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ABSTRACT
Drosophila melanogaster has robust behavioral plasticity to avoid or prefer the
odor that predicts punishment or food reward, respectively. Both types of plasticity are
mediated by the mushroom body (MB) neurons in the brain, in which various signaling
molecules play crucial roles. However, important yet unresolved molecules are the
receptors that initiate aversive or reward learning cascades in the MB and my thesis
research has been directed to identify such receptors.
Negatively reinforced olfactory conditioning has been well-characterized and flies
show robust and reliable performance; however, olfactory conditioning utilizing positive
reinforcement has shown to be less effective in that flies display low learning
performance with highly variable scores. Therefore, we developed a novel assay for
positively reinforced (appetitive) olfactory conditioning. In this assay, flies were
involuntarily exposed to appetitive unconditioned stimulus sucrose along with
conditioned stimulus odor during training and their preference to the odor previously
associated with sucrose was measured to assess learning and memory capacities. After
one training session, wild-type Canton S flies displayed reliable performance, which was
enhanced after two training cycles with 1 or 15 min inter-training intervals. Higher
performance scores were also obtained by increasing sucrose concentration. Memory in
Canton-S flies decayed slowly when measured at 30 min, 1 h and 3 h after training,
whereas memory had declined significantly at 6 h and 12 h post-training. When the
octopamine-deficient tyrosine β-hydroxylazse mutant (tβh) flies were challenged, they
exhibited poor performance, validating the utility of this assay.
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To gain insights into the role of D1 dopamine receptor dDA1, we generated a
polyclonal antibody against the unique sequence in dDA1 and investigated dDA1
expression in the central nervous system (CNS) of Drosophila. In both larval and adult
CNS, the pronounced dDA1 immunoreactivity was present in the neuropil of the
mushroom bodies, a brain structure crucial for learning and memory in insects, and four
unpaired neurons in each thoracic segment. The adult CNS also exhibited intense dDA1
immunoreactivity in the central complex, a structure controlling higher-order motor
function, moderate expression in several neurosecretory cells, and weak staining in two
unpaired neurons in the mesothoracic neuromere.
Given the findings that dDA1 and the octopamine receptor OAMB are
preferentially expressed in the MB and activate cAMP increases prompt us to test the
roles of these receptors in associative learning. Thus, by employing the newly developed
appetitive conditioning along with negatively reinforced (aversive) conditioning
paradigms, we tested the roles of dDA1 and OAMB in both aversive and appetitive
conditioning. We first identified two dDA1 mutants dumb1 and dumb2 with abnormal
dDA1 expression. When trained with the same conditioned stimuli, both dumb alleles
showed negligible learning in electric shock-mediated conditioning while they exhibited
moderately impaired learning in sugar-mediated conditioning. These phenotypes were not
due to anomalous sensory modalities of dumb mutants because their olfactory acuity,
shock reactivity, and sugar preference were comparable to those of control lines.
Remarkably, the dumb mutant’s impaired performance in both paradigms was fully
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rescued by reinstating dDA1 expression in the same subset of MB neurons, indicating the
critical roles of the MB dDA1 in aversive as well as reward learning.
In contrast to dDA1, our results reveal that OAMB is the receptor that mediates
appetitive, but not aversive, learning in Pavlovian olfactory conditioning. When trained
with the same conditioned stimuli, oamb mutants showed severely impaired learning in
sugar-mediated conditioning while they exhibited normal learning in electric shockmediated conditioning. This learning defect was not caused by abnormal sensory
processing of oamb mutants because their olfactory acuity and sugar preference were
normal. The oamb mutant’s impaired performance in reward learning was fully rescued
by restoring OAMB in the subset of the MB neurons that require dDA1 for normal
appetitive learning, indicating the critical role of OAMB in the MB for appetitive
learning. Thus, aversive and appetitive olfactory learning are likely mediated by the same
subset of the MB neurons and dDA1 and OAMB together mediate reward memory
formation.
Our studies unambiguously clarify the critical roles of D1 dopamine receptor and
octopamine receptor in aversive and appetitive learning and provide valuable insights
into the underlying cellular mechanisms.
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Chapter 1
Introduction and Literature Review
For decades, scientists have studied genes, molecules, cells, and systems to
expand the knowledge of how the brain functions. One of the key brain functions in all
animals is to modify behavioral responses to environments based on their prior
experiences. Behavioral plasticity is one of the most important biological processes for
fitness and survival. Obstacles in studying behavioral plasticity are largely attributed to
the complexity of behaviors and the brain. Numerous mammalian models have been
adopted to study behavioral plasticity and show complex behavioral components, which
are difficult to measure and involve highly intertwined brain circuits. Therefore, a simple
animal model is beneficial to study mechanisms underlying behavioral plasticity. In my
thesis work, I have focused on elucidating the physiological and cellular basis of
associative learning in the simple model organism Drosophila melanogaster.

1.1 Classical and Operant Conditioning
Associative learning, a type of behavioral plasticity in which an association is
formed between two stimuli or between a stimulus and a response, was recognized as
early as in the ancient Greece and has been a fundamental subject in philosophy. The
experimental psychology for associative learning was initiated about a century ago. At
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the end of the 19th century, Edward Thorndike introduced a concept of operant or
instrumental conditioning for studying associative learning. He trained cats by placing
them inside a puzzle box. Cats can escape from the box by performing a specific behavior
such as pulling a string and then obtain food as reward. After repeated trials, cats make an
association between a specific behavior and a consequence (stimulus) of the behavior. As
a result, cats execute proper behavior quicker with more trials (Wasserman and Miller,
1997). Soon after Thorndike’s experiments, the Russian physiologist Ivan Pavlov
performed a different type of conditioning experiments. He trained dogs by paring two
stimuli, bell-ringing and food reward (Wasserman and Miller, 1997). Hungry dogs were
given food that was consistently paired with a bell sound. After repeated trials, the dogs
salivated with a bell sound alone. Since the presentation of food to the dogs causes
salivation without conditioning, food is an unconditioned stimulus (US) in this learning
paradigm known as classical or Pavlovian conditioning. The bell sound is a conditioned
stimulus (CS) because it can elicit salivation only after repeated presentations with food.
Unlike operant conditioning, the dogs were passively presented to two stimuli regardless
of how they behaved to the stimuli. Thus, classical conditioning involves an association
between two stimuli while operant conditioning requires an association between a certain
behavior and its consequence. These two conditioning paradigms have served as great
tools for elucidating the underlying mechanisms of associative learning; however, the
neural circuits and cellular components mediating operant vs. classical learning are not
well understood yet.
In both conditioning types, a stimulus, which reinforces behavior, can be
rewarding (positive) or aversive (negative). In classical conditioning, an appetitive
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stimulus such as sugar or palatable food has been used as a positive reinforcing cue and
an aversive stimulus such as electric shock or LiCl has been used as a negative
reinforcing cue. Since most behavioral responses in both classical and operant
conditioning are quantifiable, the changes in behavioral scores upon various stimulus or
genetic manipulations have been used to uncover distinct components of associative
learning and memory.

1.2 Drosophila melanogaster as a model organism to study associative learning
The fruit fly Drosophila melanogaster has been used in the laboratory for more
than 100 years since introduced by William Castle at Harvard University (Snell and Reed,
1993). Initially, flies mainly served as a model system for genetics. Later they have been
used in a wide variety of studies including electrophysiology, cell biology, and behavioral
genetics. Drosophila melanogaster is a small and harmless organism. Its life cycle is
relatively short, which is approximately 12 days at 25°C. Its short life cycle makes it
feasible to investigate a large number of genetically homogeneous animals, avoiding
differences due to genetic background and thus making it feasible to correlate behavioral
phenotypes with gene function or with a manipulation under test.
Fruit flies show a variety of well-characterized behavioral responses such as
positive phototaxis, negative geotaxis, and courtship. The flies are also able to associate
certain cues of their environments and to establish a memory for such associations. But it
is the amenability of Drosophila for genetic analysis that has made the real difference.
Indeed, Drosophila is one of the most genetically tractable organisms. Beside its
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sequenced genome (Adams et al., 2000), the enormous expansion of genetic tools makes
the fly as a powerful model organism. A small number of chromosomes, the convenient
and well-established chromosomal cytology, the availability of numerous wild types and
mutants, a short generation time and ease of breeding allow a relatively straightforward
systematic analysis of Drosophila genetics. With time, the accumulated knowledge, a
large number of genetically mapped mutations and a rich repertoire of experimental
methods have also strengthened the experimental advantages of using Drosophila to
dissect the molecular components and cellular pathways mediating associative learning
and memory.

1.3 Classical olfactory conditioning in Drosophila
One of the well-established conditioning paradigms in Drosophila is classical
olfactory conditioning, which tests flies’ capacity to associate olfactory (odor, CS) and
aversive mechanosensory (electric shock, US) inputs. In 1974, Quinn and Benzer (Quinn
et al., 1974) have first reported that flies can learn to the odor, which is previously
presented with aversive electric shock. Later, Tully and Quinn (Tully and Quinn, 1985)
have improved the paradigm by establishing critical training and testing parameters,
which have been widely adopted by many investigators. For training, a group of flies
housed in a plastic tube with an electrifiable grid inside are exposed to a first odor (CS+)
along with electric shock (US) followed by a second odor (CS-) without shock.
Subsequently, flies are tested in a T-maze with two odors presented and their avoidance
of the CS+ odor is measured to determine learning or memory retention. This assay has
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been extensively used to identify numerous molecules (neurotransmitters, ion channels
components of various signal transduction pathways and transcription factors) and
specific neural substrates required for acquisition or memory retention of negatively
reinforced olfactory conditioning in Drosophila (Belvin and Yin, 1997; Sokolowski,
2001; Waddell and Quinn, 2001; Schwaerzel et al., 2003; Gerber et al., 2004; Margulies
et al., 2005; McGuire et al., 2005).
Olfactory conditioning utilizing positive reinforcement has also been described in
Drosophila. The paradigm first developed by Tempel et al. (Tempel et al., 1983) employs
a counter-current distribution apparatus in which flies are allowed to enter a tube
containing a copper grid coated with CS+ odor and sucrose, and then the flies are
transferred to a tube coated with CS- odor without sucrose. The test is carried out in a Tmaze and measures CS+ preference for learning or memory retention. This paradigm
represents operant conditioning as the flies that freely walk into the tube experience CS
and US inputs and learns the consequences; whereas, electric shock-mediated olfactory
conditioning described above is classical conditioning since flies do not have control over
the occurrence of CS and US inputs. Thus to uncover molecular, cellular, and neural
substrates mediating negative vs. positive reinforcement for olfactory learning and
memory, it would be ideal to employ an apparatus that represents reward classical
conditioning.
The recent study by Schwaerzel et al. (Schwaerzel et al., 2003) describes such a
paradigm, which utilizes a training tube similar to that used for electric-shock
conditioning. For training, flies are passively transferred to a tube in which the internal
surface is covered with filter paper containing sucrose and exposed to CS+ odor.
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Subsequently, flies are transferred to another tube containing filter paper soaked with
water and exposed to CS- odor. Wild-type Canton S flies, when tested right after training,
display stable, but relatively poor performance (learning score 17.7 ± 2.6 out of 100).
Thus in this assay, it may not be feasible to identify the subtle phenotypes of certain
learning or memory mutants. We developed a new training apparatus named Sliding box
for reward olfactory learning that represents classical conditioning (Chapter 4). This
assay is not only easy to set up but it also involves minimal physical stress to flies during
training, thus yielding consistent behavioral scores that are higher than that reported by
the previous study (Schwaerzel et al., 2003). Thus, this new paradigm provides a useful
means to delineate the neurobiological basis underlying distinct types of associative
learning and memory.

