sensing neurons expressing TRPA1 were activated exogenously while the fly was 
presented with fructose. This heat-induced activation was sufficient to train the fly to 
suppress PER to fructose for short periods of time (Keene and Masek, 2012), clearly 
showing tastants can be used as a CS, US, or both in associative memory paradigms. The 
learning assay developed for this thesis uses tastants as both CS and US, training flies to 
reject a naturally appetitive tastant by pairing it with an aversive tastant. Here, I use a 
mixed operant and classical conditioning paradigm by teaching the fly to associate 
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unconditioned and conditioned stimuli (classical) in response to the extension of its 
proboscis (operant). 
 Taste compounds also have the added complexity of relaying signals for both 
palatability (e.g. sweet) and nutrition (e.g. caloric content). If presented with tastants which 
dissociate these two cues, flies will initially prefer the palatable, non-nutritious substance, 
shifting over time to prefer the non-palatable, nutritious compound. The timing of this shift 
is dependent on hunger state of the fly and is mediated via PKA and CREB (Stafford et al., 
2012), the same components of the cAMP signaling pathway necessary for memory 
formation in the MB. Exploiting the dissociation between nutrition and taste has revealed 
different functions for these cues in appetitive memory. Pairing a sweet non-nutritious 
sugar with an odor will form an appetitive STM, which decays rapidly (Burke and Waddell, 
2011), whereas flies consuming a tasteless, nutritive sugar will form an appetitive memory, 
which is only evident after multiple hours of testing (Fujita and Tanimura, 2011). The many 
different functions of taste stimuli in memory suggests that information is relayed and 
processed by the MB in a unique way, allowing for more complexity and variation than in 
the processing of olfactory information.   
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Figure 1.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Schematic of olfactory associative learning in the fly brain 
Odor, which acts as the conditioned stimulus, is relayed from the periphery to the antennal 
lobe. Projection neurons (purple) extend into the higher brain were they synapse with the 
Kenyon cells of the mushroom body (blue) in the calyx. The unconditioned stimulus is 
relayed to the lobes of the mushroom body via aminergic neurons. This association results 
in either aversive or appetitive learning depending on the quality of the unconditioned 
stimulus.  
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Summary 
 
  The Drosophila mushroom bodies are critical association areas whose role in 
olfactory associative learning has been well characterized. Recent behavioral studies using 
a taste association paradigm revealed that gustatory conditioning also requires the 
mushroom bodies (Keene and Masek, 2012; Masek and Scott, 2010) Here, we examine the 
representations of tastes and the neural sites for taste associations in the mushroom 
bodies. Using molecular genetic approaches to target different neuronal populations, we 
find that the gamma lobes of the mushroom bodies and a subset of dopaminergic input 
neurons are required for taste associative learning. Monitoring responses to taste 
compounds in the mushroom body calyx with calcium imaging reveals sparse, taste-
specific and organ-specific activation in the Kenyon cell dendrites of the main calyx and the 
dorsal accessory calyx. Our work provides insight into gustatory representations in the 
mushroom bodies, revealing the essential role of gustatory inputs not only as rewards and 
punishments but also as adaptive cues.  
 
 
This work has been previously published:  

Kirkhart, C. and Scott, K. (2015). Gustatory Learning and Processing in the Drosophila 
Mushroom Bodies. Journal of Neuroscience. 35, 5950-5958.  
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Introduction 
 
 Learning allows animals to alter their behavior in response to previous experience. 
Even innate behavioral drives elicited by sensory detection, such as the decision to initiate 
feeding, may be modified if previously associated with a noxious stimulus.  

A central site for experiential learning in Drosophila is the mushroom bodies (MBs) 
(Davis, 2005; Heisenberg, 2003; Keene and Waddell, 2007). The dendrites of the MB 
principle cells, the Kenyon cells (KCs), receive sparse, random inputs from olfactory 
projection neurons. Activity in different ensembles of KCs encodes unique odor blends, 
enabling associations between a vast array of odor combinations and learned behaviors 
(Caron et al., 2013; Gruntman and Turner, 2013; Murthy et al., 2008). In contrast to odor 
inputs at the KC dendrites, aminergic neural processes wrap around KC axonal lobes to 
convey unconditioned stimuli (US), such as reward or punishment (Burke et al., 2012; 
Claridge-Chang et al., 2009; Liu et al., 2012). The coincident detection of an odor 
(conditioned stimulus; CS) and a US is thought to alter synapse strength at the MB outputs 
(Cassenaer and Laurent, 2012), producing a long-lasting association between the odor and 
the unconditioned response. 

Although odors act as conditioned stimuli and tastes can act as unconditioned 
stimuli, the diversity of sensory information that the MBs integrate is unresolved. 
Anatomical studies of insect MB inputs suggest that visual, tactile, and gustatory cues are 
processed in different MB calyx compartments as conditioned stimuli (Menzel, 2014). In 
addition, behavioral studies in Drosophila argue that the MBs receive multimodal inputs, as 
they are required for taste conditioning, courtship conditioning, and some forms of visual 
learning (Masek and Scott, 2010; Zars, 2000b). 

To gain insight into sensory processing in the MBs, we examined how taste 
information is represented in this brain region. Drosophila taste with gustatory neurons on 
the proboscis labellum, internal mouthpart organs, legs, and wings (Stocker, 1994). 
Gustatory neurons express different gustatory receptors, detect different taste modalities, 
including sugar, bitter, and water tastes (Liman et al., 2014), and send axons to the 
subesophageal zone (SEZ) of the brain (Stocker, 1994). Pathways from the SEZ to higher 
brain regions have not yet been identified in Drosophila. 

Evidence that the MBs process tastes as conditioned and unconditioned stimuli 
comes from behavioral taste conditioning experiments (Keene and Masek, 2012; Masek 
and Scott, 2010). A simple taste behavior is the proboscis extension response (PER): when 
leg gustatory neurons detect sucrose, the fly extends its proboscis to eat. Pairing sucrose 
stimulation to the leg (CS) with an aversive stimulus (US) causes short-term inhibition of 
proboscis extension. This learned behavior requires the MBs, but the neural processing in 
the MBs that underlies taste conditioning is unknown. 

Here, we used behavioral and calcium imaging studies to examine taste 
representations in the MBs and the role of these structures in aversive taste conditioning. 
These studies reveal that taste inputs into the main calyx are segregated by taste 
compound and taste organ. In combination with aminergic lobe inputs, this organization 
may allow tastes to serve both as sensory inputs to be contextualized as well as rewards or 
punishments.  
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Results 
 
The gamma lobes are required for short-term taste memories 
 
 The Kenyon cells of the MB are divided into three main classes based on axonal 
arborizations in the α/β, α'/β’ and γ lobes. Previous studies have identified functional 
specializations among and within the classes, with different subsets playing different roles 
in the phase, type, and length of associative memory (van Swinderen, 2009). In general, the 
α/β neurons are essential for olfactory long-term memory (LTM), the α'/β’ neurons are 
necessary for medium-term memory (MTM) and LTM consolidation, and the γ neurons are 
required for short-term memory (STM) and courtship conditioning (Blum et al., 2009; 
Keleman et al., 2007; Krashes et al., 2007; McGuire et al., 2001; Trannoy et al., 2011; Zars, 
2000a).  
 To study the role of the MB classes in aversive taste conditioning, we modified a 
learning assay in which two different taste compounds are used as the CS and the US 
(Keene and Masek, 2012). Flies were stimulated on the tarsi with the appetitive CS, 500 
mM sucrose, causing the proboscis extension response (PER), whereupon the bitter US, 50 
mM quinine, was briefly applied to the proboscis (Figure 2.1B). Memory was assessed after 
training by presenting the CS and recording PER. Flies formed a rapid, one-trial 
conditioned aversion which was retained five minutes after training and decayed rapidly 
(Figure 2.1C).  
 To determine the role of each class of MB cells in the formation of taste memories, 
we transiently blocked the synaptic output of Kenyon cells using the temperature-sensitive, 
dominant-negative dynamin shibirets (Kitamoto, 2001) while flies underwent aversive 
taste conditioning. All Gal4/UAS-shits lines showed normal memory formation at permissive 
temperature (Figure 2.1D-H). When output was blocked in two Gal4 lines that label the 
majority of MB Kenyon cells (Fig 2.1D, 247-Gal4 and c772-Gal4), memory was severely 
disrupted. No changes in memory performance were observed when synaptic output was 
blocked from the α/β or the α'/β' lobes (Fig 2.1EF, using c739-Gal4, NP3061-Gal4 and 320-
Gal4, c305-Gal4, respectively). However, blocking synaptic output of the γ lobe neurons 
(using NP1131-Gal4 and H24-Gal4) completely abolished conditioned aversion (Fig 2.1G). 
To ensure that the block of conditioned aversion was due to silencing γ lobe neurons rather 
than other neurons in the Gal4 lines, we repeated the experiments including MB-Gal80 to 
prevent expression of shits in MB lobes (Krashes et al., 2007). Under these conditions, flies 
showed normal conditioned aversion (Fig 2.1H), arguing that silencing γ lobe neurons in 
these lines is required to block conditioned aversion. These experiments show that the γ 
lobe is the site of aversive taste memory formation in the mushroom bodies.  
 As the γ lobes are known to participate in short-term memories, we wondered if 
additional lobes would contribute to taste conditioning if we altered the learning paradigm 
to generate memories of a longer duration. Increasing the trial number from a single 
pairing to 25 pairings of the US and CS increased the length of memory retention, with a 
robust memory after 30 minutes (Figure 2.1D-H). The conditioned behavior required the 
mushroom bodies, with a requirement for the γ lobes but not the α/β or α'/β' lobes. 
Interestingly, only one of the two γ lobe lines was required for multi-trial memory. 
Inclusion of MB-Gal80 restored conditioned aversion, arguing that silencing MB neurons is 
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required to prevent conditioned aversion. The differences in the requirement of the two γ 
lobe lines for conditioned aversion could be due to the higher number of γ lobe neurons 
labeled in NP1131-Gal4 as compared to H24-Gal4 (Aso et al., 2009), the small number of 
non-γ MB neurons labeled, or differences in expression levels of the reporters. These 
results demonstrate the requirement of MB neurons for taste conditioning. 
 