1.4 Genetic tools for the targeted gene expression
The transgenic manipulation in Drosophila has been a useful method for
identifying and analyzing the contributions of various molecules to specific
physiological functions under study. This can be achieved by controlling the expression
of genes under test in both temporally and spatially restricted manners. Traditionally, for
the temporal control of gene expression, a target gene cloned downstream of a heat shock
promoter, which induces transcription by heat shock (incubation of flies at 37o C). The
major drawbacks of this method are lack of spatial control of the target gene expression
and imprecise control of heat shock. For the spatially restricted expression of the gene of
interest has been accomplished by cloning the targeted gene under tissue-specific
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promoters and enhancers. However, there is a minimal temporal control of the target gene
expression and promoter elements specific to the tissue type of interest need to be first
characterized. The traditional ways of the targeted gene expressions with heat-shock and
tissue-specific promoter are time-consuming and labor-intensive since every gene of
interest should be cloned separately. Introduction of the GAL4/UAS system has changed
the way of controlling gene expression in Drosophila.

1.4.1 The GAL4-UAS system
The GAL4/UAS system allows expressing transgenes in many different cell- or
tissue-specific patterns (Brand and Perrimon, 1993). GAL4 is the yeast transcription
factor that can activate transcription by binding to Upstream Activating Sequence (UAS).
Fischer et al. (1989) have shown that the GAL4/UAS system works in Drosophila in the
same way as in yeast. Since GAL4 and UAS are exogenous components from yeast, there
is no endogenous element for GAL4 binding. Thus, the GAL4/UAS system does not
induce non-specific expression of the target gene or endogenous genes in Drosophila.
Also, over-expression of GAL4 appears to have negligible phenotypic effects in
Drosophila. A major advantage of employing the GAL4/UAS system is the separation of
expression control and transcriptional activation. Two independent transgenic lines, one
for expression control and the other for transcription of the gene of interest, can be
generated separately. This bipartite system allows generating a library of GAL4 lines and
a separate library of UAS lines. Thus, one can cross a variety of tissue-specific GAL4
lines with a UAS line containing the gene of interest for its expression in a specific tissue
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type. Another advantage of the bipartite system is that the flies with toxic gene products
can be generated due to its transcriptional inactivity without GAL4 binding. While the
GAL4 gene could be directly cloned under tissue specific promoters and enhancers, a
more powerful approach called an enhancer detection has been developed by O’Kane and
Gehring (O'Kane and Gehring, 1987) and used to generate the library of flies expressing
GAL4 with distinct expression patterns. Each GAL4 line is referred to as a driver.
Numerous drivers have been generated by randomly inserting the transposable P-element
containing GAL4 in the Drosophila genome (Brand and Perrimon, 1993). Upon insertion,
the neighboring enhancer and promoter elements induce the tissue specific expression of
GAL4 in individual drivers, which, in turn, can bind to UAS to activate the spatiallyrestricted expression of the gene of interest (Figure 1-1).
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UAS

Target Gene

MB Enhancer
MB Enhancer

GAL4

GAL4
UAS

Target Gene

Figure 1-1: The bipartite UAS/GAL4 system in Drosophila.
When females carrying a UAS responder (UAS-Target Gene) are mated to males carrying
a mushroom body GAL4 driver, progeny containing both elements of the system are
produced. The presence of GAL4 in mushroom bodies of adult flies drives expression of
the target gene in the mushroom body neurons.
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There are several factors that need to be considered with the GAL/UAS system in
Drosophila. First, the activity of GAL4 is temperature dependent. By altering temperature, a
wide range of gene expression levels can be achieved, therefore increasing the flexibility of
the system (Duffy, 2002). Second, although the majority of GAL4 drivers do not have
deleterious phenotypic effects on their own, instances of a GAL4 driver disrupting certain
aspects of normal development have been reported (Freeman et al., 1996). Thus, it is
important to ensure that the physiological process of interest is not affected by the presence
of GAL4 on its own. Third, it has been shown that the insertion site of the P-element has an
effect on the expression pattern of the target gene cloned under UAS (Ito et al., 2003). Thus,
it is critical to utilize several independent lines of the UAS transgene inserted at the different
locations.
Although the GAL4/UAS system has provided a unprecedented degree of spatiallyrestricted gene expression, the lack of absolute temporal and spatial specificity can hinder the
study of the target gene functions in the particular tissue of interest at specific time. A
common problem is lethality prior to the developmental stage of interest. Because of these
problems, remarkable improvements in the inducibility of the GAL4/UAS system have been
developed as described in the next section.

1.4.2 The TARGET system
For the detailed analysis of the function of molecules under study, it is necessary
to induce the target gene in a temporally and spatially controlled manner. Unfortunately,
introducing temporal control into the GAL4/UAS system often means to create new
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driver lines or UAS or effector lines (Han et al., 2000; Osterwalder et al., 2001; Stebbins
et al., 2001). An elegant implementation that allows the use of the existing driver and
UAS lines is the TARGET (temporal and regional gene expression targeting) system
(McGuire et al., 2003).
Usually a P element carrying the GAL4 gene drives the expression of GAL4
protein in a specific tissue on the basis of proximity of the P element to an enhancer.
GAL4 protein then binds to UAS and activates transcription of the downstream effector
gene, as in the conventional way. The temporal control of the GAL4/UAS system is
achieved by employing a temperature sensitive GAL80 gene (GAL80ts) cloned
downstream of tubulin 1 promoter for ubiquitous expression. GAL80ts effectively
represses the transcriptional activity of GAL4 at 19°C and thus prevents the expression of
the UAS-effector transgene but becomes inactive at 30°C, allowing GAL4 to drive the
expression of the UAS-transgene (Figure 1-2). Thus, the development of the TARGET
system allows tissue-specific gene expression at a restricted time using the existing
library of target genes and GAL4 lines in Drosophila.
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GAL80ts
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UAS
Enhancer

dDA1
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dDA1
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Figure 1-2: The TARGET System.
In the TARGET system, the conventional GAL4-UAS system is conditionally regulated
by a temperature-sensitive GAL80 repressor. At 19°C, transcription of a target gene is
repressed, whereas this repression is relieved by a temperature shift to 30°C, leading to
high levels of target gene expression in a specific tissue. Thus, the TARGET system
provides the spatial and temporal control of gene expression (modified from McGuire et
al., 2004)
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1.5 Neuronal pathway of olfactory conditioning
During classical conditioning, two distinct stimuli (odor as CS and electric shock
or sugar as US) are associated. It is important to understand molecules and neuronal
network mediating the CS and US to identify the molecules involved in.

1.5.1 The CS pathway
In Drosophila, the main olfactory organs are the third segment of the antennae
and the last segment of the maxillary palps. Odor information received on olfactory
sensillae, which contain two or four olfactory receptor neurons (ORN). Single ORN is
specific to subsets of odors. This specificity is due to exclusive expression of only one
specific olfactory receptor gene in one type of ORN (Wang et al., 2003; Hallem et al.,
2004; Larsson et al., 2004). ORNs from both the antennae and the maxillary palp, send
their axons directly to the antennal lobes (ALs). Additionally, most neurons expressing a
particular olfactory receptor project to the same glomerulus (Gao et al., 2000; Vosshall et
al., 2000). From the glomeruli, the olfactory information is carried via projection neurons
(PNs) to other brain regions. The majority of projection neurons receives dendritic input
from one glomerulus (Jefferis et al., 2001) and sends their axons via the inner
antennocerebral tract to the calyx of the mushroom body and to the lateral protocerebrum
(Stocker, 1994; Wang et al., 2004). A second group of PNs is oligo- and multiglomerular.
Most of these send their axons via the medial antennocerebral tract directly to the lateral
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protocerebrum (Jefferis et al., 2002). In the AL, PNs have been shown to also maintain
reciprocal synapses with local interneurons (Yu et al., 2004). Local interneurons
terminate in many (if not all) glomeruli of the AL (Stocker, 1994). A large fraction of
them are GABAergic inhibitory neurons (Stocker, 1994; Laissue et al., 1999). In their
recent work on learning plasticity in the AL, Yu et al. (2004) proposed the possibility that
some local interneurons may convey the CS information from other glomeruli by
synapsing on PNs innervating the recruited glomeruli.

1.5.2 The US pathway
Even though electric shock has been used as a US for long time in aversive
conditioning, there is virtually no information available for sensory system and neuronal
pathway that convey electric shock into. However, sensory system and pathway of sugar
sensation are relatively well-characterized. The gustatory system of the fly is complex
and, not restricted to a single taste organ. Gustatory receptor neurons (GRN) of
Drosophila occur in three different types of sensilla: taste hairs, taste pegs and hairless
sensilla (Stocker, 1994). There are about 35 taste pegs, each containing a single GRN
(Shanbhag et al., 2001). Hairless sensilla are found in three groups inside the oral cavity
and house 24 GRNs that contact the food before it is pumped into the oesophagus
(Stocker, 1994). The four GRNs have traditionally been named after their best stimuli in
the blowfly: S (sucrose), W (water), L1 (low salt) and L2 (high salt). S neurons respond
to at least five different types of sugars: pyranose, fructose, trehalose, and glycerol
(Koseki et al., 2004, Tanimura et al., 1982, Tanimura et al., 1981, Wieczorek and Wolff