 
PPL1 dopaminergic neurons encode bitter punishment signals 
 
 Gustatory stimuli act as rewards and punishments in olfactory associative learning, 
suggesting that these same pathways may also be utilized for taste conditioning. For 
example, a subset of dopaminergic neurons, the paired anterior medial (PAM) neurons, 
responds to sensory detection of sucrose and signals sucrose reward (Burke et al., 2012; 
Liu et al., 2012). Other aminergic neurons that convey reward or punishment signals 
include dopaminergic paired posterior lateral 1 (PPL1) neurons that carry an aversive 
signal (Claridge-Chang et al., 2009), octopaminergic neurons (OA) that participate in 
reward (Burke et al., 2012), and serotonergic neurons (5-HT) that have been implicated in 
both punishment and reward (Sitaraman et al., 2008, 2012). 
 To test whether taste conditioning acts via these aminergic neurons, we inhibited 
the synaptic output of different classes of aminergic neurons during taste conditioning. No 
memory deficit was observed when 5-HT neurons or OA neurons were silenced with UAS-
shits, showing that neither population has an essential function in taste memory (Figure 
2.2). To investigate the role of dopamine, we used two Gal4 driver lines, tyrosine 
hydroxylase (TH)-Gal4 and HL9-Gal4, that label partially overlapping sets of dopaminergic 
neurons. Of the DA neurons that innervate the MB, TH-Gal4 preferentially labels PPL1 
neurons, while HL9-Gal4 preferentially labels the majority of PAM neurons (Claridge-Chang 
et al., 2009), allowing us to differentiate between the DA neurons implicated in aversive 
and appetitive reinforcement, respectively. Silencing TH-Gal4 resulted in complete 
abolition of aversive taste memory, whereas HL9-Gal4/UAS-shits flies showed no effect 
(Figure 2.2). Although TH-Gal4 labels many neurons, the only TH-Gal4 neurons that 
innervate the MBs and are not found in HL9-Gal4 are PPL1 neurons (Claridge-Chang et al., 
2009), suggesting that the PPL1 cluster, but not the PAM cluster, may be required for 
aversive taste learning.  
 Previous studies of PPL1 neurons showed that they are necessary for shock-induced 
olfactory aversive conditioning and that they respond to temperature decreases (Tomchik, 
2013) and the chemical repellent DEET (Das et al., 2014), suggesting that PPL1 encodes  
multiple types of aversive US. We next used calcium imaging to test if dopaminergic 
neurons respond to bitter stimuli and signal the bitter US by expressing GCaMP6s in TH-
Gal4 neurons. Using a spinning disk microscope equipped with a piezo drive, we were able 
to record calcium signals in a 3-dimensional volume over time in live flies. No calcium 
activity was observed in the calyx (Fig 2.3AB), ruling out the PPL2ab cluster, so analysis 
was focused on five subsets of PPL1 neurons that innervate the MB lobes: MP1, MV1, V1, 
and the neurons that innervate the tips of the α and α' lobes (Figure 2.3C). PPL1 neurons 
showed strong responses to bitter stimulation of the proboscis and to a noxious heat shock 
to the abdomen but did not respond to sugar sensory stimulation, arguing that PPL1 carries 
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the bitter aversive signal (Figure 2.3CD). Interestingly, bitter and heat show slightly 
different activation patterns, with MB-MP1 neurons responding to bitter, but not heat, and 
the α' tip neurons responding to heat, but not bitter. These data suggest that the PPL1 
cluster encodes a general aversive signal, but individual neurons within the cluster may 
have more specific response properties.  
 Interestingly, the neurons previously implicated in relaying sugar information to the 
MB, OA neurons and PAM DA neurons (Burke et al., 2012; Liu et al., 2012), played no role in 
aversive taste conditioning, despite sugar stimulation serving as the CS in this paradigm. 
This suggests that taste information is relayed to the MB via multiple pathways.  
 
 
Representations of taste modalities in the main calyx 
 
 If information about the sugar CS is not reaching the axonal MB lobes indirectly 
through the aminergic reinforcement circuitry, it might be directly conveyed to the MB 
dendrites, in a manner similar to olfactory conditioned stimuli. The dendrites of Kenyon 
cells form a dense cloud of neuropil called the calyx. Olfactory projection neurons (PNs), 
which relay information from the antennal lobes, extend large boutons into this region, 
where each bouton is individually wrapped in dendrites from multiple Kenyon cells, 
forming microglomeruli known as synaptic claws (Leiss et al., 2009).  
 To examine taste activation in the calyx, we drove expression of the genetically 
encoded calcium indicator UAS-GCaMP5 with OK107-Gal4, which drives strong expression 
in Kenyon cells (Aso et al., 2009). Calcium responses in the calyx were monitored in 4D 
while tastants were presented to the tarsi or the proboscis of the fly, allowing for responses 
in the entire structure to be analyzed during each stimulation. Olfactory organs were 
removed to prevent possible confounds. 
 Tastants produced sparse activation of claws in the main calyx (Figure 2.4). To 
examine how taste information is encoded in the MB, multiple tastants were presented to 
each fly and active claws were counted and compared. Tastants that activate different 
sensory cells in the periphery, such as sugar and bitter (Figure 2.4A,E) or sugar and water 
(Figure 2.4B,F), activated different populations of claws, with only 4 ± 2.8% and 6 ± 6.2% 
(mean ± stdev) of claws responding to both stimuli, respectively. However, tastants that 
activate the same peripheral cells matched for perceived intensity (Masek and Scott, 2010), 
such as the two sugars fructose and glucose (Figure 2.4C,G) and the two bitters denatonium 
and quinine (Figure 4D,H), activated largely overlapping populations (78.9 ± 6.6%). The 
difference in overlap between the tastants within a modality (the two sugars fructose and 
glucose), and those across modalities (sugar and water, or sugar and bitter) is highly 
significant (p<0.0001, Fisher's exact test with Bonferroni correction). These data reveal 
that activation of different gustatory cells in the periphery is represented as activation of 
different MB calyx claws, provide a potential mechanism for discrimination across, but not 
within, modalities (Masek and Scott, 2010).  
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Different taste organs activate partially overlapping populations of KC claws 
 
 In insects, gustatory neurons are found on the proboscis, legs, and wings (Stocker, 
1994; Wang et al., 2004). Different taste organs project to distinct regions of the SEZ and 
ventral nerve cord (Stocker, 1994; Wang et al., 2004), but it is unknown if this organotopic 
segregation is maintained in the higher brain. To examine if MBs receive inputs from 
multiple taste organs, we monitored calcium responses in the main calyx while presenting 
the same tastant to the legs or the proboscis. Proboscis and leg stimulation activated 
partially overlapping claw populations, with both singular and shared representations (14 
± 8.5% leg only, 43 ± 2.9% proboscis only, 43 ± 9.4% both) (Figure 2.5A,C). Similarly, 
comparing stimulation of the left foreleg and the right foreleg revealed different leg 
representations, with the representation of the contralateral leg largely subsumed within 
the larger ipsilateral leg representation (4.6 ± 4.5 % contralateral only, 45.4 ± 22.3% 
ipsilateral only, 50 ± 25.1% both) (Figure 2.5B,D). Thus, both different taste modalities and 
different taste organs have unique representations in the MB calyx, suggesting that these 
inputs have the potential to be differentially and independently modified by learning.  
 To test if the different representations translate into independent learned 
associations, we asked whether taste conditioning was leg-specific. We paired five trials of 
sucrose on the right tarsi with bitter punishment on the proboscis, then tested whether 
flies would extend the proboscis to sucrose stimulation on the right or left legs. 
Remarkably, flies only suppressed PER when the sucrose was presented to the trained leg 
and showed normal PER when they sensed sugar on the untrained leg (Figure 2.5E). This 
demonstrates that associations are taste organ-specific and suggests that different 
representations in the MB calyx enable independent associations.  
 
 
Integration and segregation of gustatory and olfactory inputs 
 
 Our imaging studies revealed that gustatory stimuli activate the MB calyx, 
suggesting similarities between processing of tastes and odors as conditioned stimuli. 
Previous studies have shown that each Kenyon cell extends dendrites into several synaptic 
claws and receives inputs from 5-7 different olfactory projection neurons (Leiss et al., 
2009). To examine whether the same Kenyon cell receives both gustatory and olfactory 
inputs, we monitored activity at the KC cell body in response to tastants and artifical 
activation of olfactory neurons. We sequentially stimulated the proboscis or the tarsi with 
tastants and then activated a large number of olfactory sensory classes by expressing the 
heat-activated dTRPA1 channel (Hamada et al., 2008) in many olfactory neurons using 
Orco-LexA (Lai and Lee, 2006) and presenting a heat probe to the antenna. The vast 
majority of KCs responded to exogenous olfactory activation and a small number 
responded to tastants, with approximately 50% of the taste-responsive KCs also responsive 
to odors (Figure 6AC). Flies expressing LexAop-dTRPA1 without the Orco-LexA driver 
showed no calcium activity in KCs in response to heat, confirming that the activity was 
driven by Orco-activation, not heat alone (numbers of KCs responsive to sugar and heat in 
flies with and without Orco-LexA are significantly different, U=0,  p<0.01, Mann-Whitney U-
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Test). This argues that a single KC can integrate inputs across sensory modalities and 
organs, enabling multimodal associations with unconditioned stimuli.  
 Although tastants have a sparse representation in the main calyx, similar to the 
activation pattern of single odorants, we observed a clear difference in the response of the 
dorsal accessory calyx. Tastants, but not olfactory stimulation, activated the dorsal 
accessory calyx, a region that has been implicated in gustatory processing in many insects 
based on anatomy (Farris, 2008). Bitter compounds and sucrose both activated the dorsal 
accessory calyx, providing a gustatory MB representation distinct from olfactory cues 
(Figure 6D). We tested the role of the dorsal accessory calyx in aversive taste conditioning, 
using NP3208-Gal4 and UAS-Shits for acute silencing, and found that it was not required 
(permissive and restrictive temperature groups not significantly different, mean = 30% and 
26.1% respectively, n=46-50, p=0.821, Fisher's exact test). Although the function of the 
dorsal accessory calyx is unknown, gustatory activation of this region demonstrates a 
compartmentalization of sensory inputs into the MBs. Thus, gustatory inputs activate both 
the dorsal accessory calyx and the main calyx, with representations distinct from odor 
representations in the dorsal accessory calyx and sparse representations in the main calyx, 
similar to that of single odors. 
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Discussion 
 