15
1989). The second neuron named the water (W) neuron respond to low osmolarity
(Dethier et al., 1976). While the L1 neuron responds to cations (Dethier et al., 1976), the
L2 neuron responses to typical ‘bitter’ compounds such as quinine and caffeine but also
to the artificial sweetener saccharin (Liscia and Solari, 2000; Liscia et al., 2004).
GRNs from different peripheral tissues project to different regions of the
suboesophageal ganglion (SOG) and tritocerebrum but lack a glomerular organization
(Kent et al., 1987; Edgecomb and Murdock, 1992). The two GRN populations defined by
either Gr5a (sugar-sensitive) or Gr66a (bitter-sensitive) expression project to
nonoverlapping regions of the SOG (Thorne et al., 2004; Wang et al., 2004). Projections
from different peripheral tissues are also segregated in the SOG, even when the neurons
express the same receptor (Wang et al., 2004). In contrast to the olfactory system, much
less is known about the neurons of the gustatory pathway connecting the SOG to higher
brain centers. In the honeybee, Hammer (Hammer, 1993) identified a single
octopaminergic neuron, the VUMmx1 neuron, that mediates the reinforcing function of
the sugar US in proboscis extension response (PER). The dendrites of VUMmx1
converge with the olfactory pathway at three sites: the primary olfactory neuropil, the
antennal lobe (AL); the secondary olfactory integration area, the mushroom bodies (MB);
and the lateral horn (LH).
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1.6 The mushroom bodies: structure and function in olfactory learning and
memory
The MBs of Drosophila are bilaterally symmetric structures consisting of
approximately 2500 intrinsic neurons, also known as Kenyon cells, per brain hemisphere.
The cell bodies of these neurons are located in the dorsal posterior of the brain. The MB
neurons give rise to a dendritic field known as the calyx that receives input from the PNs.
The axons of the MB neurons project to the anterior portion of the brain via a dense
structure known as the peduncle, where they give rise to the lobes of the MB (Crittenden
et al., 1998; Lee et al., 1999). The following substructures are defined: α/β, α’/β’, and γ
lobes. Functionally, several experiments have shown that the MB has an olfactory
memory trace for electric-shock associated learning. Structural MB mutants (Heisenberg
et al., 1985), chemical ablation of the MBs (de Belle and Heisenberg, 1994), and
transgenic suppression of synaptic activity in the MB (Connolly et al., 1996), proved the
necessity of synaptic plasticity in the MB. Using Shits that block endocytosis, blocking
MB output during test or blocking input to the MB during training prevents flies from
expressing any memory (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et al.,
2002). Rescue experiments using the TARGET system showed that the synaptic activity
in the MBs is sufficient for olfactory associative learning (Zars et al., 2000a; McGuire et
al., 2003; Mao et al., 2004). Using sugar as a reinforcer in the appetitive coditioning,
Schwärzel (2003) showed that the rutabaga-dependent synaptic activity in the MB is
sufficient for memory formation. And also output from the MB neurons is necessary only
during retrieval but not during memory acquisition.
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1.7 Molecular mechanisms of learning and memory
Drosophila has provided evidence for the role of the cyclic adenosine
monophosphate (cAMP) signal transduction cascade in learning and memory. It has also
been useful in dissecting phases of acquisition and consolidation of memory (Margulies
et al., 2005; McGuire et al., 2005). Two mutants rutabaga (rut) and dunce (dnc) affect
the cyclic AMP (cAMP) second messenger pathway (Dudai et al., 1976; Livingstone et
al., 1984). dnc is defective in a cAMP phosphodiesterase that degrades cAMP (Byers et
al., 1981). By performing immunohistochemistry on Drosophila brains, Nighorn
(Nighorn et al., 1991) demonstrated preferential expression of the Dnc protein in the MBs.
The rut mutant is deficient in an adenylyl cyclase, the enzyme synthesizing cAMP (Levin
et al., 1992). This cyclase is homologous to the mammalian type-I adenylyl cyclase and is
responsive to both, G-protein and Ca2+/CaM dependent stimulation (Dudai et al., 1988).
Moreover, disrupting normal cAMP signaling in the MBs by expressing a constitutively
active Gαs subunit abolishes channel in Drosophila (Zhou et al., 2002). One of the major
phosphorylation targets of PKA is the transcription factor CREB. Phosphorylation of
CREB by PKA leads to transcriptional activation by the phosphorylated CREB protein.
The co-activation property suggests the adenylyl cyclase rut to be a molecular detector of
coincidence between the conditioned stimulus (odor) and the reinforcer (US) during
pavlovian learning (Abrams and Kandel, 1988; Dudai, 1988) resulting in an increased
cAMP level of the intrinsic Kenyon cell. A third component of the cAMP signaling
pathway has also been implicated in Drosophila olfactory learning and memory. The
cAMP-dependent protein kinase (PKA) is a major mediator of signaling through the
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cAMP pathway (Taylor et al., 1990). Decreased PKA activity to 20% of normal activity
demonstrated a significant impairment of memory performance (Skoulakis et al., 1993).
PKA, as the primary downstream effector of cAMP modulation, has many targets that
may act in concert to bring about the cellular and circuit-level changes required for
learning and memory (Figure 1-3).
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Figure 1-3: Presynaptic modulation of transmission at Kenyon cell-to-output neuron
synapses.
Simultaneous arrival of the conditioned stimulus (CS) and the unconditioned stimulus
(US) in the Kenyon cells activates adenylyl cyclase, which in turn increases cyclic AMP
synthesis. Elevated levels of cAMP activate protein kinase A (PKA), which might
phosphorylate target proteins at the synapse. Ca/CAM, calcium/calmodulin; Rut-AC,
Ca/CAM-dependent adenylyl cyclase. (Modified from Heisenberg, 2003)
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1.8 Role of Dopamine and Octopamine in Associative Learning
Two key components are essential for both aversive and reward conditioning. One
component is the cAMP signaling pathway. The other component is the mushroom body
(MB) brain structure. This poses a fundamental question regarding the neuromodulators
and their receptors that initiate the cAMP cascade in the MB for aversive and reward
learning, and their memories.

1.8.1 Dopamine and dopamine receptors in associative learning
Dopamine has profound effects on many aspects of animal physiology including
emotion, cognition, motor control and various forms of adaptive behaviors such as drug
addiction, learning and memory (Tempel et al., 1984; Missale et al., 1998; Neckameyer,
1998; Bainton et al., 2000; Ellis and Nathan, 2001; Martin-Soelch et al., 2001; Hummel
and Unterwald, 2002; Nieoullon, 2002). Abnormality in dopamine functions is prominent
in the pathophysiology of neurological disorders such as Parkinson’s disease and
schizophrenia. It’s diverse, yet selective, physiological actions are generated by
interacting with its receptors present at the surface of neurons in the central nervous
system (CNS). Five dopamine receptors have been identified in mammals and are
classified into two subtypes, D1 and D2, based on pharmacological and biochemical
criteria (Missale et al., 1998). The D1 family consisting of D1 and D5 activates cAMP
production while D2 including D2, D3 and D4 inhibits it.
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In Drosophila, three dopamine receptor genes have been discovered; dDA1,
DAMB, and D2R (Sugamori et al., 1995; Han et al., 1998; Hearn et al., 2002). While
activation of dDA1 and DAMB increase the intracellular cAMP level, activation of D2R
decrease the intracellular cAMP level. Expression pattern of DAMB was reported using
in situ hybridization and immunohistochemistry. The DAMB Receptor Is Preferentially
Expressed in MB (Han et al., 1996). However, there was no report for expression of the
dDA1 in Drosophila. Here, we identify dDA1 expression pattern in CNS. Information
on neuroanatomical distribution of the dopamine receptor should facilitate studies on its
physiological function and underlying mechanism.

In Drosophila, dopamine is a neuromodulator that is crucial for olfactory
conditioning and activate cAMP increases. Schwaerzel et al. (Schwaerzel et al., 2003)
showed that synaptic output of tyrosine hydroxylase-positive (dopaminergic) neurons is
essential for aversive, but not for reward, learning. Consistently, the activities of tyrosine
hydroxylase-positive neurons projecting to the MB are mildly increased by odor stimuli
and strongly by electric shock (Riemensperger et al., 2005). Moreover, duration of their
activities is prolonged when the CS+ odor is presented, suggesting the role of dopamine
neurons in US prediction. However, it is yet unknown whether dopamine directly
activates the MB for aversive learning.
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1.8.2 Octopamine and octopamine receptors in associative learning
In vertebrates, octopamine is a trace amine which present at a trace concentration.
A mammalian receptor activated by octopamine remains elusive. A noradrenaline β3
receptor and TAAR1 have been demonstrated to bind to octopamine and weakly
activated by octopamine (Burchett et al., 2006). It is unclear as to the contribution of the
octopamine to the physiological effects. However, adrenaline has no physiological
relevance in insects; their role is fulfilled by its invertebrate counterpart, the monoamines
octopamine, which is structurally related to adrenaline and has similar physiological roles.
For example, adrenaline mediated the fight or flight response in vertebrates while
octopamine mediate it in invertebrates (Roeder, 2005).
In invertebrates, Octopamine is a major neuromodulator and plays important roles
in wide range of physiological processes. Octopamine modulate many behaviors such as
locomotion, adaptive motor behavior, and egg-laying (Roeder, 2005). Moreover, a role of
octopamine is crucial in associative learning such as conditioned courtship and
associative learning in Drosophila (Mercer and Menzel, 1982; O'Dell, 1994). For
octopamine, five receptor genes have been discovered; namely OAMB, Dmoa2, DmOct
beta1R, DmOct beta2R, and DmOct beta3R (Han et al., 1998; Lee et al., 2003; Balfanz et
al., 2005). OAMB is the first identified octopamine receptor in Drosophila and has K3
and AS isoforms, which are generated by alternative splicing and differ in the third
cytoplasmic loop and downstream sequence (Figure 1-4 ). Immunohistochemistry of
OAMB has revealed that OAMB proteins are highly enriched in the mushroom bodies
and the ellipsoid body, which are crucial structures for learning and memory, motor
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control, or functional tolerance to alcohol (Davis, 1996; Han et al., 1998; Martin et al.,
1999; Scholz et al., 2000). Activation of OAMB with octopamine administration
stimulates increase in cAMP and intracellular Ca2+ levels in vitro cell lines (Han et al.,
1998).
There are a couple of studies showing the involvements of octopamine in
associative learning. In the honeybee, Martin Hammer(Hammer, 1993) identified a set of
octopaminergic neurons in the subesophageal ganglion that receives input from the
proboscis and the thoracico-abdominal ganglion in the body . These octopamine neurons
are named ventral unpaired median (VUM) neurons, whose somata are located in the
maxillary neuromere 1 (VUMmx1). They have arborizations in the glomeruli of the
antennal lobe, the lateral protocerebrum, and the mushroom bodies. These neurons have
shown to replace sucrose US in reward conditioning in the honeybee (Hammer, 1993). In
addition, Schwaerzel et al. have recently showed that tβh mutants defective in
octopamine biosynthesis are defective in acquisition of appetitive olfactory conditioning
in Drosophila (Schwaerzel et al., 2003).This indicates that octopamine is a key modulator
mediating reward memory formation.
To uncover the signal(s) activating the learning and memory cascade, we
identified three receptors that are highly enriched in the MB and increase cAMP levels,
and they are two dopamine receptors, dDA1 and DAMB, and an octopamine receptor
OAMB (Han et al., 1996; Han et al., 1998; Kim et al., 2003). Here we show that dDA1 is
required in the MB for aversive and reward learning, while OAMB is required in the MB
for reward memory formation in olfactory conditioning.
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Figure 1-4: A schematic map of the oamb locus
Boxes represent the OAMB exons and are marked with individual exon numbers, E1 to
E8; the boxes filled with lines indicate the alternatively spliced exons for OAMB-K3 (E7)
and OAMB-AS (E8). Dotted lines delineate deleted genomic regions for oamb alleles
(Modified from Lee et al., 2003).

Chapter 2
Materials and Methods

2.1 Fly cares
Flies were reared on standard cornmeal/agar medium. For behavioral tests, flies
were reared in the 25° C incubator at with 50% to 60% relative humidity under a 12 h
light/12 h dark cycle. All flies for behavioral tests were collected at least 2 days before
tests into fresh food vials, which eliminate anesthetic physiological effects of CO2. The 4
to 7 day-old flies of mixed genders were used for behavioral tests.

2.2 Drosophila strains
The wild-type strain used in all studies was Drosophila melanogaster strain
Canton-S. For classical reward conditioning, isogenic w1118 was used as a control for
homozygous tβhnM18 mutant defective in tyramine β hydroxylase (Monastirioti et al.,
1996). The tβhnM18 was kindly provided by Dr. Monastirioti (Institute of Molecular
Biology and Biotechnology, Greece).
For the dDA1 expression study, Df(3R)red31/TM6B (Hall and Kankel, 1976) and
Df(3R)red-P52/TM1 (Hamilton et al., 1993) were used since the dDA1 locus is between
the break points of the deficiency chromosomes. Transgenic flies expressing n-syb-GFP
in the MB were also employed for the cellular localization of dDA1. They were
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generated by crossing an enhancer trap line OK107 (a gift from Dr. O’Kane) and the
UAS-n-syb-GFP lines (a gift from Dr. Ramaswami). For the study identifying the role of
dDA1 in olfactory conditioning, MB247-GAL4, Elav-GAL4, and GAL80ts lines were
kindly provided by Drs. Waddell, Heisenberg, and Davis, respectively. The X and second
chromosomes of the inversion line In(3LR)234 were replaced with those of Canton-S.
f02676 was backcrossed with w1118 at least for five generations.
For the study identifying the role of OAMB in olfactory conditioning, hs-GAL4
and MB247-GAL4 lines were kindly provided by the Bloomington stock center and Dr.
Waddell, respectively. To reinstate OAMB expression in oamb mutants, individual
isoforms of OAMB (OAMB-K3 and –AS) were cloned downstream of UAS in a Pelement vector and used for germ-line transformation to generate several transgenic lines.
Two independent alleles of each isoforms,TgK3-105, TgK3-42, TgAS-12, and TgAs-22 were used
for the study described in Chapter 4.

2.3 Polyclonal dDA1 antibody generation
A 173 bp fragment (nt 614-786 of genebank accession number U22106;
(Sugamori et al., 1995) of the dDA1 cDNA coding for the third cytoplasmic loop was
subcloned in pGEX-4T (Pharmacia, Piscataway, NJ) to generate a fusion protein with
GST in bacteria (Han et al., 1998). After the fifth intraperitoneal injection of the fusion
protein into a Swiss Webster mouse, ascites fluid was collected (Harlow and Lane, 1988),
tested by western analysis against the fusion protein, and used for immunohistochemical
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analysis. The mouse ascites fluid containing the antibodies to the GST only was used as a
control and did not produce any significant immunoreactivity in larval and adult CNS.
For preabsorption experiments, one cm2 of nitrocellulose membrane was
incubated for 2 hrs at room temperature with 4 ng/μl of the gel-purified GST-dDA1 or
0.2 μg/μl of the GST-OAMB fusion protein as a GST control, or with PBS alone. After
washing in phosphate buffered saline (PBS), the membrane was incubated with 3%
normal goat serum for 2 hrs followed by incubation with 1:100 or 1:1000 diluted dDA1
antibody in PBS containing 0.2% triton X-100 and 3% normal goat serum overnight at
4oC. The preincubated antibody was then used to stain the whole-mount larval CNS and
adult head sections.

2.4 Imunohistochemistry
For the whole mount preparation, the larval and adult CNSs were dissected with
sharp forceps in PBS. During micro-dissection, cuticles and connective tissues were
carefully removed. Since the air trapped in the trachea interferes with light penetration,
the trachea around the brain was completely removed as well. The dissected brains or
CNSs were fixed in freshly made fixative (4% paraformaldehyde and 0.04M Lysine in
PBS) at 4 °C for 30 min and then rinsed three times for 30 min with PBS containing 0.2%
Triton X-100 (PBST). After incubation in the blocking solution (5% normal serum in
PBST) for 1h at room temperature, the brains were incubated with the primary antibodies
in the blocking solution at 4 °C for 24 h and then washed 4 times for 1 h in PBST. The
brains were incubated with secondary antibody conjugated with florescence molecules in
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the blocking solution for 2 h at room temperature. To prevent bleaching of florescence,
the tissue samples were kept in dark. After washing four times with PBST for 1 h, the
samples were mounted in Vectashield mounting media. Because of thickness of wholemount samples, three layers of Scotch tape were used as spacer between cover glass and
slide glass. To prevent leaking of mounting media, the preparations were sealed with nail
polish around the cover glass.
For sectioned samples, ten micron cryosections and three micron paraffin sections
were prepared. The sectioned brains were fixed in the fixative (4% paraformaldehyde in
PBS) at 4 °C for 3 h and then processed as whole-mount sample except that PBHT
(phosphate buffer high salt containing 0.2% Triton X-100) was used instead of PBST.
For the chromatic detection of secondary antibody (biotin-conjugated antibody with the
ABC kit; Vector, Burlingame, CA), the sections were stained with 1 mg/ml
diaminobenzidine and 0.03% hydrogen peroxide.
Images were taken by DMR epifluorescent (Leica, Heidelberg, Germany) or
FluoView confocal microscope (Olympus, Melville, NY). Confocal image stacks were
collected at 1 micron step with a 20X objective. Images of the confocal stacks were
maximum-projected, analyzed with the software Image pro plus (Cybermediatics,
Betheda, USA), and organized with Photoshop (Adobe, USA).
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2.5 Behavioral assays

2.5.1 Responses to sensory stimuli
Testing flies for their sensory acuities is critical to interpret the results obtained
from conditioning experiments. For olfactory acuity tests, approximately 60 flies were
placed in a T-maze with one of the arms carried air and the other an odor, into which flies
dispersed from a central choice point, and allowed to choose air vs. the odor for 2 min.
Total air flow of a T-maze was set to 1000 ml/min and thus each tube of the T-maze has
500 ml/min of air flow. The tests were carried out with the concentrations of odorants
used for conditioning and with the five-time lower concentrations. Testing olfactory
acuity with lower concentrations of odorants helps to reveal minor differences in
olfactory acuity. The number of flies in the air-flow tube (Nair) and the number of flies in
the odor-flow tube (Nodor) were counted. Avoidance was calculated as [(Nair – Nodor) /
(Nair + Nodor)] x 100. If all of the flies avoid the odor-flow tube, avoidance would be 100.
If the numbers of flies are equal in odor-flow and the air-flow tubes, avoidance would be
0 (no avoidance).
Electric shock avoidance was tested in a T-maze with two tubes lined with copper
grids, in one of which flies received pulses of 90 or 30 V electric shock (24 pulses, 1.3
sec duration, and 5 sec intervals) for 2min. Avoidance was calculated as: electric shock
avoidance = [(Nnon shock – Nshock) / (Nnon shock + Nshock)] x 100.
Sugar preference was also tested in a T-maze with both tubes covered with filter
papers, one of which had 2 or 0.2 M sucrose for 2min. If all of the flies preferred the tube

30
with the sucrose-soaked filter paper, preference would be 100. If the number of flies is
equal in the tube with the sucrose-soaked filter paper and in the tube with the watersoaked filter paper, preference would be 0 (no avoidance). Preference was calculated as:
sucrose preference = [(Nsucrose – Nwater) / (Nsucrose + Nwater)] x 100.

2.5.2 Classical olfactory conditioning
The standard Palvlovian training protocol described by Beck et al. (Beck et al.,
2000) was adopted for punishment-mediated olfactory conditioning with minor
modifications. A group of 50-60 flies was used for one training experiment and all
experiments were performed under the regular fluorescent light illumination. Flies
received a first odor (CS+) in the presence of 12 pulses of 90 V electric shocks (1.3 sec
duration, and 5 sec intervals). After 30 sec of air, a second odor (CS-) was delivered to
flies for 1 min without electric shock followed by 45 sec air. A second set of flies was
simultaneously trained with the odors presented in a reversed order to counterbalance any
possible odor bias in conditioning. Odorants used for conditioning are 1% 3-octanol
(OCT), 0.5% benzaldehyde (BA), 2% ethyl acetate (EA), and 2% isoamyl acetate (IAA).
Odorants were diluted in mineral oil and sucrose in deionized water. All chemicals were
purchased from Sigma-Aldrich (St Louis, MO).
Reward-mediated olfactory conditioning was performed as previously described
(Kim et al., 2006). Flies were starved in vials containing Kimwipes soaked with water for
20 h before training. Dehydration of flies significantly affected viability and behavioral

31
scores; thus, it was critical for flies to have direct access to water during starvation and
Kimwipes, compared to filter papers, was highly effective in providing sufficient water.
The new training apparatus Sliding box ( Figure 2-1 ) represents a prototype and
consists of three parts, the main chamber (Figure 2-1b) and two identical plates (Figure 21a), and are made of Plexiglas. The main chamber (outer dimension, 50 mm W x 70 mm
L x 30 mm H) has two open slots on each of two long sides for supporting two plates
together. One of two short sides of the chamber has a hole to accommodate an adaptor for
introducing flies and airflow with or without odor. The other short side has five small
holes for ventilation. On the side with an adaptor, triangle-shaped blockades are
positioned at four corners inside the chamber to prevent flies from evading exposure to
the test odor. Six indented rectangular spaces (48 mm x 38 mm x 1 mm) are present on
one side of each plate (65 mm W x 340 mm L x 5 mm H) to hold the filter paper
(Whatman Inc, Florham Park, NJ, USA). The plates are inserted into the main chamber
so that the two sheets of filter paper face each other inside of the chamber, providing a
compartment (inner dimension, 40 mm W x 60 mm L x 10 mm H) in which flies can be
housed and trained. The chamber can be slid into six different positions along the parallel
plates with the filter paper serving as the ceiling and floor of the assembled compartment
(Figure 2-1d, schematic presentation). Five sets of filter paper (each set consisting of a
top and a bottom filter paper) are sequentially soaked with water, sucrose, water, water,
and water for training, and the sixth set serves as a backup (Figure 2-1c). The assembled
unit is stably secured on the flat Plexiglas plate with four sets of holders (Figure 1c).
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Figure 2-1: Sliding box conditioning apparatus and training regime.
(a) Two plates with six indented surfaces for holding filter papers. (b) Top (left), longside (center) and short-side (right) views of the main chamber. (c) Training set-up
consisting of Sliding box assembly, odor bottles, tubing, and electric valves for air/odor
delivery. (d) Schematic presentation of training in Sliding box. (e) Standard training
schedule.
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For training, 50 to 60 flies were transferred to the main chamber in the first
position with the water-soaked filter paper and the flies were exposed to air for 30 sec
(Figure 2-1e). Subsequently, the chamber carrying the flies was gently slid to the next
position with the sugar-containing filter paper, and the flies were exposed to the first odor
(CS+) for 1 min. The chamber was then slid to the adjacent compartments where the flies
received air for 45 sec, the second odor (CS-) for 1 min, and air for 30 sec, respectively
(Figure 2-1d and e). A second set of flies was trained with the odors presented in a
reversed order to control for odor bias. The trained flies were transferred to a T-maze in
which two odors were presented simultaneously, and the flies were tested for their
preference for the CS+ odor right after or at various time intervals after training to
measure memory retention. Odors were delivered to the main chamber via airflow (flow
speed, 3.5 L/min) in silicon tubing from glass vials containing diluted odorants. Air and
odor switching was controlled by four 3-way electrical solenoid valves (Omega,
Stamford, CT, USA) (Figure 2-1c). The performance index (PI) was calculated by
subtracting the percentage of flies that chose CS- (incorrect choice) from the percentage
of flies that chose CS+ (correct choice) (PI = [(Ncorrect choice – Nincorrect choice) / (Ncorrect choice
+ Nincorrect choice)] x 100) and the average PI of two counter-balanced trainings was used to
represent one data point. If all of the trained flies preferred CS+, PI would be 100,
representing perfect learning or memory retention. If the trained flies equally chose CSand CS+, PI would be 0 (no learning or no memory).
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2.6 Data Analysis
All data are reported as mean ± standard error of the mean. Statistical analyses
were performed using Minitab 14 (Minitab Inc., State College, PA, USA). Student’s t-test
was used for comparing the means of two groups. When there were more than two groups,
analysis of variance (ANOVA) with post hoc Tukey-Kramer tests was used. If data are
not normally distributed, Kruskal-Wallis test was used.