  Our studies provide insight into sensory representations in the mushroom bodies, 
demonstrating multiple independent entries for gustatory cues. Here, we show that tastes 
activate the mushroom bodies not only via dopaminergic neurons signaling reward and 
punishment but also at the Kenyon cell dendrites, providing a neural basis that enables 
tastes to signal innate value while also allowing taste responses to be modified by learning. 
These studies extend and broaden our understanding of the mushroom bodies as a sensory 
integration center in the fly brain. 
 Previous studies of olfactory associative learning have established a pathway for 
rewards and punishments that is distinct from contextualized cues. For example, it has 
been shown that PAM neurons signal sucrose reward (Burke et al., 2012; Liu et al., 2012) 
and PPL1 neurons signal aversive stimuli, including shock and the insect repellent DEET 
(Das et al., 2014; Mao and Davis, 2009). We find that PPL1 neurons are also required for 
conditioned taste aversion and respond to bitter taste stimulation of the proboscis, arguing 
that PPL1 neurons signal multiple aversive cues.  
 In addition to taste inputs at the MB axons, we also find that gustatory information, 
like olfactory information, triggers activity in the dendrites of the MB calyx.  Elegant studies 
have shown that each Kenyon cell receives inputs from a small, random subset of second-
order olfactory neurons, providing the capacity to enable thousands of unique olfactory 
associations (Caron et al., 2013; Gruntman and Turner, 2013; Murthy et al., 2008). 
Although the main calyx is primarily olfactory, we show here that gustatory information is 
also processed in the main calyx, with separate inputs for different taste modalities and 
both separate and shared inputs for different taste organs. Gustatory representations are 
sparse and represent approximately 3% of calyx inputs (based on bouton estimation in 
Turner et al., 2008). Some Kenyon cell bodies respond to both odors and tastes, which may 
enable coding of multimodal conditioned stimuli. An additional representation in the dorsal 
calyx may enable associations to be categorized based on sensory modality or may allow 
for convergence of tastes with the non-chemical senses. 
 As taste projections to higher brain centers have not yet been characterized, 
questions regarding the circuitry providing gustatory inputs to the mushroom body 
remain. However, our current study provides direct evidence of gustatory inputs into the 
main calyx, with different representations for tastants of different modalities and different 
representations for different taste organs. Here, we show multimodal inputs into the 
mushroom body, broadening our understanding of the neural coding underlying 
conditioned learning and providing a basis for examining taste circuitry in the higher brain.  
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Materials and Methods 
 
 
Fly strains  
 
The following fly lines were used: 247-Gal4 (Schulz et al., 1996; Zars, 2000a), c772-Gal4 and 
H24-Gal4 (Zars, 2000a), c739-Gal4 (O’Dell et al., 1995; Yang et al., 1995), c320-Gal4 
(Krashes et al., 2007; Martini and Davis, 2005), c305a-Gal4, MB-Gal80 (Krashes et al., 
2007), NP1131-Gal4 and NP3061-Gal4 (Aso et al., 2009; Tanaka et al., 2008), Tdc2-Gal4 
(Cole et al., 2005), Trh-Gal4 (Sitaraman et al., 2012), TH-Gal4 (Friggi-Grelin et al., 2003), 
HL9-Gal4 (Claridge-Chang et al., 2009), UAS-shibirets (Kitamoto, 2001), OK107-Gal4 
(Connolly et al., 1996), UAS-GCaMP5 (Akerboom et al., 2012), UAS-GCaMP6s (Chen et al., 
2013), LexAop-dTRPA1 (Hamada et al., 2008), Orco-LexA (Lai and Lee, 2006), NP3208-Gal4 
(Tanaka et al., 2008). Flies were grown on standard fly food. 
 
 
Learning Assay 
 
Five to seven day old female flies were starved for 24 hours in a vial on a wet kimwipe. 
Flies were then anesthetized with CO2 and individually affixed to a glass slide with clear 
nail polish. After recovering in a humid chamber for two hours, flies were water satiated 
prior to training and were presented with 500mM sucrose (CS) three times on the tarsi 
before testing. Any fly that did not show robust PER to each sucrose stimulation was 
removed from the study. Each learning trial consisted of a presentation of the CS on the 
tarsi, quickly followed by a stimulation of 50mM quinine (US) on the proboscis. A single 
trial was used for 5 minute memory and 25 trials for 30 minute memory tests. In multiple 
trial studies, the US was only presented when the fly extended its proboscis to the CS. The 
inter-trial interval was two minutes, during which flies were rinsed with, and were able to 
consume, water. Following training, flies were presented with only the CS on their tarsi 
once every 5 or 15 minutes. Flies that did not perform PER to sucrose, and hence showed 
successful learned suppression, were counted and compared to the number flies that 
extended (either partially or fully). For Shits experiments, flies' temperature was raised to 
32°C by placing them in a heated chamber 20 minutes prior to the assay where they were 
maintained at that temperature throughout the experiment for conditional neural 
inactivation, while the same genotype control flies were kept at 22°C. In single leg 
experiments, the CS was presented to either the right or left tarsi exclusively. Percentages 
of PER are reported on the graphs, and the 95% confidence intervals were calculated using 
the Wald method. Differences in PER frequency between experimental and control groups 
were compared using Fisher's exact test (2x2 matrix: low temp, high temp, PER yes, PER 
no), appropriate for categorical data (Y/N PER).   
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Calcium Imaging 
 
For imaging of the calyx, 2-3 day old female flies were affixed to a piece of packing tape in 
an imaging chamber with a fine strand of tape securing their necks. A small hole was cut in 
the top of the tape, exposing the fly's head, which was stabilized with dental wax and 
dissected in cold artificial hemolymph to expose the dorsal region of the brain. Tarsi and 
proboscis were waxed into extended positions to allow for tastant stimulation. For imaging 
of the paired posterior lateral 1 (PPL1) cluster of neurons, flies were prepared as 
previously described (Marella et al., 2006). Flies were imaged on a 3i spinning disk confocal 
microscope with a 40x water objective and a 488nm laser. A piezo drive allowed for 
imaging of z-stacks of 18 to 20 1μm slices at a z-stack rate of approximately 1Hz, making it 
possible to scan an approximate volume of 150μm x 150μm x 20μm across time.  
 For all calcium imaging experiments, tastants were presented to the fly via a glass 
capillary for 1-2 seconds. For PPL1 imaging, 1M sucrose and a mix of 50mM caffeine and 
60mM denatonium were used as tastants. Both were diluted in 20% PEG in order to 
eliminate activation of the water sensory cells. Noxious heat shock was performed by 
touching a custom built heat probe to the abdomen of the fly, which rose to approximately 
40°C and decayed back to room temperature over approximately 3 seconds. For MB calyx 
imaging, the following tastants were used: 1M sucrose, 100mM quinine (high concentration 
tastants were used to eliminate possible confounds due to water cell activation), and water 
(for across-modality experiments); 200mM fructose and 300mM glucose (for within-
modality experiments, tastants chosen based on preferential equivalence (Masek and Scott, 
2010)); 1M sucrose (for taste organ experiments); and 1M sucrose, 7mM quinine, and 
300mM glucose (for example images in Fig 6). TRPA1 stimulation during imaging was 
performed as previously described (Mann et al., 2013). In general, tastants were presented 
twice during each scan, with 2-3 scans per condition.  
 To analyze the data, the ΔF/F activation of each plane was compared across 4-6 
stimulations of a single tastant to determine repeatable, non-random activity. Active claws 
or cells were then manually identified and compared across conditions to determine 
overlap. To generate comparison figures, ΔF images were thresholded by intensity and size, 
then overlaid on a single plane image of the background intensity. Comparisons between 
groups were performed using Fisher's exact test on the summed data (2x2 matrix: 
overlapping claws, non-overlapping claws, Group 1, Group 2) and were corrected for 
multiple comparisons using the Bonferroni method. PPL1 calcium traces were calculated 
by manually drawing ROIs, then dividing the change in fluorescence by the average 
intensity of the first five frames. Traces for each ROI were averaged across n=5 flies.   
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Figures 
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Figure 2.1: Aversive taste conditioning requires the MB gamma lobes. 
A. Schematic showing the basic structure of the mushroom bodies in the Drosophila brain. 
B. Schematic showing the aversive taste memory paragdigm. Flies are screened for full 
extension to the CS (Pretest). Training trials consist of a quinine stimulation on the 
proboscis follwoing extension. Following training, memory is assayed by observing 
suppression of PER in response to sucrose stimulation at 5 minute intervals. 
C. Wildtype (Canton-S) flies which have received training (left, black lines) show PER 
suppression to the CS, assessed at 5 minute intervals post-training, whereas naïve flies 
show strong PER throughout (grey). Five minutes after one-trial learning, trained flies 
show significantly reduced PER as compared to wildtype (left). Data show percentage PER 
±95% CI (*p<0.001, Fisher's exact test). 
D-H. Aversive taste learning requires the  γ lobes. Two Gal4 lines were used for each MB 
subset: (D) whole MB (247 and c772), (E) α/β (NP3061 and c739), (F) α'/β' (c320 and 
c305a) (G) γ (NP1131 and H24), and (H) γ lines with MB expression silenced 
(NP1131/MBgal80 and H24/MBgal80). Flies expressing shits in subsets of Kenyon cells 
(MBsubset-Gal/+;UAS-shits/+) at permissive temperature (22C) are shown in black and 
restrictive temperature (32C) are shown in red. Data indicates percentage PER ± 95% CI. 
Flies of genotype MB subset-Gal4, UAS-shits were used. First column: Single trial conditioning 
requires γ MB neurons. Following pretest,  a single pairing of 500mM sucrose on the tarsi 
and 50mM quinine on the proboscis was performed, following which memory was 
monitored at 5-minute intervals. Insets show schematic of the MB neurons silenced in each 
experiment. Second column: Twenty-five trial conditioning requires γ MBs. Similar to single 
trial conditioning, except flies were presented with the pairing following PER 25 times, and 
memory was monitored in 15-minute intervals. Third column: PER suppression was 
compared between groups at 5 minutes (1 trial) or 30 minutes (25 trials) after training. 
Bars show percentage PER +95%CI (*p<0.001, Fisher's exact text).  
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Figure 2.2 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: PPL1 neurons are required for taste conditioning. 
A. Single-trial aversive taste conditioning assays were performed on flies with different 
classes of aminergic neurons silenced with shits. Flies with octopaminergic neurons (Tdc2), 
serotonergic neurons (Trh), and dopaminergic subsets (TH and HL9) expressing shits were 
conditioned at permissive (22C, black) and restrictive (32C, red) temperatures. Flies of 
genotype aminergic subset-Gal4, UAS-shits were used. Data show percentage PER ± 95% CI. 
B. Only flies with silenced TH-Gal4 neurons showed an inability to form aversive taste 
memory at 5 minutes (data from 2A). Data show percentage PER + 95% CI (*p<0.00001, 
Fisher's exact test).   
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Figure 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Bitter and heat, but not sugar, activate the PPL1 neurons 
A. Schematic shows the brain region imaged in these experiments. Z-projection of 
background fluorescence of TH-Gal4; UAS-GCaMP6s flies, showing of TH-Gal4 innervation 
which innervate the MB calyx and lobes (dotted circles). Representative ΔF heatmaps of the 
maximum responses to bitter in the α lobe tip and calyx.  
B. Average ΔF/F responses of the TH-Gal4 processes in the α lobe tip and calyx to bitter 
(50mM caffeine and 60mM denatonium) over time. Mean (bold line) ± SEM (light 
surrounds). Gray bars indicate presence of the stimulus. n=5 for both conditions. 
C. Schematic shows the brain region imaged in these experiments. Z-projection of 
background fluorescence of TH-Gal4; UAS-GCaMP6s flies, showing the five subsets of PPL1 
neurons (dotted circles) which innervate the MB lobes. Representative ΔF heatmaps of the 
maximum responses to bitter and noxious heat in the PPL1 neurons. Arrowhead indicates 
alpha' tip region (only active for noxious heat) and arrow indicates V1 region (only active 
for bitter). Scale bar = 20μm. 
D. Average ΔF/F responses of the five PPL1 subsets to bitter (50mM caffeine and 60mM 
denatonium), sugar (1M sucrose) and noxious heat over time. Mean (bold line) ± SEM (light 
surrounds). Gray bars indicate presence of the stimulus. n=5 for all conditions. 
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Figure 2.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Taste inputs into the main calyx. 
A-D. Representative slices from calcium imaging experiments in OK107-Gal 4, UAS-GCaMP5 
flies presented succesively with 1M sucrose and 100mM quinine (A), 1M sucrose and water 
(B), 200mM fructose and 300mM glucose (C) and 1mM denatonium and 7mM quinine (D). 
Thresholded ΔF images of active claws (red, green) overlaid on background fluorescence 
(gray). Schematics show the region of the MB imaged and analyzed (box) and the 
approximate depth of each representative slice (blue plane). Scale bars = 20μm. 
E-H. Summary counts of the taste-responsive claws in the entire calyx of the four animals in 
each condition.  
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Figure 2.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Representation of taste organs in the MB calyx. 
A-D. Representative slices from the MB calyx, showing claws responding to 1M sucrose 
stimulation on the proboscis or ipsilateral leg (A) and ipsilateral or contralateral leg (B), as 
well as summaries of the taste-responsive claws from four animals (C,D). Schematics show 
the region of the MB imaged and analyzed (box) and the approximate depth of each 
representative slice (blue plane). Scale bars = 20μm. 
E. Conditioned taste aversion is leg-specific. Pairing sucrose on the right leg with bitter 
delivery to the proboscis (5-trial conditioning) caused conditioned aversion to right leg 
stimulation (R) but not to left leg stimulation (L). Data represents percentage PER  95% 
CI. Significant difference 10 minutes after learning (n=15, p<0.0001, Fisher's exact test). 
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Figure 2.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6: Comparison of gustatory and olfactory representations. 
A. Many MB calyx cell bodies were activated by heat-induced activation of dTRPA1 
expressed in Orco olfactory neurons. Stimulation with a single taste compound (1M 
sucrose) activated very few cell bodies. Schematics show the region of the MB imaged and 
analyzed (box) and the approximate depth of each representative slice (blue plane). Scale 
bars = 20μm. 
B-C. Comparisons of Kenyon cells responsive to exogenous Orco activation and taste 
stimulation (of the proboscis (B) or front tarsi (C)) versus those responsive to taste alone. 
D. Two representative images showing taste (red) and  Orco-dTrpA1 (green) activation in 
the main calyx and taste activity alone in the dorsal accessory calyx (dotted bracket).  
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Summary 
 
 The gustatory system plays a critical role in survival, guiding animals to accept caloric 
food and avoid toxins. Although the molecular and functional identity of taste receptor 
neurons in the periphery has been established in both mammals and invertebrates, little is 
known about how gustatory information is encoded and represented in the central brain. 
Here, we identify three classes of taste projection neurons (TPNs) in Drosophila 
melanogaster distinguished by their dendritic and axonal arbors and their taste selectivity. 
Two classes are sugar-responsive and their activation promotes an innate feeding 
behavior, proboscis extension, whereas one class is bitter-responsive and its activation 
inhibits extension. Inhibition of taste projection neurons, on the other hand, has little effect 
on proboscis extension, but dramatically influences a learned behavior, conditioned taste 
aversion. Additionally, activation of the bitter-sensing TPNs is sufficient for aversive 
memory formation, suggesting that is an essential element of the circuit relaying 
information about the unconditioned stimulus. The TPNs necessary for conditioned taste 
aversion terminate in the lateral horn of the protocerebrum and surrounding neuropil, 
near olfactory projection axons but not near known elements of the learning circuit. Taken 
together, these studies identify a new class of neurons which synapse with primary taste 
neurons, show modality specificity, are capable of influencing innate taste behavior, and 
are essential for aversive taste conditioning.  
 
 
This work represents a collaborative effort between Heesoo Kim, postdoctoral fellow, and 
myself, and is reproduced with her permission.  
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Introduction 
 
 Drosophila sense non-volatile chemicals in their environment with gustatory 
neurons located on their proboscis, legs and wings (Stocker, 1994). These gustatory 
receptor neurons (GRNs) are tuned to different taste modalities, with each responsive to 
either sugar, bitter, water, or pheromones (Cameron et al., 2010; Marella et al., 2006; 
Thistle et al., 2012; Thorne et al., 2004; Wang et al., 2004). Gustatory neurons from the 
proboscis send axonal projections in the subesophageal zone (SEZ), whereas those from 
the legs terminate in either the ventral nerve cord (VNC) or the SEZ (Fig 1a). Though the 
GRN projections and the motor neurons controlling proboscis extension response (PER) 
are both located in the SEZ, they are not directly connected (Gordon and Scott, 2009), 
suggesting that in even the simplest possible model of taste processing, there must be at 
least one class of interneurons.  
 However, recent studies have revealed a greater complexity in the taste system than 
the simplest model proposes. A pair of interneurons in the SEZ, called the FDG neurons, are 
capable of inducing feeding behavior when activated (Flood et al., 2013), but do not appear 
to have synaptic connections with known sensory or motor neurons, necessitating at least 
two additional neurons to complete the circuit. It is currently unclear if PER is controlled 
entirely by local circuit in the SEZ, as multiple studies have found neurons in the higher 
brain or VNC which are capable of influencing PER behavior. These include a pair of 
neurons which inhibit PER when activated and appear to regulate the behavioral 
interaction between feeding and walking (Mann et al., 2013), as well as a set of four 
GABAergic neurons which are necessary for feeding cessation (Pool et al., 2014). 
Additionally, a few Gal-4 lines which, based on imaging or behavioral evidence, presumably 
contain neurons that extend beyond the SEZ and are involved in taste circuitry have also 
been identified (Kain and Dahanukar, 2015; Sun et al., 2014). While these neurons all seem 
to influence PER, none of them show extensive overlap with primary sensory projections or 
have a proven synaptic connection with GRNs or the identified motor neurons.  
 In addition to innate behaviors such as PER, taste information has been shown to 
play a role in more complex behavior as well, for example, functioning as either CS or US in 
associative learning paradigms (see Chapter 2). However, neurons involved in taste 
processing in the higher brain, for example the neurons responsible for delivering 
information from the SEZ to the structures examined in Chapter 2 (i.e. the mushroom body 
and the dopaminergic PPL1 neurons), are also unknown. 
 In this study, we identify three new classes of taste-responsive, modality-specific 
neurons which overlap extensively with primary sensory neurons, project into the higher 
brain, and can influence both learned and innate taste behaviors.  
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Results 
 