Chapter 3
Result – dDA1 Expression

3.1 Expression of a D1 Dopamine Receptor dDA1/DmDOP1 in the Central Nervous
System

3.1.1 dDA1 expression in embryos and larval CNS.
Two members of the D1 family that activate the cAMP pathway have been
identified in Drosophila (Gotzes et al., 1994; Sugamori et al., 1995; Feng et al., 1996;
Han et al., 1996). Han et al. (Han et al., 1996) have shown that one subtype named
DAMB displays highly restricted expression in the Drosophila CNS. To explore the
tissue distribution of the other D1 receptor dDA1/DmDOP1 (hereinafter dDA1), a
polyclonal antibody against the putative third cytoplasmic loop of dDA1 was generated
and used for immunohistochemical analysis. In situ hybridization analysis previously
revealed that dDA1 transcripts are detectable as early as syncytial stages and are present
throughout embryonic development (Sugamori et al., 1995). When whole mount embryos
at various stages of development were challenged with the anti-dDA1 antibody, however,
no significant staining was detectable (data not shown). Interestingly, dopamine is not
detectable until stage 16 of embryonic development (Lundell and Hirsh, 1994). The
functional significance of the dDA1 transcripts in the absence of their translated products
and dopamine is unclear.
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Distinct dDA1 immunoreactivity was evident in the larval CNS ( Figure 3-1). In
the brain lobes, dDA1 immunoreactivity was highly enriched in the mushroom bodies
(MB; Figure 3-1A). The MB neurons form bilateral neuropil that can receive multiple
sensory input (Davis and Han, 1996; Strausfeld and Li, 1999; Rein et al., 2002; Strausfeld,
2002). Studies using genetic and pharmacological manipulations reveal the role MB in
higher-order brain function such as learning and memory (de Belle and Heisenberg,
1994; Connolly et al., 1996; McBride et al., 1999; Dubnau et al., 2001; McGuire et al.,
2001). Consistently, genes critical for olfactory learning and memory including those
involved in the cAMP pathway are preferentially expressed in the MB (Davis, 1996;
Dubnau and Tully, 1998; Waddell and Quinn, 2001). The MB consists of three distinct
structures, the dendritic structure calyx, the axonal projection pedunculus, and the axonal
terminals lobes (Figure 2A). In experiments performed to localize dDA1
immunoreactivity, the MB was visualized by the targeted expression of green fluorescent
protein (GFP) in transgenic animals using the GAL4/UAS binary expression system
(Figure 3-1B). The enhancer trap line OK107 expresses the yeast transcription factor
GAL4 in the MB neurons (Connolly et al., 1996). Larvae generated from OK107 crossed
to flies carrying UAS-nsyb-GFP expressed the activated nsyb-GFP in the MB. The GFP
used in this study was fused with the presynaptic localization sequence from nsynaptobrevin (Ito et al., 1998), thus the nsyb-GFP in these animals was localized only in
the presynaptic MB structures pedunculi and lobes (Figure 3-1B). Therefore, the
colocalization of dDA1 and n-syb-GFP in pedunculi and lobes as shown in Figure 1C
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indicates that the dDA1 was expressed in intrinsic MB cells and localized in presynaptic
projections.
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Figure 3-1: dDA1 expression in the whole-mount CNS of third-instar larvae.
(A) dDA1 immunoreactivity in the MB neuropil and cell bodies in the ventral ganglion
(red). br=brain lobes, l=MB lobes, p=pedunculus, vg=ventral ganglion. In all panels
asterisks mark lateral dDA1 cells on one side of the thoracic ganglion. (B) nsyb-GFP
expression in the MB driven by OK107-GAL4 (green). (C) A composite image of (A)
and (B) showing colocalization of dDA1 and nsyb-GFP in the MB (yellow-orange). (D)
dDA1-positive neurons in the subesophageal ganglion (white arrowhead). The ventral
ganglion is rotated to show the semi-lateral view and the brain lobe is put aside to reveal
the subesophageal ganglion. (E) Projections of dDA1-positive neurons in the abdominal
ganglion; parallel longitudinal tracks formed by the terminal dDA1 neurons (white
arrowhead), and direct (black arrowhead) and detour (yellow arrowhead) projections to
midline tracks. (F) Close-up view of the projections to the ipsilateral midline track (white
arrowhead) and the contralateral track (black arrowhead). (G) dDA1 neurons laterally
located in thoracic segments (asterisks) with their projection to medial tracks. (H) An
arch-like arborization of dDA1 projection (white arrowhead) in the ventral area of the
MB. (I) Loss of all the immunoreactivities after preincubation of the dDA1 antibody with
GST-dDA1. (J) Normal expression pattern of dDA1 after preincubation of the dDA1
antibody with GST-OAMB. Anterior is up. Scale bars, 50 μm.
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The ventral ganglion of the third instar larval CNS also contained dDA1-positive
neurons. In the subesophageal ganglion underneath the brain lobes, the somata of four to
six neurons were faintly stained with the anti-dDA1 antibody (Figure 3-1D). On the
contrary, strong dDA1 immunoreactivity was detected in an unpaired neuron located near
the boundary of cell body and neuropil areas in every hemisegment of the thoracic (three
segments) and abdominal ganglia (eight segments; Figure 3-1A and 1D). Most of
neuronal cell bodies in the larval ganglion are located in the ventral and lateral areas and
their neuropil in the core and dorsal region. The positions of dDA1-positive neurons were
somewhat variable in different segments and larvae. The processes of dDA1-positive
neurons in the cellular area were extended medially without detour (Figure 3-1E) while
those of the neurons located inside of the neuropil area projected laterally to the
neuropilar edge and then turned medially (Figure 3-1E). The medially projected
processes formed a ladder-like structure around the midline. Two dDA1-positive neurons
in the terminal abdominal segment projected their processes ipsilaterally to form parallel
longitudinal tracks on each side of midline and the processes of other dDA1 neurons
joined them (Figure 3-1E and 1F). Because dDA1 staining in the processes was blotchy,
it was difficult to trace them accurately. Nevertheless, the dDA1-positive neurons in
some segments extended their processes to the contralateral side across the midline
(Figure 3-1F). Additional dDA1 immunoreactivity was detected in a single neuron
laterally located in each thoracic hemisegment (Figure 3-1A and 1D). Each of these also
projected medially to the midline ladder (Figure 3-1G). The dDA1-containing processes

41
in the parallel tracks were traceable to an arch-like arborization at the ventral area of the
MB lobes in the brain (Figure 3-1H).
To ascertain whether the antibody used in this study recognized authentic dDA1
in vivo, the antibody was preincubated with the fusion protein containing glutathione-Stransferase and the third cytoplasmic domain of dDA1 (GST-dDA1) and then used for
immunostaining. As controls, the antibody was preincubated with PBS or the fusion
protein containing GST and the third cytoplasmic domain of OAMB (GST-OAMB).
OAMB is an octopamine receptor that also activates cAMP increase, and is highly
enriched in the MB, central complex (CC) and ventral ganglion of Drosophila CNS (Han
et al., 1998; Han, unpublished data). As depicted in Figure 3-1I, all the
immunoreactivities were abolished when the larval CNS was stained with the antibody
preabsorbed with GST-dDA1. On the contrary, the antibody preabsorbed with PBS or
GST-OAMB did not alter the immunoreactivities in the brain lobe and ventral ganglion
(Figure 3-1J). The same results were obtained with ten-times higher concentrations of
the preabsorbed antibody. This strongly suggests that the antibody recognized the
authentic dDA1 in the larval CNS.