In order to identify candidate second-order taste projection neurons (TPNs), we 
used gustatory axonal patterns in the SEZ and VNC (Figure 3.1AC) as a guide in a visual 
screen of three existing Gal4 collections (Bidaye et al., 2014; Gohl et al., 2011; Jenett et al., 
2012). Three sparse Gal4 lines were identified as containing candidate TPNs and subjected 
to further analysis. R30A08-Gal4 exclusively labels two neurons (TPN1) in the third 
neuromere of the VNC with each cell sending projections that arborize in the contralateral 
three leg neuromeres and SEZ (Figure 3.1D and 3.2A). D41-Gal4 labels two pairs of neurons 
(TPN2) with similar arborization patterns. The first pair has cell bodies in the abdominal 
segment that arborize bilaterally in the leg and wing neuromeres in the VNC, with 
contralateral projections in the SEZ and the lateral protocerebrum. The second pair shows 
a similar projection pattern, but has cell bodies on the dorsal side of the third neuromere 
and contralateral projections in the VNC and brain (Figures 3.1E and 3.2B). We also 
identified one pair of candidate neurons (TPN3) in two different Gal4 lines: C220 and 
R11H09. The cell bodies of these neurons are in the cervical connective, with each cell 
making bilateral arborizations in the SEZ and the lateral protocerebrum (Figure 3.1F). C220 
and R11H09 also label a small number of additional cells that are non-overlapping between 
the two Gal4 lines (Figure 3.2C). Visualization of dendrites and axons using DenMark and 
synaptotagmin as markers revealed that TPN1 and TPN2 have dendrites in the VNC and 
axonal projections in the central brain, whereas TPN3 has dendritic arbors in the SEZ and 
axons in higher brain (Figure 3.3). 
 We examined the proximity of these candidates to gustatory projections by 
differential labeling of sensory projections and candidates, as well as by GFP Reconstitution 
Across Synaptic Partners (GRASP). The dendritic arbors of TPN1 and TPN2 and axonal 
termini of leg sugar-sensing sensory neurons overlapped extensively in the VNC, whereas 
no overlap was observed with bitter axons (Fig. 3.1DE). Furthermore, strong GRASP signal 
was observed between these TPNs and sugar axons, but not bitter axons (Figure 3.1DE, 
Figure 3.4). In contrast, the dendritic arbors of TPN3 overlapped with proboscis bitter 
sensory projections in the SEZ, whereas no overlap was observed for sugar fibers (Figure 
3.1F2). In addition, TPN3 showed a GRASP signal with bitter but not sugar axons (Figure 
3.1F3, Figure 3.4). These anatomical studies demonstrate a possible synaptic connection 
between sugar-sensing GRNS and TPN1 and 2 and suggest that these neurons may convey 
sugar signals from the legs to higher brain. Similarly, the overlap between bitter 
projections in the SEZ suggests TPN3 may be bitter-sensing neurons.  
 To test these hypotheses, we monitored calcium responses in the axonal termini of 
candidate TPNs using a genetically encoded calcium indicator (G-CaMP6s) while flies were 
exposed to gustatory stimuli. A red anatomical marker was used to independently identify 
TPNs for targeted imaging (Fig. 3.5AB). Both TPN1 and TPN2 showed robust responses to 
sucrose but did not respond to water or the bitter mixture (10mM denatonium and 100mM 
caffeine). TPN3 responded to the bitter mixture but not to sucrose or water (Fig. 3.5CD). A 
similar taste selectivity was seen with artificial stimulation of gustatory sensory neurons 
using heat-induced activation of dTRPA1 expressed in specific sensory classes, with TPN1 
and TPN2 responding to the activation of sugar-sensing sensory cells and TPN3 responding 
to activation of bitter cells (Figure 3.6). As predicted by the anatomy, responses were also 
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taste-organ specific in TPN1 and TPN2, which showed activation after sucrose stimulation 
to the leg but not the proboscis. TPN3 was activated by both proboscis and leg stimulation, 
consistent with the arborization pattern in the SEZ (Figure 3.5EF). Thus, TPNs showed 
selective, modality-specific responses to taste compounds, with TPN1 and TPN2 also 
showing organ-specificity. 
 A simple behavioral readout of taste detection is the proboscis extension response 
(PER). When gustatory neurons on the legs or the proboscis detect sugar, the fly extends its 
proboscis to eat. The inclusion of a bitter compound inhibits this extension. To examine 
whether TPNs contribute to this behavior, we selectively activated TPNs and examined the 
effects on PER. The red-light-gated cation channel Chrimson was expressed in the different 
TPNs to examine whether activation of TPNs was sufficient to trigger PER. When Chrimson 
was expressed in sugar sensory neurons, red light drove proboscis extension response in 
84% of animals in the absence of any gustatory stimulus (Fig. 3.7A), demonstrating the 
viability of this method. Activation of both TPN1 and TPN2 produced modest but significant 
increases in PER (p = 0.00252 and p = 9.84x10-5, respectively), but activation of TPN3 did 
not elicit PER (p = 0.61) (Fig. 3.7A). To test whether activation of TPNs can modulate PER in 
the presence of a moderately appetitive gustatory stimulus, we presented flies with 100mM 
sucrose on their legs while delivering red light. As expected, activation of sugar-sensing 
sensory neurons increased PER to sucrose (p  = 2.93x10-9), whereas bitter sensory 
activation decreased PER rate (p = 3.29x10-5) (Fig. 3.7B). Interestingly, activation of TPN1 
or TPN2 did not significantly increase the levels of PER (p > 0.05, both). However, 
simultaneous activation of TPN3 with sucrose presentation led to a strong decrease in PER 
(p = 1.16x10-10) (Fig. 3.7B). These experiments show that TPN1 and TPN2 activation is 
capable of increasing the probability of extension, though this effect is masked by the 
presence of an appetitive tastant. This demonstrates that TPN1 and TPN2 do convey a 
behaviorally relevant sugar signal, but suggests the existence of parallel pathways in PER 
circuitry. Likewise, the inhibition of PER by TPN3 activation demonstrates that these 
neurons deliver an aversive signal capable of decreasing the probability of PER. 
   To determine if these cells are necessary for PER behavior, we transiently blocked 
TPN synaptic output using the temperature-sensitive, dominant negative dynamin shibire 
(Shits) while flies were exposed to gustatory stimuli (Fig. 3.7C). When exposed to a 
moderately appetitive stimulus (100mM sucrose), no difference was found in the PER rate 
upon TPN inhibition for all three projection neuron types (p > 0.05, for all). When exposed 
to a bitter-sweet mixture (100mM sucrose, 25mM caffeine, 0.5mM denatonium) that 
produced low PER rates in controls, flies with synaptic output blocked in TPN3 showed a 
significant increase in PER rate (p = 0.001) whereas flies with TPN1 or TPN2 silenced 
showed modest or no changes in PER rate. Taken together, these experiments demonstrate 
that TPNs are capable of influencing the PER circuit, but are not essential for this behavior.  

To gain additional insight into TPN function, we examined their axon termini in 
relation to other known anatomical structures of the fly. TPN1 terminates in the SEZ, in a 
region posterior to mouthpart GRN projections and ventral to labellar GRN projections 
(Figure 3.9). TPN2 and TPN3 both send axons to the protocerebrum. Co-labeling of TPN2 
and TPN3 with olfactory projection neurons (GH146) revealed that these TPNs terminate 
in the lateral horn (LH) in close proximity to olfactory projection axons (Figures 3.10 and 
3.11). The axonal tracts of both TPN2 and TPN3 run parallel to the outer antennocerebral 
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tract (oACT) of olfactory projection neurons, with TPN2 terminating in the anterior half of 
the LH and surrounding neuropil, whereas TPN3 terminates near the medial-anterior LH 
and nearby neuropil. TPN2 and TPN3 axons do not contact the mushroom bodies (MBs) 
(Fig. 3.11).  

The lateral horn has been implicated in innate olfactory behaviors, whereas the 
mushroom bodies are essential for learned olfactory associations. As TPN2 and TPN3 
project exclusively to the LH and not the MBs, they might be expected to contribute to 
innate but not learned taste behaviors. To test this, we examined whether inhibition of 
TPNs influenced taste associations using a conditioned taste aversion paradigm that 
requires the mushroom bodies. Flies were presented with an appetitive conditioned 
stimulus (CS, 500mM sucrose) on the legs, causing PER, whereupon the bitter 
unconditioned stimulus (US, 50mM quinine) was briefly touched to the proboscis. Memory 
was assessed after five training trials by presenting the CS and recording PER. In control 
animals tested at the permissive temperature, a strong reduction in PER occurred during 
the pairing that persisted for several minutes in response to the CS alone. Blocking synaptic 
transmission in TPN1 with Shits did not affect aversive taste conditioning (Fig 3.11E). 
However, inhibiting either sugar-responsive TPN2 or bitter-responsive TPN3 led to a 
dramatic loss of conditioned taste aversion (Fig. 3.11FG), arguing that these pathways are 
essential for learned taste associations. Moreover, when activation of TPN3 with the red 
light-gated channel Chrimson was used to replace a bitter stimulus to the proboscis during 
training, TPN3 activation was sufficient to act as a US, causing a decrease in PER rate and a 
memory that persisted for at least 15 minutes (Fig. 3.11H).  

The dopaminergic PPL1 cluster of neurons have been shown to relay aversive 
stimuli in learning paradigms (Claridge-Chang et al., 2009). Like TPN3, these neurons are 
bitter responsive (See Chapter 2) and are capable of acting as a US when activated 
exogenously. In order to see if TPN3 is delivering the bitter signal to PPL1 neurons, we 
labeled the PPL1 neurons that extend processes near the LH, PPL1-α3 and PPL1-α'3 (Aso et 
al., 2014a), along with the TPNs to look for anatomical overlap. While the PPL1s and TPNs 
2 and 3 innervate similar regions of neuropil, there is no clear overlap as the TPNs are 
anterior to the PPL1 projections (Figure 3.12A), suggesting a lack of direct communication 
between the cell types. Similar innervation patterns were seen between TPNs and MBONs, 
with cells projecting to similar regions in the brain, but showing no direct overlap (Figure 
3.12B). These anatomical studies suggest that the TPNs do not directly connect to known 
elements of the learning circuit.  
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Discussion 
 
 In this study we identified a new class of neurons that show a presumed synaptic 
connection with GRN axons in the VNC and SEZ. TPN1 and TPN2 arborize exclusively 
alongside sugar projections, are activated by sugar stimulation of the tarsi, and are capable 
of inducing PER when activated exogenously. TPN3 neurons, on the other hand, co-label 
with bitter projections, are activated by bitter stimuli on either the tarsi or proboscis, and 
can influence PER in response to bitter and sugar mixtures, with activation decreasing PER 
and inhibition increasing PER. Taken together, these results demonstrate that modality 
specificity is maintained in second order gustatory neurons. Additionally, the behavioral 
PER experiments show that these neurons are involved in the circuitry underlying PER, but 
are probably not the primary components of this circuit, as they are capable of modulating 
PER, but cannot fully suppress or produce this behavior.  
 Somewhat unexpectedly, TPN2 and TPN3, which send projections into the LH were 
found to be necessary for the formation of aversive taste memory. The bitter projection 
neurons, TPN3 appear to be involved in the relay of the aversive, bitter US signal as 
activation of these neurons alone is sufficient for the fly to suppress PER to sugar following 
associative training. However, TPN3 does not appear to make any direct connections with 
the PPL1 neurons, so the relation between TPN3 and the MB circuit remains unclear. 
Interestingly, TPN2 neurons also impair aversive taste learning. The only role for sugar in 
this paradigm is as CS, which presumably is transmitted to KCs in the calyx. This suggests 
that the TPNs provide a common pathway for taste information to reach higher brain, 
which diverges into separate streams (i.e. to the MB or the PPL1 cluster) at a later point.  
 Taken together, these data identify a population of modality-specific second-order 
taste neurons that have the ability to influence naive PER behavior, two of which are also 
essential for aversive taste learning. While many additional experiments will have to be 
performed before we fully understand how information is transformed along this circuit to 
produce behavior, this work represents a large step forward in understanding taste 
circuitry in Drosophila.  
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Methods 
 
 
Fly Strains  
 
 The TPN-Gal4 driver lines selected from the screen were R30A08-Gal4 (Jenett et al., 
2012), which labeled TPN1, D41-Gal4 (Bidaye et al., 2014), which labeled TPN2, and 
R11H09-Gal4 (Jenett et al., 2012) and C220-Gal4 (Gohl et al., 2011), both of which labeled 
TPN3.  Drivers for anatomical studies were Gr64f-Gal4 (Dahanukar et al., 2007), Gr64f-LexA 
(Miyamoto et al., 2012), Gr5a-LexA (Gordon and Scott, 2009), Gr66a-Gal4 (Scott et al., 
2001), ppk23-Gal4, ppk28-LexA and Gr66a-LexA (Thistle et al., 2012), ppk23-LexA (gift from 
Barry Dickson), MB-dsRed (Riemensperger et al., 2005),  GH146-QF and QUAS-tdTomato 
(Potter et al., 2010). Reporters for anatomical studies included UAS-mCD8::GFP (Lee and 
Luo, 1999), LexAop-CD2::GFP (Lai and Lee, 2006), UAS-cd8-tdTomato (Thistle et al., 2012), 
UAS-DenMark, synaptogminGFP (Nicolaï et al., 2010; Zhang et al., 2002), UAS-CD4::spGFP1-
10 and LexAop-CD4::spGFP11 (Gordon and Scott, 2009), and MB3045B-Gal4 and MB543B-
Gal4  (Aso et al., 2014a). Flies used for calcium imaging and behavior were UAS-GC6(S) 
(Chen et al., 2013), UAS-Chrimson (Klapoetke et al., 2014), and UAS-shibirets (Kitamoto, 
2001). 
 Flies were raised on standard fly food, except for experiments involving Chrimson. 
 
 
Immunohistochemistry & Imaging 
 
 Antibody staining was performed as previously described (Wang et al 2004). The 
following primary antibodies were used: rabbit anti-GFP (Invitrogen 1:1,000), mouse anti-
GFP (Invitrogen 1:1,000), mouse anti-GFP (Sigma 1:200 - for GRASP staining only), mouse 
anti-nc82 (Hybriodoma bank 1:500), rabbit anti-RFP (Clonetek 1:500). The following 
secondary antibodies were used (all Invitrogen at 1:100): 488 anti-rabbit, 488 anti-mouse, 
568 anti-rabbit, and 568 anti-mouse. All images were acquired on a Zeiss confocal 
microscope. Brightness and contrast were adjusted using FIJI. 
 
 
Calcium Imaging & Analysis 
 
 Calcium transients were imaged in flies expressing two copies of UAS-G-CaMP6s and 
one copy of UAS-cd8-tdTomato on a fixed-stage 3i spinning disk confocal microscope with a 
20x water objective (2x optical zoom). Flies were stimulated with water, sweet (500mM 
sucrose), or bitter (100mM caffeine and 10mM denatonium) solutions to either the legs 
(TPN1 and TPN2) or proboscis (TPN3), while the SEZ (TPN1 and TPN2) or lateral 
protocerebrum (TPN3) were imaged. Flies were prepared similarly to the manner 
previously described for electrophysiology (Marella et al., 2012), allowing for the imaged 
brain to remain wet in AHL, while the taste organs remained dry.  

For SEZ imaging (TPN1 and TPN2), the proboscis, antennae, cuticle, and underlying 
air sacs were removed. All legs remained intact and a barrier of gel-loading tip fragments 
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and wax was built to prevent the legs from coming into contact with the AHL. 
Approximately 10uL of solution was suspended around a cube of 1% agarose, to allow all 
six legs to come in contact with the tastant. For lateral protocerebrum imaging (TPN3), the 
proboscis or tarsi were waxed out and the legs, antennae, and air sacs were removed. 
Tastants were presented to either the proboscis or tarsi via capillary. When artificially 
activating specific GRN classes with TrpA1, a custom built heat probe was used to rapidly 
heat the fly as previously described (Mann et al., 2013).  
 UAS-cd8-tdTomato was used to define the imaging volume (170 x 170 x 6-10 μm). 
Fast z-sectioning (six to 11 z sections) with a piezo drive allowed for volumetric 4-D 
imaging. Red anatomy scans were taken with a 561nm laser periodically throughout the 
experiment to help correct for movement. Calcium signal was imaged with a 488nm laser, 
and each z-plane scanned in 100msec, such that the interval between each volumetric scan 
was 0.8 to 1.3 seconds, with interval length depending on the number of z sections. Each fly 
was presented with at least two different tastants to allow for within-fly comparisons. Each 
tastant was presented at least twice and the responses were averaged.  
 The red anatomy scan was used to select z slices for analysis and make unbiased 
region of interests (ROIs). For every fly, four to eight z slices with clear anatomy were 
chosen for analysis such that we could ensure the same z-planes were analyzed across the 
various tastant stimulations. A max projection across z for the anatomy scan and each G-
CaMP time point was used for analysis. Anatomical ROIs were drawn by hand and moved 
as necessary to correct for X-Y movement. In addition, a large ROI was drawn in a region 
that does not express G-CaMP to measure background autofluorescence. Mean fluorescence 
levels from the background ROI was subtracted from the anatomical ROI at each timepoint, 
resulting in fluorescence trace over time: F(t). ΔF/F (%) was measured as follows: 100% * 
(F(t) – F(0)) / F(0). Max ΔF/F was measured by subtracting the average ΔF/F signal from 
the 3 timepoints preceding tastant presentation from the maximum ΔF/F value after 
tastant presentation. ROI drawing and fluorescence measures were done in FIJI. Analysis 
was done in Matlab. 
 
 
Behavioral Experiments 
 
 For all activation experiments using UAS-Chrimson flies, experimental flies were 
placed in the dark on standard fly food with 0.4 mM all-trans retinal (Sigma) 48 hours prior 
to testing, while control flies were placed in the dark on standard fly food. 24 hours prior to 
behavioral testing, flies were starved in the dark on a wet kimwipe (0.4 mM all-trans 
retinal for experimental flies, water for control flies. During testing neurons were activated 
with a hand-held red laser (LaserGlow).  
 For all inactivation experiments, UAS-Shits flies were raised in a 20o incubator. 24 
hours prior to behavioral testing, flies were starved on a wet kimwipe. Flies in the 
restricted condition (30-32°C) were placed on a heat block 10 minutes prior to testing.  
 For PER and aversive memory experiments, all flies were anesthetized with CO2, 
glued dorsal side down on a glass slide, and allowed to recover in a humid chamber (in the 
dark for Chrimson experiments) for 2-3 hours before behavioral tests. Flies were presented 
with water before testing and between trials in order to eliminate extension due to thirst. 
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Proboscis Extension Response 
 PER in response to activation of taste projection neurons via Chrimson were tested 
in two ways. First, we tested if activation of the neurons alone was sufficient to cause PER 
by the exposing the flies to 5 seconds of red light for two trials in absence of tastants. Flies 
were considered to have no extension if the proboscis did not move for both trials, full 
extension if a full PER was observed in either trial, or a partial extension if the proboscis 
partially extended for at least one trial. We used a 2x3 Fisher’s Exact Test to test 
significance in the proportions of flies responding to red light.  
 Second, we simultaneously activated the taste projection neurons while presenting 
100mM sucrose on the tarsi of the flies for up to five seconds, and PER was recorded as 
above. We used 2-sample t-tests since comparisons were made between flies with and 
without Retinal exposure. For both Chrimson PER experiments, trials were separated by at 
least five minutes, during which flies were placed in a dark, humid chamber. 
 To test the necessity of taste projection neurons in PER, we expressed Shits, and 
presented the flies a sweet solution (100mM sucrose) and a sweet-bitter mixture (100mM 
sucrose, 25mM caffeine, and 0.5mM denatonium) at either the permissive room 
temperature (22-23o) or the restrictive warm temperature (30-32o). Each tastant and 
temperature combination was tested twice in every fly, and the order of presentation was 
counterbalanced. Flies were scored as described above and within-fly comparisons were 
analyzed using paired t-tests.  
 
Aversive Taste Learning Assay 
 Aversive taste memory was tested as previously described (see Chapter 2). 500mM 
sucrose stimulation of the tarsi was paired with either 50mM quinine on the proboscis (for 
Shits experiments) or red light (for Chrimson experiments) for five trials with a 2 minute 
ITI. Learning was tested by presenting the CS alone at five minute intervals following 
training. Fisher’s Exact Test was used to compare learning differences in memory at a given 
time point with a Bonferonni correction for multiple comparisons (adjusting the alpha 
value by a factor of 10). 
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Figures  
 