3.1.2 dDA1 expression in the adult brain.
Staining of a series of adult frontal head sections also revealed prominent
immunoreactivities in the MB (Figure 3-2). As in the larval brain, the MB lobes
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(Figure 3-2A, C and D) and pedunculi (Figure 3-2E-G) exhibited strong dDA1
immunoreactivity that colocalized with nsyb-GFP expression in the OK107/UAS-nsybGFP transgenic fly (Figure 3-2A). Compared to the larval MB, the adult MB comprises
more elaborate lobe structures that are subdivided into α/β, α'/β' and γ/heel ((Crittenden
et al., 1998). Comparative analysis of genes important for olfactory learning reveals
differential localization of their gene products in the MB lobes and pedunculi (Crittenden
et al., 1998). Interestingly, relatively stronger staining for dDA1 was detected in the MB
γ lobe/heel (Figure 3-2C and D), the structure implicated in the short-term memory
formation (Zars et al., 2000a; Zars et al., 2000b), compared to α/β and α'/β' lobes
(Figure 3-2D). Likewise, the lateral outer layer of the pedunculus that projects to the γ
lobe was stained more intensely than the inner pedunculus for α/β and α'/β' lobes
(Figure 3-2E and F). The calyces and their cell bodies were devoid of apparent dDA1
immunoreactivity (Figure 3-2G). This fits well with the absence of dopaminergic
innervation in these areas (Nassel and Elekes, 1992).
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Figure 3-2: dDA1 expression in the adult Drosophila brain.
The dDA1 immunoreactivity was visualized by fluorescent detection (red) on the wholemount brain (A) or by chromatic detection (brown) on paraffin (C-I) and frozen (J)
frontal head sections. (A) A composite image (yellow; center) of dDA1 immunoreactivity
(red; left) and nsyb-GFP expression (green; right) in the MB. (B) Schematic
representation of the adult fly brain demarcating dDA1-containing structures with colorcoding: MB pedunculi and lobes, blue; FB, red; EB, green; NO, yellow. Other structures
lacking dDA1 immunoreactivity shown in the scheme include MB calyces (c), PB, optic
lobes (ol), antennal lobes (al) and subesophageal ganglion (sg). The image is modified
from the 3D Drosophila brain image constructed by the Virtual Brain project with
permission (http://www.flybrain.org/Flybrain/html/contrib/2000/rein/index.html ; Rein et
al. 2002). (C-G) The frontal sections from anterior to posterior brain showing dDA1
expression in the γ lobes (C), heel, α/β and α’/β’ lobes (D), pedunculi, FB, EB and NO
(E), pedunculi, FB and NO (F), and pedunculi along with the absence of dDA1 in MB
cell bodies, calyces, and PB (G); es=esophagus, h=heel, p=pedunculi, k=MB cells bodies,
c=calyces. (H) dDA1 expression in extrinsic MB projections (white arrowhead) in the
midbrain section. (I) dDA1-positive neuronal cell bodies in the ventral (single asterisk)
and the dorsal (double asterisks) brain of the posterior section. (J) Reduction of dDA1
immunoreactivities in pedunculi, FB, NO in the deficiency line Df(3R)red31/TM6B (Df)
compared to the wide-type Canton-S (CS). Anterior is up. Scale bars, 50μm.
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Another structure displaying prominent dDA1 expression was the CC. The
Drosophila CC located at the interhemispheric junction (Figure 3-2B) consists of four
interconnected substructures; protocerebral bridge (PB), fan-shaped body (FB), ellipsoid
body (EB), and paired noduli (NO; (Hanesch et al., 1989). Although the physiological
roles of the individual substructures are largely unknown, studies of various structural
mutants, 2-deoxyglucose labeling and transgenic approaches suggest the critical roles of
CC in the higher-order motor control, olfactory conditioning, certain aspects of courtship
conditioning and functional tolerance to alcohol (Heisenberg et al., 1985; Strauss and
Heisenberg, 1993; Bausenwein et al., 1994; Joiner and Griffith, 2000; Scholz et al., 2000).
As depicted in Figure 2F, NO exhibited the strongest dDA1 immunoreactivity. The signal
was the most intense in the ventral segments, diminished in the middle, and increased in
the dorsal ends of the pair. While dDA1 immunoreactivity was observed throughout the
FB, the staining in the dense plexus of lower and upper segments of FB was notable
(Figure 3-2E and F). These areas may correspond to crossing points and terminals of
various fiber tracts connecting FB with PB, NO and/or other brain areas (Hanesch et al.,
1989). The EB also displayed the dDA1 immunoreactivity; however, the staining was
relatively weak and was confined in the posterior structure proximal to FB (Figure 3-2E).
No dDA1 immunoreactivity was detectable in PB (Figure 3-2G).
The extrinsic MB projections connecting the MB pedunculi to other brain areas
were consistently stained with the dDA1 antibody (Figure 3-2F and H). The projections
were extended medially toward FB and turned ventrally to terminate presumably at the
ventral body, one of the major output areas for CC (Hanesch et al., 1989). Because there
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has not been any evidence showing direct connections between CC and MB, it is
conceivable that these extrinsic MB neurons may represent one of the neural circuits
linking CC and MB, in which dDA1 may play a role in modulating information flow.
The dDA1 antibody decorated several neuronal cell bodies in the adult brain.
They include two large somata located in the posterior ventral brain and bilateral clusters
of approximately four to six neurons at the posterior dorsal brain adjacent to the MB
calyx (Figure 3-2I). These neurons are noticeably larger than the majority of neurons in
the Drosophila central brain, thus likely to be neurosecretory cells. Although the dDA1
immunoreactivities were occasionally detectable in the processes proximal to the cell
bodies, the staining in their distal processes was incomprehensible, thus making it
difficult to trace their destination. In subesophageal ganglion, numerous varicosities were
also visible with the anti-dDA1 antibody (Figure 3-2D). No additional dDA1
immunoreactivity was apparent in other brain regions.
To determine whether the dDA1 antibody detected authentic dDA1 in the adult
brain, the head sections were challenged with the antibody preincubated with the GSTdDA1 protein. As with the larval CNS, no immunoreactivities were detectable with the
preabsorbed dDA1 antibody (data not shown). The dDA1 antibody preincubated with
PBS or GST-OAMB, however, produced the normal pattern of immunoreactivies in the
brain (data not shown). In addition, we examined five deficiency lines containing deletion
of the dDA1 locus. Animals carrying homozygous or transheterozygous deficiency
chromosomes died before hatching. This is presumably because all the dDA1 deficiency
lines also contain deletion of trithorax whose function is required for embryogenesis
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(Breen, 1999). Therefore, we compared the dDA1 immunoreactivities of heterozygous
individuals that contain only one copy of wild-type dDA1 to those of Canton-S
containing two dDA1 copies. The intensity of immunoreactivity in the MB pedunculi, FB
and NO of the deficiency line Df(3R)red31/TM6B (Hall and Kankel, 1976) was weaker
than that in the Canton-S structures (Figure 3-2J). A similar reduction was observed in
another deficiency line Df(3R)red-P52 (Hamilton et al., 1993) and in other dDA1 positive
structures in both lines (data not shown). These data altogether strongly suggest that the
antibody utilized in this study recognized authentic dDA1.
Taken together, we conclude that the dDA1 dopamine receptor was enriched in
the neuropils of the MB, NO, FB and EB, extrinsic MB projections to the ventral bodies,
and somata of several neurosecretory cells in the adult brain. Although the adult CC
structures are formed during metamorphosis, their primordial structures are present at the
interhemispheric junction of larval brain lobes (Boquet et al., 2000). Since these larval
primordial structures were devoid of any detectable dDA1 immunoreactivity, the MB
represents the only dDA1-expressing structure common in the larval and adult brain.

3.1.3 dDA1 expression in the adult ventral CNS.
During metamorphosis the thoracic ganglion undergoes massive expansion while
the abdominal ganglion becomes condensed to form a fused structure attached to the third
thoracic neuromere. Staining of whole-mount adult ganglia displayed strong dDA1
immunoreactivity in a large neuron laterally located in the each hemineuromere of the
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thoracic ganglion (Figure 3-3A). In addition, two neurons located adjacent to the midline
in each neuromere were intensely stained with the dDA1 antibody. This configuration of
dDA1 positive cells was similar to that in the larval thoracic ganglion. Two additional
neurons in the vicinity of other medial dDA1-positive neurons in the second thoracic
neuromere were also faintly stained (Figure 3-3A insert). Because there were no
analogous cells stained in the larval thoracic segment, they likely represent adult-specific
dDA1-positive cells.
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Figure 3-3: dDA1 expression in the adult ventral CNS.
(A) dDA1 immunoreactivity (red) in thoracic and abdominal ganglia. Green
autofluorescence is used to outline the ventral ganglion. The lateral dDA1 neurons in
thoracic neuromeres are marked with asterisks on one side; pro=prothoracic neuromere,
meso=mesothoracic neuromere, meta=metathoracic neuromere; ag=abdominal ganglion.
Two pairs of medial dDA1 neurons and two neurons with faint dDA1 immunoreactivity
in the mesothoracic neuromere (white arrowheads) are shown in the insert. The
abdominal ganglion is outlined with a box. (B) Close-up view of the abdominal ganglion
boxed in (A) displaying strong dDA1 immunoreactivity in three pairs of neurons (white
arrowheads) and the weaker immunoreactivity in another three pairs (black arrowheads).
The asterisk marks one of lateral dDA1 neurons in the metathoracic ganglion. (C) dDA1
immunoreactivity in the medial longitudinal tracks in the thoracic ganglion (white
arrowhead). (D) dDA1 immunoreactivity
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In the condensed adult abdominal ganglion the number of dDA1-expressing cells
and their staining intensities were highly variable from animal to animal. Collectively,
dDA1 immunoreactivity was detected in eight to twelve neurons, longitudinally aligned
in five or six rows with one or two cells in each row (Figure 3-3B). The most posterior
(terminal) row invariably had two dDA1 neurons showing a strong intensity of staining
(10 out of 10 animals examined). The first and second anterior rows often had two dDA1
neurons with strong immunoreactivity (8 out of 10 animals examined). The other dDA1
neurons exhibited weaker and variable intensities of immunoreactivity, and were smaller
in size. The physiological and/or environmental factors responsible for this variability are
yet unclear. It is possible that there are six pairs of dDA1 neurons in the abdominal
ganglion, which were clearly visible in four animals examined. Certain dDA1 neurons in
some animals may express a subthreshold level of dDA1 for immunodetection.
Interestingly, there are six pairs of abdominal nerves connecting the abdominal ganglion
to various abdominal structures. It is conceivable that the dDA1 neuron in each row may
belong to the neural circuit for each abdominal nerve. Taking this configuration into
account, each hemisegment may contain a single dDA1-positive neuron in both adult and
larval abdominal ganglia. As in larval ganglia, the dDA1-containing processes in adult
thoracic and abdominal ganglia were freckly and projected to the longitudinal tracks near
the midline of the thoracic ganglion (Figure 3-3C). These dDA1-positive tracks extended
through the cervical connective to the subesophageal ganglion (Figure 3-3D). This
pattern of projection was similar to that in the larval ganglion. Taken together, the
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number of dDA1-expressing neurons per each segment, their general positions, and the
projection patterns appeared to be maintained from the larval to adult ventral ganglia.
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Chapter 4
Results – Olfactory Learning

4.1 Classical Reward Conditioning in Drosophila melanogaster

4.1.1 Sliding box paradigm
Sucrose-mediated olfactory conditioning depicted here calls for an association of
olfactory (CS) and appetitive gustatory (US) inputs and measures preference behavior as
an indicator of learning and memory. To establish a classical conditioning paradigm of
this behavioral plasticity, we developed a new apparatus named Sliding box. In Sliding
box, flies were housed in a movable rectangular chamber whose internal top and bottom
surfaces were provided by two long parallel plates containing five sets of filter paper
(Figure 1). When the chamber was slid to different areas along the plates, flies were
forced into contact with the water- or sucrose-containing filter paper. During training,
flies were exposed to CS+ odor in a compartment with sugar-coated surfaces, thus
involuntarily receiving an appetitive sugar US through the legs and the proboscis, and
then the flies were slid to other compartments with water-coated surfaces to be exposed
to CS- odor or air (Figure 1d and 1e). The leg tarsal segments, which directly contact
sucrose, contain taste neurons whose axons project to the subesophageal ganglion in the
brain (Stocker, 1994; Wang et al., 2004). They respond to appetitive stimulus as sucrose
directly applied to the tarsi stimulates the proboscis extension reflex and feeding behavior
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(Stocker, 1977; DeJianne et al., 1985). Thus in this assay, flies did not have control over
the appetitive US occurrence in a similar way to those receiving aversive electric shock
on the legs in negatively reinforced olfactory conditioning; thus, both paradigms
represent classical, as opposed to operant, conditioning. To establish optimal training
conditions for this new assay, we explored several parameters including multiple training
sessions, inter-training intervals, stimulus saliencies and training procedures.

4.1.2 Effects of multiple trainings and inter-training intervals
In electric shock-mediated olfactory conditioning, flies exhibit better performance
with more training, and the degree of enhancement depends on inter-training intervals
(Tully and Quinn, 1985; Beck et al., 2000). To examine whether performance in sucrosemediated olfactory conditioning was influenced by multiple training and inter-training
intervals, wild-type Canton S flies were subjected to appetitive conditioning using 2 M
sucrose, which is close to the saturation concentration (2.62 M at 25 oC) (Mathlouthi and
Reiser, 1995), as US in Sliding box. In the previous study employing the sugar tube
(Schwaerzel et al., 2003), the odorants IAA and EA were used as CS and thus were
adopted in this study. After surveying several different concentrations, we chose 2% IAA
and 2% EA, as Canton S flies showed similar levels of avoidance to both odors against
air (avoidance score for 2% IAA, 63.8 ± 5.1, n = 6; avoidance score for 2% EA, 65.4 ±
1.9, n = 6) and untrained naïve flies distributed equally between 2% IAA and 2% EA
( Figure 4-1 a). After one training session, flies displayed a substantial level of
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performance, which was enhanced after additional training session with a 1 min intertraining interval (Figure 2a). Four cycles of training also improved performance, but the
difference in the performance scores obtained after two and four trainings was not
statistically significant. Previous studies of operant counter-current and classical sugartube conditioning show the performance scores of Canton S flies in the range of 30 to 36
and 17.7 ± 2.6, respectively, after two cycles of training (Tempel et al., 1983; Schwaerzel
et al., 2003). Thus, the performance scores in the range of 30 to 40 observed in this study
(Figure 1-4) were comparable to or higher than the previously reported scores.
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Figure 4-1: Effects of multiple training sessions and inter-training interval.
(a) Canton S flies were tested for their preference for the sugar-associated CS+ odor right
after one (1T), two (2T), or four (4T) cycles of training or without training (0T). Onefactor ANOVA revealed a significant effect of training (F3,44 = 14.09, p < 0.0001, n = 618 per group). Post hoc Tukey comparisons indicated a significant difference between
non-trained (0T) and trained (1T, 2T or 4T) flies’ performance scores. The performance
score with 1T was significantly different from that of 2T or 4T (two-tailed Student’s t
tests, p < 0.05; marked by an asterisk); however, there was no difference between 2T and
4T performance scores (p > 0.05). (b) Flies were tested right after two (2T) or four (4T)
training sessions with 1, 15, or 30 min inter-training intervals. One-factor ANOVA
revealed a small yet significant effect of inter-training interval in 2T (F2,45 = 3.31, p <
0.05, n = 12-18) but no significant effect in 4T (F2,15 = 0.73, p > 0.05, n = 6). The
performance score associated with a 30 min inter-training interval in 2T was significantly
different from that with 1 min or 15 min inter-training intervals (two-tailed Student’s t
test, p < 0.05; marked by an asterisk), but there was no difference between 1 and 15 min
inter-training intervals (p > 0.05).
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To examine the effect of inter-training intervals on performance, Canton S flies
were subjected to two or four training cycles with 1, 15 or 30 min inter-training intervals.
After two training sessions, performance with the 1 and 15 min inter-training intervals
was comparable; however, the performance score with the 30 min inter-training interval
was significantly lower than with the 1 or 15 min inter-training interval. After four
training sessions, performance was not significantly affected by different inter-training
intervals although there was a tendency for a longer inter-training interval to yield a
lower performance score (Figure 2b). Overall, the highest performance score was
obtained with a 1 min inter-training interval; thus, all experiments described below were
carried out with 2 training sessions and a 1 min inter-training interval.

4.1.3 Effects of sucrose concentration and training procedure
The associative strength of US and CS for learning depends on the saliency of
stimuli (Tully and Quinn, 1985; Beck et al., 2000) and the context of their presentation
(Tully and Quinn, 1985). Thus, we investigated the effectiveness of three different
concentrations of sucrose solution, 0.1, 1, and 2 M. Flies conditioned with higher
concentrations of sucrose (possibly stronger US saliency) displayed better performance
( Figure 4-2 a): while the performance score of flies trained with 2 M sucrose was not
significantly different from that with 1 M sucrose, it was significantly higher than that
with 0.1 M sucrose. Since flies trained with 2 M sucrose yielded the highest performance
score, 2 M sucrose solution was used as US in all conditioning experiments. In electric
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shock-mediated conditioning, flies trained with CS+ followed by CS- learn better than
those trained in the reversed order of CS (Tully and Quinn, 1985). When the effect of CS
order during training was explored in Sliding box, Canton S flies exhibited similar
performance with either CS order (Figure 3b); thus, the training order of CS+ followed
by CS- was adopted as standard procedure.
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Figure 4-2: Effects of sucrose concentration and CS order.
Flies were trained with different concentrations (0.1, 1, or 2 M) of sucrose solution (a) or
with the standard (CS+/CS-) or reversed (CS-/CS+) order of CS (b), and tested immediately
after training. One-factor ANOVA revealed a significant effect of sucrose concentration
(F2,15 = 4.28, p < 0.05, n = 6 per group). Post hoc Tukey comparisons showed the significant
difference between 0.1 and 2 M sucrose conditions (marked by an asterisk). There was no
significant difference involving the order of CS presentation (two-tailed Student’s t test, p >
0.05, n = 6).
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4.1.4 Memory retention
Most, if not all, memories gradually decay over time; however, the decay kinetics
is variable depending on conditioning types (Tempel et al., 1983). To establish a memory
retention curve, Canton S flies were subjected to two training cycles with a 1 min intertraining interval in Sliding box and tested immediately (<3 min) or at 0.5, 1, 3, 6 and 12 h
after training. Performance at 30 min or 1 h after training was comparable to that right
after training ( Figure 4-3 ), indicating negligible memory decay for at least 1 h. On the
other hand, performance was compromised at 3 h post-training and decreased
significantly at 6 h. Nonetheless, the level of performance observed at 6 h was maintained
at 12 h post-training, suggesting that memory formed in appetitive conditioning lasts for a
relatively long time. A significant percentage of flies died at later time points presumably
due to starvation, thus it was not feasible to test memory retention longer than 12 h.
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Figure 4-3: Memory retention.
Canton S flies displayed gradual memory decay when tested at various times after training
(F5,30 = 5.6, p < 0.001, n = 6 per time point). Post hoc Tukey comparisons revealed that the
performance scores at 6 and 12 h post-training were significantly different from those at
earlier time points (marked by an asterisk).
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4.1.5 Analysis of tβh
To ascertain the utility of a new conditioning assay, it is critical to demonstrate its
sensitivity in detecting phenotypes associated with certain genetic mutations or epigenetic
effects. Tyramine β hydroxylase is an essential enzyme for biosynthesis of octopamine, a
major monoamine in invertebrates (Monastirioti et al., 1996). The tyramine β hydroxylase
mutant, tβhnM18, has been previously shown to have an undetectable level of octopamine
and to exhibit an impaired acquisition of appetitive conditioning (Schwaerzel et al. 2003).
When homozygous tβhnM18 flies were challenged in Sliding box, they displayed poorer
performance right after training compared to the control w1118, which has the same
genetic background as tβhnM18 ( Figure 4-4 ), indicating a crucial role of octopamine in
appetitive learning in Sliding box as well. This suggests that the new positively
reinforced classical olfactory conditioning is suitable for distinguishing impaired
performance resulting from mutations in learning or memory genes, or potential factors
influencing learning and memory such as aging or drug treatments. To ascertain the
utility of a new conditioning assay, it is critical to demonstrate its sensitivity in detecting
phenotypes associated with certain genetic mutations or epigenetic effects. Tyramine β
hydroxylase is an essential enzyme for biosynthesis of octopamine, a major monoamine
in invertebrates (Monastirioti et al., 1996). The tyramine β hydroxylase mutant, tβhnM18,
has been previously shown to have an undetectable level of octopamine and to exhibit an
impaired acquisition of appetitive conditioning (Schwaerzel et al. 2003). When
homozygous tβhnM18 flies were challenged in Sliding box, they displayed poorer
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performance right after training compared to the control w1118, which has the same
genetic background as tβhnM18 ( Figure 4-4 ), indicating a crucial role of octopamine in
appetitive learning in Sliding box as well. This suggests that the new positively
reinforced classical olfactory conditioning is suitable for distinguishing impaired
performance resulting from mutations in learning or memory genes, or potential factors
influencing learning and memory such as aging or drug treatments.
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Figure 4-4: Impaired learning of the octopamine-less tβh mutant.
The control w1118 and tβhnM18 flies were tested right after training. Two-tailed
Student’s t test showed a significant difference between their performance scores (p <
0.01, n = 6 per group; marked by an asterisk).
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4.2 D1 dopamine receptor dDA1 is required in the mushroom body neurons for
punishment and reward learning in Drosophila

4.2.1 Identification of dDA1 mutants
To identify dDA1 mutants, we surveyed multiple fly lines whose lesions are
known to map at the chromosomal location 88A where the dDA1 gene resides. Two lines
showed abnormal dDA1 immunoreactivities (IR) in the brain. One of them is the
inversion line In(3LR)234, which has the break points at 67D and 88A-88B (Craymer,
1984). The other is f02676 containing the transposable element piggyBac inserted at the
first intron in the dDA1 locus (Thibault et al., 2004). Previously, we have shown that
dDA1 is highly enriched in the MB lobes, the central complex, a few scattered cells in the
brain, and the Apterous-positive cells in the thoracico-abdominal ganglion (Kim et al.,
2003; Park et al., 2004). Both In(3LR)234 and f02676 have negligible dDA1 IR in MB
and the central complex (Figure 4-5) but intact IR in the scattered and Apterous-positive
cells (data not shown). Consistently, full-length dDA1 transcripts were detected in both
lines by RT-PCR (data not shown). Thus, In(3LR)234 and f02676 appear to have lesions
in the regulatory sequence for tissue-specific dDA1 expression, representing
hypomorphic dDA1 alleles, and are designated as dumb1 [D1(uno) in mushroom bodies]
and dumb2, respectively.
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Figure 4-5: dDA1 immunoreactivity in the adult head sections of Canton-S, dumb1, and
dumb2 flies.
The frontal sections at the levels of the MB lobes (top) and pedunculi (p) along with the
central complex (cc; bottom) are shown. dDA1 IR are visualized by red florescence.
Canton-S has prominent dDA1 IR in the MB lobes and pedunculi as well as the central
complex; however, no dDA1 IR are visible in those structures of dumb1 and dumb2.
Scale bar = Scale bar = 100 micron.
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4.2.2 Impaired learning of dumb mutants in punishment (aversive) conditioning
The observations that dDA1 is concentrated in the MB neuropil and can activate
the cAMP pathway (Sugamori et al., 1995; Kim et al., 2003) prompted us to investigate
the role of dDA1 in olfactory conditioning. When subjected to aversive conditioning
using odorants BA and OCT as CS and electric shock as US, dumb1 homozygous mutants
showed severely impaired performance immediately after training (Figure 4-6).
Performance of dumb1 did not decline at 1 h after training, suggesting that dumb’ is
defective in learning rather than memory. dumb1 has two break points due to inversion.
Thus to investigate the lesion accountable for poor performance of dumb1, we employed
two deficiency lines Df(3L)AC1 and Df(3R)su(Hw)7 having deletion between
chromosome 67A2 and 67D13 and chromosome 88A9 and 88B2, respectively, which
include each break point (Pauli et al., 1995; Deak et al., 1997). Similar to dumb1,
dumb1/Df(3R)su(Hw)7 trans-heterozygous mutants exhibited poor performance
immediately or 1h after training (Figure 4-6A). In contrast, performance of
dumb1/Df(3L)AC1 was comparable to that of Canton-S and dumb1/+ or Df(3R)su(Hw)7/+
heterozygous flies immediately after training. These data indicate that the lesion in
chromosome 88A is responsible for poor learning of dumb1 mutants. The flies
heterozygous for both deficiency chromosomes had slightly lower performance scores
compared to those of Canton-S and dumb1/+ at 1 h after training (Figure 4-6A). This
could be due to putative memory genes or sensory related genes in the deleted
chromosomes.
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Figure 4-6: The learning phenotype of dumb mutants in electric shock-mediated
olfactory conditioning.
Flies were trained with BA and OCT (A, B) or EA and IAA (C) as CS and tested
immediately after (acquisition) or 1 h after training (1h memory). (A) dumb1
homozygous and dumb1/Df(3R)su(Hw)7 trans-heterozygous mutants exhibited severely
impaired learning while dumb1/+, Df(3R)su(Hw)7/+, and dumb1/Df(3L)AC1 with one
copy of the dDA1 gene showed performance similar to that of Canton-S (AVOVA, F5,35
= 35.9, p < 0.0001, n = 6 for all groups; asterisks, significant difference by post hoc
Tukey-Kramer tests). At 1 h after training, dumb1, dumb1/Df(3R)su(Hw)7,
Df(3R)su(Hw)7/+ and dumb1/Df(3L)AC1 showed defective performance compared to
Canton-S and dumb1/+ (ANOVA: F5,35 = 26.04, p < 0.0001, n = 6; asterisks, significant
difference compared to Canton-S by post hoc Student t-test). (B) dumb2 homozygous and
dumb1/dumb2 mutants showed no trace of learning and 1 h memory (acquisition
ANOVA: F3,23 = 55.3, p < 0.0001; 1h memory ANOVA F3,23 = 21.6, p < 0.0001; n =
6; asterisks, significant difference by Tukey-Kramer tests). W1118 used as a control. (C)
dumb1 homozygous mutants also learned poorly when tested with another set of odors
(IAA and EA) as CS (two-tailed Student t-test, p < 0.0001).
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We next asked whether the dumb1 phenotype is linked to the lesion in dDA1 by
examining the independent dumb allele dumb2 and dumb1/dumb2 trans-heterozygous
mutants in aversive conditioning. Like dumb1, both genotypes had negligible
performance scores immediately after or 1 h after training (Figure 4-6B), supporting the
potential role of dDA1 in punishment-mediated olfactory learning. dumb1 and dumb2
heterozygous flies exhibited normal performance (Figure 4-6A and B); thus, a single
copy of dDA1 may be sufficient for mediating this process.
To test whether dumb mutants could learn better with different CS, we used other
odorants in electric shock-mediated olfactory conditioning. When trained with EA and
IAA as CS, dumb1 mutants also displayed severely impaired learning (Figure 4-6C). This
suggests that dDA1 is involved in aversive learning induced by diverse odor inputs. The
impaired performance of dumb mutants is not due to anomalous sensory modalities
because all dumb alleles and the control Canton-S and w1118 flies showed comparable
avoidance of the CS odors and electric shock presented at two different concentrations or
intensities, respectively (Table 1). Thus, poor learning of dumb mutants is likely due to
their inability to associate CS+ with US.