 
Figure 3.1: Identification of TPNs.  
A-B. Projection pattern of sugar GRNs 
(64f-Gal4 in green, neuropil (nc82) in 
magenta) into SEZ (a) and VNC (b) 
C. Comparison of sugar (64f-LexA in 
green) and bitter (66a-Gal4 in magenta) 
GRN projections in the SEZ.  
D. Anatomy of TPN1 (R30A08-Gal4 in 
green, neuropil in magenta).  
D2. Co-labeling of TPN1 (R30A08-Gal4, 
green) and sugar GRN (64f-LexA, 
magenta) or bitter GRN (66a-LexA, 
magenta) in first neuromere of VNC.  
D3. GFP reconstitution across synaptic 
partners (GRASP, green) between TPN1 
(R30A08-Gal4, magenta) and sugar GRNs 
(Gr5a-LexA).  
E. Anatomy of TPN1 (D41-Gal4 in green, 
neuropil in magenta).  
E2. Co-labeling of TPN2 (D41-Gal4, 
green) and sugar GRN (64f-LexA, 
magenta) or bitter GRN (66a-LexA, 
magenta) in first neuromere of VNC. 
E3. GRASP (green) between TPN2 (D41-
Gal4 in magenta) and sugar GRNs (Gr5a-
LexA).  
F. Anatomy of TPN3 (C220-Gal4 in green, 
neuropil in magenta).  
F2. Co-labeling of TPN3 (C220-Gal4 in 
green) and sugar GRN (64f-LexA, 
magenta) or bitter GRN (66a-LexA, 
magenta) in SEZ.  
F3. GRASP (green) between TPN3 (C220-
Gal4, magenta) and bitter GRNs (Gr66a-
LexA). Scale bar 50μm for all images 
except c3, d3, and e3 (25μm). 
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Figure 3.2: Single cell anatomy of the TPN lines. 
A. TPN1 projects unilaterally in the VNC and SEZ..  
B. D41-gal4 contains two pairs of cells with similar projections. One pair projects bilaterally 
to all leg and wing neuromeres, and unilaterally in the brain, whereas the other pair shows 
unilateral projections in the three leg neuromeres and brain. Black and white images show 
example of a mosaic animal with one neuron in each pair labeled.  
C. Full expression pattern of the two lines, C220-gal4 and R21-gal4, which contain TPN3.   
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Figure 3.3: Directionality of taste projection neurons. 
DenMark (dendritic marker, magenta) and synaptotagmin (presynaptic, axonal marker, 
green) staining of TPN1 (A), TPN2 (B), and TPN3 (C). Scale bar, 50μm. 
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Figure 3.4: GFP Reconstitution Across Synaptic Partners (GRASP).  
Gr5a (sugar GRN) and Gr66a (bitter GRN) GRASP with taste projection neurons. In all 
images the GRASP signal is in green and the TPNs are in magenta. Scale bar, 50μm. 
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Figure 3.5: Taste projection neurons are modality specific.  
A. Schematic brains showing anatomy of taste projection neurons (green) and approximate 
region of calcium imaging (dashed box).  
B. UAS-cd8tdTomato signal used to localize on axonal arbors of each neuron type.  
C. Maximum ΔF signal in response to sucrose (TPN1 and TPN2) or bitter (TPN3).  
D, Example ΔF/F traces in response to various tastants (sweet: 500mM sucrose; bitter: 
100mM caffeine and 10mM denatonium; water: dH2O). Arrows indicate time at which 
tastant was presented.  
E. Summary of max ΔF/F of flies imaged in response to stimulation of the tarsi with sugar, 
bitter, or water (S, B, W, respectively). 
F. Summary of max ΔF/F of TPN1 and TPN2 flies in response to sucrose stimulation on 
proboscis or tarsi (subscript p or t, respectively) 
G. Summary of max ΔF/F of TPN3 flies in response to stimulation on proboscis.  
Error bars are S.E.M. Statistics with paired t-tests:  * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3.6: Specific activation of GRN classes confirms modality specificity of TPNs 
Conditional activation of sweet- and bitter-detecting sensory neurons (Gr5a and GR66a, 
respectively) shows TPN1 (A) and TPN2 (B) respond exclusively to sugar GRNs, whereas 
TPN3 (C) respond only to bitter GRN activation.   
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Figure 3.7: Taste projection neurons are involved in PER.  
A. Activation of sugar GRNs (Gr64f), TPN1, and TPN2 via Chrimson increase PER (Fisher’s 
Exact Test).  
B. PER response with simultaneous Chrimson activation and 100mM sucrose presentation. 
Strong enhancement of PER seen for sugar GRN (Gr64f). Strong decrease of PER seen for 
both bitter GRN (Gr66a) and TPN3 (2-sample t-test).  
C. Conditional silencing of taste projection neurons via Shits. TPN3 is necessary for bitter 
suppression of PER (paired t-test). Error bars are S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3.8: Genetic controls for Chrimson PER experiments.  
A. Genetic controls for Fig. 3.7A.  
B. Genetic controls for the GRNs in Fig. 3.7B.  
C. Chrimson activation of second Gal-4 line containing TPN3 shows similar responses.  
D. Genetic controls for the taste projections neurons in Fig 3.7C. No significant effect on 
PER was observed.  
E. Shibire silencing of second Gal-4 line containing TPN3.   

A 

B 
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Figure 3.9: TPNs 1 and 2 project near sugar GRN axons from legs, but not proboscis 
A. Full stack of TPN1 and sugar GRNs.  
B-D. Anterior to posterior slices through the SEZ showing TPN1 termini are posterior to 
mouthpart projections and dorsal to the labellar inputs.  
E. Full stack of TPN2 and sugar GRNs.  
F-H. Anterior to posterior slices through the SEZ showing TPN2 termini are predominately 
posterior to the labellar inputs. 
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Figure 3.10: Anatomy of taste projection neurons in relation to LH 
Co-labeling of olfactory projection neurons (GH146) and the taste projection neurons. Blue 
circles indicate antennal lobes (AL), yellow circles indicate Lateral Horn (LH), white arrow 
points to oACT.  
A. TPN2 and olfactory projection neurons (full version of Fig. 4a).  
B-D. Three sections through the protocrebrum showing relationship between TPN2 and 
olfactory PNs. TPN2 terminates in the anterior half of the LH, along the ventral and medial 
edges of the LH.  
E. TPN3 and olfactory projection neurons (full version of Fig. 4c).  
F-H. Three sections through the protocrebrum showing relationship between TPN3 and 
olfactory PNs. TPN3 terminates near the medial-anterior surface of the LH. Both TPN2 and 
TPN3 run parallel to oACT (C and G).  
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Figure 3.11: Taste projection 
neurons are involved in memory. 
Comparison of TPN2 and TPN3 
anatomy to known higher brain 
regions.  
A. Co-labeling of TPN2 (green) and 
olfactory projection neurons (GH-146, 
magenta).  
B. Co-labeling of TPN2 (green) and 
mushroom bodies (MBdsRed, 
magenta).  
C. Co-labeling of TPN3 (green) and 
olfactory projection neurons.  
D. Co-labeling of TPN3 (green) and 
mushroom bodies.  
E-G. Aversive taste memory 
experiments with flies expressing 
shits. Silencing of TPN1 shows no 
memory defects (E). Silencing of TPN2 
or TPN3 shows memory defects (F-G).  
H. Activating TPN3 via Chrimson as 
unconditioned stimulus.  
Error bars are 95% C.I. Fisher’s Exact 
Test with Bonferroni adjusted alpha 
levels of  * p < 0.005 (0.05/10), ** p < 
0.001 (0.01/10), *** p < 0.0001 
(0.001/10). 
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Figure 3.12: TPNs do not overlap with known components of the MB learning circuit. 
Example images of the anatomical proximity of TPNs (arrowhead) and MB extrinsic 
neurons (arrow), with neurons in green and neuropil in magenta. 
A. Z-projection of a brain labeling TPN3 (C220-Gal4) and PPL1-α'3 (MB304B-Gal4). Images 
underneath show anterior and posterior sections of protocerebrum, respectively. 
B. Z-projection of a brain labeling TPN2 (D41-Gal4) and MBON-α'1 (MB543B-Gal4). Images 
underneath show anterior and posterior sections of protocerebrum, respectively. 
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CHAPTER 4: 
Discussion 
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 Taken together, these studies demonstrate that the higher brain contains multiple 
sites that process taste information. In Chapter 2 I show that taste can be utilized as 
conditioned and unconditioned stimuli in associative conditioning. Using conditional 
inactivation experiments, I show the necessity of the γ lobe of the mushroom body and the 
dopaminergic PPL1 cluster of neurons for proper taste memory formation. I used calcium 
imaging to examine taste activation of these cells, finding widespread bitter responses in 
the PPL1 neurons and sparse, modality- and organ-specific representation of taste in the 
MB calyx. Chapter 3 examines how taste information is conveyed from the primary sensory 
neurons in the SEZ and VNC to the higher brain. Here, I identify and characterize a class of 
neurons that we named the Taste Projection Neurons (TPNs), each of which relays 
information from a single taste modality. Using activation and silencing experiments, I 
showed that the TPNs are capable of modulating PER, and that the two classes of neurons 
that extend into the lateral horn and surrounding neuropil, TPN2 and TPN3, are essential 
for taste memory formation.  
 
 
Taste coding in the higher brain 
 
 In the periphery, each taste modality is detected and encoded by distinct 
populations of sensory neurons, a coding scheme known as labeled line. As well as 
detecting only one modality, each class of primary sensory neurons, or GRNs, projects to 
distinct regions of the VNC and SEZ (Marella et al., 2006), suggesting the possibility of a 
similar segregation in secondary taste neurons. Until these studies were performed, 
however, it was unknown if the segregation between modalities was maintained in higher 
brain. All the neurons examined in these studies, including the TPNs, KC inputs, and the 
dopaminergic PPl1 cluster showed activity in response to a single taste modality 
exclusively (Figures 2.3, 2.4 and 3.5). Additionally, different tastants within a single 
modality (e.g. the bitters denatonium and quinine) showed identical representation in the 
MB calyx (Figure 2.4). These data support the labeled line theory of taste coding, arguing 
that the pattern of segregation seen in the periphery persists in higher brain. This differs 
dramatically from the combinatorial coding of olfactory information (Keller and Vosshall, 
2003) that has been shown in the Drosophila brain. 
 Similarly, GRNs originating from different taste organs terminate in distinct regions 
of the SEZ (Marella et al., 2006), but this segregation does not seem to be as strictly 
maintained in higher brain. TPN3, for example, appears to synapse with bitter GRNs from 
the legs and mouthparts (Figure 3.5) and activates when either is stimulated with a bitter 
tastant (Figures 3.1 and 3.4). On the other hand, TPNs 1 and 2 have post-synaptic 
projections in the VNC only (Figure 3.3), and are specific to tarsal stimulation alone. In the 
mushroom body calyx, partial organotopic representation is seen (Figure 2.5), with some 
claws responsive to stimulation of a single organ only, and others responsive to both 
proboscis and tarsal stimulation. This suggests that taste information from different organs 
is at least partially integrated before reaching the mushroom body, though the location and 
degree of integration is unknown. Interestingly, if an aversive taste association if formed on 
a single side of the body, the fly is not capable of generalizing this memory and responds 
like a naive fly when presented with the CS on the untrained side (Figure 2.5). This shows 
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that the fly is capable of distinguishing between organs when forming and retrieving a 
memory, and suggests that the circuit does not integrate taste information across 
hemispheres, at least in the taste learning pathway.  
 In order to make a coherent behavioral decision, associating sugar stimulation of the 
tarsi with noxious bitter on the proboscis, for example, taste signals from different 
modalities must intersect at some level of the circuit. Where is this integration occurring? 
Recent work using whole-SEZ calcium imaging to compare responses to single tastants and 
mixtures suggests that bitter stimulation results in a dramatic suppression of the normal 
sucrose response (Dave Harris, personal communication). This suggests that different taste 
modalities can interact at an early stage of the taste circuit, at least when presented 
concurrently. As mixtures were not examined in the mushroom body, it is currently 
unknown if the suppression of one modality by another is seen in this structure as well. 
When looking more specifically at taste representation in the learning circuit specifically, a 
few possibilities for taste integration present themselves. Firstly, as claws, not cell bodies, 
were examined when comparing across modalities, it is possible that different tastes may 
activate different claws on the same KC. However, the sparseness of taste representation in 
the calyx combined with the seemingly random innervation of this structure by projection 
neurons (Caron et al., 2013), dictates that the probability of this convergence happening 
regularly would be quite low. The most obvious place for convergence during associative 
taste learning would be at the synapse between the KCs and the MB output neurons, with 
sugar information conveyed via KC and bitter information conveyed by the PPL1s. Though, 
the specificity of the bitter representation at this level of the circuit is unclear, as the PPL1 
neurons seem to convey a more generalized aversive signal (Figure 2.3). This separation of 
bitter input as the reinforcement signal and sugar as an independent, trainable cue allows 
for taste information to be processed in the same structures and with the same circuit logic 
used for forming associations between neutral odors and reinforcement signals generated 
from independent sensory systems. 
 
 
Taste learning and the mushroom body 
 
 Though mostly studied for its role in olfaction, the MB is a multimodal structure, a 
conclusion confirmed and extended by these studies. Flies are capable of learning an 
association between tastants in the absence of olfactory cues, using a bitter US and sucrose 
as a CS, despite the inherently appetitive nature of sugar. Using a conditional silencing 
approach, we have shown that the MB gamma neurons are necessary for aversive taste 
learning (Figure 2.1). These results correspond well with previous work that has shown the 
necessity of the gamma lobes in short-term memory (Akalal et al., 2006; Zars, 2000a) and 
multimodal courtship learning (McBride et al., 1999). The gamma lobes were necessary for 
STM and MTM, though the two Gal4 lines used showed differential abilities for MTM when 
silenced. As the two drivers do not perfectly overlap, this suggests that only certain subsets 
of gamma lobe neurons may be necessary for different lengths of memory. A careful 
analysis of the gamma lobes, most likely requiring an intersectional approach, is necessary 
to further address these differences and identify the specific subsets of gamma neurons 
involved in taste conditioning.  
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 We also found that the dopaminergic PPL1 cluster of neurons is necessary for 
aversive taste learning and responds similarly to bitter stimulation and noxious heat 
(Figure 2.3). This adds credence to the theory that the PPL1 neurons convey a general 
aversive signal to the MB lobes. Since neither of the clusters previously identified in 
relaying an appetitive (i.e. sugar) signal to the MB were necessary for this learning, we 
concluded that taste information must be reaching the MB through an additional pathway. 
We showed activation of a small number claws in the MB calyx in response to taste 
stimulation (Figure 2.4). A single tastant activates about the same number of claws as a 
single odorant, but because tastes are encoded in a small number of labeled lines, whereas 
the combinatorial coding of odors allows for thousands of different activity patterns, the 
representation of odor in the MB calyx is vastly larger than that of taste. It is unclear from 
these imaging studies if taste stimulation activates gamma neurons exclusively, or if it 
activates KCs of all classes. Technical limitations due to the relative brightness of the lobe-
specific driver lines made this question unanswerable in these studies, but improved 
imaging techniques or driver lines should allow for this to be further elucidated. Either 
possibility would have interesting implications. If activity is gamma lobe specific, it would 
argue against idea that connections between PNs and KCs are determined randomly, at 
least when it comes to taste inputs. On the other hand, if taste is capable of triggering 
activity in other KC types, it would suggest the other MB lobes involved in taste memory in 
some way. Of course, the studies in this thesis do not rule out this possibility, as we looked 
exclusively at aversive taste learning, which does not rule out involvement of the other 
lobes in different learning paradigms. The dorsal accessory calyx, for example, is formed by 
the dendrites of a subset of α'/β' neurons. These neurons are responsive to taste (Figure 
2.6), but are not required for aversive taste learning. Further studies are needed to 
examine the role of these neurons in memory behavior.  
 Clear differences and similarities exist between odor and taste learning in the fly. In 
both cases, the MB is necessary, and the PPL1 neurons encode the aversive US signal. Both 
require the gamma lobes for STM. But while odor conditioning requires the use of α'/β' and 
α/β for long-term memory formation, it is unclear if LTM in taste learning is even possible, 
much less if it requires these neurons. Another interesting difference between the sensory 
systems is the partially organotopic representation of taste in the MB calyx. It makes 
intuitive sense that a fly would be able to locate a sensation or a memory of a sensation to a 
specific region of the body, and this was clearly demonstrated in this work. However, a 
distinction in MB representation between the antennae and maxillary palps has not been 
demonstrated, nor would this distinction have clear behavioral relevance. The most 
striking difference between the two sensory systems, however, is the ability of taste to play 
dual roles, acting as both the CS and US in a conditioning paradigm, whereas olfactory 
information seems limited to the role of CS alone. The circuit seems allow for the multiple 
roles of taste processing by incorporating taste information into separate streams, one 
targeting the MB calyx and the other communicating with the reinforcement circuitry. This 
means that when a fly is presented with paired taste cues, as it is in our paradigm, the 
bitter tastant activates both the KCs as well as the PPL1 cluster, just as a sweet signal 
should activate both KCs and OA/PAM. Exactly how the circuit parses this information in 
order to form a coherent, behaviorally-relevant change in synaptic strength needs further 
study.  
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A model for the taste learning circuit? 
 
 These studies have made a significant advance in our understanding of taste 
processing in the higher brain by identifying taste-responsive, behaviorally-relevant 
neurons, but many questions remain. Most importantly, the connections between the 
identified elements of taste learning circuit are unknown (Figure 4.1). Based on the calcium 
imaging experiments in the MB calyx, we have concluded that taste information is relayed 
to this structure in modality-specific streams, but what neurons are delivering this 
information?  There are a few possibilities. 
 One possibility would be a class of third-order taste neurons that could connect 
taste projections neurons like TPN 2 and TPN3 in the lateral protocerebrum with the MB. 
This hypothesis is supported by the experiments examining the role of TPNs in learned 
behavior. As some of these neurons are necessary and sufficient (Figure 3.11) for aversive 
taste learning, it is reasonable to assume that they are an essential component of the 
circuit. However, they do not terminate near the MB calyx or PPL1 neurons (Figure 3.12), 
necessitating an additional population of neurons which connect these areas. Based on our 
current understanding of MB circuitry, these hypothetical neurons would need to target 
both the MB calyx and the PPL1 cluster, since both the sugar-sensing TPN2 and bitter-
sensing TPN3 were required for a learning paradigm using sugar as the CS and bitter as the 
US. This model becomes less attractive when one considers timing, as the coincidence 
detection of signals in the MB is essential for learning-mediated changes in synaptic 
strength. In this scenario, olfactory information would read the MB after passing through 
two synapses, whereas taste information would require at least three synapses. This would 
require the circuit to be flexible enough to accommodate for arrival different sensory 
information from a stimulus at different times. These concerns do not eliminate this model 
as a possibility, but require additional levels of complexity in the circuit. 
 Another possibility is that a separate, currently unknown, group of projection 
neurons relay taste information from the SEZ to the MB in a manner similar to olfactory 
PNs. This would solve the timing problem, but would not explain why the identified TPNs 
are necessary for aversive taste learning. After examining thousands of lines in an 
anatomical screen similar to the one performed in Chapter 3, I failed to find any evidence of 
such a population (data not shown). Of course, this does not eliminate this as a possibility, 
but if these neurons exist, they do not appear tractable at this time.  
 A third model could be that taste information converges with olfactory information 
before entering the MB. Each claw in the MB has been shown to envelope a single olfactory 
PN bouton, however, the calcium imaging experiments performed in this study showed 
dual activation of a single claw by odor and taste stimulation (Figure 2.6). This suggests 
that either these claws contain two boutons and have not been seen in previous studies due 
to their relative rarity, that the taste bouton is significantly smaller than the olfactory 
bouton and hence has eluded detection, or that the single olfactory bouton is relaying both 
messages. In order for a single bouton to relay signals from both sensory systems, taste 
information would have to be integrated with olfactory information, most likely at the level 
of the antennal lobes. Instead of requiring second-order taste neurons which project to the 
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MB, this model requires a set that project to the AL, which have also not been identified, 
though they have also not been so actively sought. It also does not explain the role of TPN2 
and 3 in taste conditioning, and does not necessarily eliminate the timing question. 
Moreover, it does not account for the taste inputs into the dorsal accessory calyx, which is 
not innervated by olfactory PNs. Careful calcium imaging of olfactory PNs in response to 
tastants following the removal of the olfactory organs would determine the viability of this 
model.  
 At this time, none of these models are clearly favored, and many other alternatives 
exist. It is possible, for example, that the TPNs do not directly target the MB at all, but are 
involved in independent learning processing in the LH and converge with the learning 
circuit downstream of the MB. Many further experiments will need to be performed in 
order to identify additional elements of the learning circuit, connect the elements already 
identified, and eliminate some of these models.  
 In addition to understanding the circuit upstream of the MB, we also have yet to 
identify the circuit's downstream elements. The recent discovery and classification of MB 
output neurons (Aso et al., 2014a, 2014b) provides an attractive slate of candidates to 
investigate. If taste learning conforms to the model proposed in these studies, then some 
number of these neurons should be able to bias PER behavior through changes in their 
activity levels post-learning. How and where these learned changes could impinge on the 
innate PER circuit is unknown. In fact, an innate PER circuit has not yet been described, 
though multiple modulatory elements have been discovered (Marella et al., 2012; Pool et 
al., 2014). The existence of a circuit dedicated to innate PER behavior is likely. In these 
studies, for example, we show that the TPNs are necessary and sufficient for aversive taste 
conditioning, but not for PER. This suggests that the learned and innate taste circuits 
diverge, most likely at the level of the SEZ. However, further research will need to be done 
in order to identify and describe this circuit before we can fully understand how learned 
associations are able to modify this basic feeding behavior.   
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Figure 4.1: Summary of findings. 
The studies in this thesis identified and classified multiple types of taste-responsive 
neurons in the higher brain, but connections between the circuit elements are yet to be 
identified. Brain regions are represented in grey circles and include the subesophageal 
zone (SEZ), antennal lobe (AL), lateral horn (LH), the main calyx (MB calyx), and the dorsal 
accessory calyx (dAC). Dark grey arrows show olfactory projection neurons in the inner 
and outer antennocerebral tract (iACT and oACT, respectively). Black arrows represent 
known elements of the MB learning circuit, such as the three classes of intrinsic MB 
neurons and the aminergic cell clusters involved in reinforcement learning. Elements of the 
circuit necessary for aversive taste learning are highlighted in yellow. Remaining arrows 
indicate the taste projection neurons and the inputs to the MB and aminergic cell clusters, 
color coded for taste specificity.  
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