4.2.3 Punishment (aversive) learning requires dDA1 in MB
Synaptic output of dopamine neurons is previously shown to be required during
training for aversive learning (Schwaerzel et al., 2003), implicating the similar
requirement of dDA1 at the time of learning. To test this, we employed the pan-neuronal
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driver Elav-GAL4 and GAL80ts, which allows the temporal control of GAL4 activities
(McGuire et al., 2003). GAL80 binds to GAL4 to sequester it from activating UAS. The
temperature sensitive GAL80ts can no longer bind to GAL4 at 30o C, allowing it to act on
UAS to induce downstream gene expression. The piggyBac inserted at the first intron of
the dDA1 gene in dumb2 has UAS (Thibault et al., 2004). While the piggyBac insertion
itself interferes with endogenous dDA1 expression in dumb2, UAS in piggyBac, upon
binding to GAL4, may induce dDA1 transcription from the second exon containing 5’
untranslated sequence and the start codon. Thus, we crossed dumb2 with dumb1 carrying
Elav-GAL4 and GAL80ts to generate Elav-GAL4,GAL80ts/+;dumb1/dumb2 flies. The
Elav-GAL4,GAL80ts/+;dumb1/dumb2 kept at room temperature did not have any
detectable dDA1 induction ( Figure 4-7A); however, when the flies were reared at 30o C
for 3 days, conspicuous dDA1 IR was visible in the MB lobes and pedunculi and the
central complex (Figure 4-7B and C). Thus, the temporal manipulation of GAL80ts and
Elav-GAL4 activities was effective in restricting dDA1 expression in the adult brain
structures of dumb mutants.
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Figure 4-7: Restored dDA1 expression in dumb transgenic mutants.
dumb1/dumb2 trans-heterozygous mutants carrying Elav-GAL4 and GAL80ts reared at
room temperature (uninduced) had no detectable dDA1 expression (A); however, when
they were incubated at 30o C for 3 days (induced), dDA1 IR were visible in the MB lobes
(B) and pedunculi, the central complex, and other brain structures (C). GFP driven by
MB247-GAL4 in the wild-type genetic background was visible in most, if not all, dDA1positive MB neurons (D). dumb1/dumb2 carrying MB247-GAL4 had conspicuous dDA1
expression in the MB lobes (E) and pedunculi (p; F), but not in the central complex (cc;
F). Scale bar = 100 micron.
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When Elav-GAL4,GAL80ts/+;dumb1/dumb2 reared at room temperature was
subjected to electric shock-mediated conditioning, they showed poor learning; however,
their performance was dramatically improved after temperature shift to 30o C (Figure A).
The average performance score of Elav-GAL4,GAL80ts/+;dumb1/dumb2 was slightly
lower than that of Canton-S (no statistical difference) presumably due to uneven levels of
dDA1 expression in individual flies. Nonetheless, performance of ElavGAL4,GAL80ts/+;dumb1/dumb2 with the restored dDA1 expression was not significantly
different from that of Canton-S treated with the same temperature shift but different from
that of uninduced Elav-GAL4,GAL80ts/+;dumb1/dumb2 (p = 0.0009). These data indicate
that dDA1 is required in the adult neurons, presumably at the time of training, for
aversive memory formation.
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Figure 4-8: Rescue of the dumb mutant’s phenotype in aversive learning.
(A) The restricted dDA1 expression in the adult nervous system rescued the learning
phenotype of dumb mutants. dumb1/dumb2 carrying elav-GAL4 and GAL80ts reared at
room temperature (uninduced) showed poor performance immediately after training;
however, performance of the same genotype reared at 30o C for 3 days (induced) was not
significantly different from that of Canton-S (Kruskal Wallis test, p = 0.0009; n = 6). (B)
The dumb transgenic mutants expressing dDA1 in the MB lobes (247/+;dumb2 and
247/+; dumb1/dumb2) had learning scores similar to those of Canton-S and 247/+;
dumb1/+ (ANOVA: F6,41 = 43.6, p < 0.0001, n = 6; asterisks, significant difference by
Tukey-Kramer tests).
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We next addressed whether the learning phenotype of dumb mutants is due to
deficient dDA1 function in the MB neurons rather than in the central complex or other
neurons. MB247-GAL4 contains 247 bp of dMEF2 regulatory sequence that allows
GAL4 expression rather specifically in a subset of the MB neurons (Schulz et al., 1996;
Schwaerzel et al., 2002; Krashes et al., 2007). When MB247-GAL4/UAS-GFP in the
wild-type background was stained with the dDA1 antibody, the GFP-labeled (thus
MB247-GAL4-expressing) MB neurons were positive for dDA1 IR although the relative
intensities of GFP and dDA1 signals varied in different MB lobes (Figure 4-7D). Thus,
MB247-GAL4 was used to restore dDA1 expression in the MB of dumb mutants. As
shown in Figure 4-7(3E and 3F), dDA1 expression was evident in the MB lobes and
pedunculi but not in other neural structures of MB247-GAL4/+;dumb1/dumb2. dumb2
homozygous or dumb1/dumb2 carrying MB247-GAL4 had the learning scores comparable
to those of Canton-S in electric shock-mediated conditioning (Figure 4-8B). Thus, dDA1
expressed only in the subset of the MB neurons is necessary and sufficient to rescue the
impaired learning of dumb mutants, indicating an indispensable role of dDA1 in aversive
memory formation.

4.2.4 Reward learning requires dDA1 in MB
Dopamine is crucial in reward learning in mammals; however, the previous study
(Schwaerzel et al., 2003) of TH-GAL4/UAS-Shits flies suggests that this is not the case in
Drosophila. To investigate this further, we tested dumb mutants in sugar-mediated
olfactory conditioning. To our surprise, both dumb1 and dumb2 mutants exhibited poor
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performance immediately after training ( Figure 4-9A). Although dumb mutants’
performance in reward learning was not as severely impaired as in punishment aversive
conditioning, it was significantly different from that of Canton-S (Figure 4-9A) or w1118
(data not shown). As in electric shock-mediated conditioning, dumb mutants’
performance did not decline at 1 h after training, indicating a crucial role of dDA1 in
acquisition, as opposed to short-term memory, of reward conditioning. Moreover, dumb2
homozygous or dumb1/dumb2 trans-heterozygous mutants carrying MB247-GAL4
displayed fully reinstated learning in sugar-mediated conditioning (Figure 4-9B). These
data indicate that dDA1 is required in the same subset of the MB neurons for aversive
and reward learning.
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Figure 4-9: Impaired learning of dumb mutants in reward conditioning and rescue by
reinstated dDA1 expression in MB.
(A) Both dumb1 and dumb2 mutants were moderately impaired in acquisition (ANOVA:
F2,17 = 14.2, p < 0.0001, n = 6) and 1 h memory (ANOVA: F2,17 = 11.5, p < 0.005, n =
6) of sugar-mediated olfactory conditioning. (B) The dDA1 expression in the MB driven
by MB247-GAL4 was sufficient to rescue the learning phenotype of dumb2 homozygous
(247/+;dumb2) and dumb1/dumb2 (247/+;dumb1/dumb2) mutants (ANOVA: F3,50 =
10.2, p < 0.0001, n = 6 for 247/+;dumb1/dumb2, n = 15 for other groups). Asterisks
denote significant difference by Tukey-Kramer tests.
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Table 4-1: Sensory modalities including olfactory acuity, shock reactivity and taste perception
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4.3 Octopamine receptor OAMB is required in the mushroom body neurons for
reward learning in Drosophila

4.3.1 Impaired learning of oamb mutants in appetitive (reward) conditioning
When oamb mutants were tested in the reward conditioning, they showed severely
impaired performance immediately after training (Figure 4-10A). Df(3R)6679 contains a
P-insertion 80 bp upstream of the first exon and deletion of genomic region between the
insertion site and -50Kb upstream of the OAMB gene and represent a hypomorphic oamb
allele while oamb286 and oamb584 are null oamb alleles(ref). The oamb286/ Df(3R)6679
and oamb584/ Df(3R)6679 transheterozygous mutants with extremely compromised
OAMB expression showed significantly lower PIs compared to those of Canton-S and
heterozygous Df(3R)6679/+.
While oamb336 and oamb236 with normal and reduced expression of OAMB,
respectively, showed normal learning performance, a hypomorphic mutant, oamb126,
which has barely detectable OAMB expression in the MB but normal expression in the
ellipsoid body, and the null mutants oamb96, oamb286, and oamb584 showed severe deficit
in acquisition of appetitive olfactory conditioning. When memory retention of oamb
mutants was tested at 1 h after training the performance score was similar to that
observed right after training (data not shown). These data strongly suggest that oamb
mutants are defective in acquisition, as opposed to memory maintenance, of sugar–
mediated olfactory conditioning. The observation that the hypomorphic mutant, oamb126,
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with deficient OAMB immunoreactivity on MB, and normal OAMB expression in
ellipsoid body, was impaired in acquisition suggests that OAMB in the MB may be
crucial in this process.
When oamb mutants were challenged in aversive olfactory conditioning, their
performance right after (Figure 6-1) or 1 h after training was comparable to the controls.
This result indicates that OAMB is not crucial for electric-shock mediated aversive
conditioning.
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Figure 4-10: The learning phenotype of oamb mutants in olfactory conditioning.
Flies were trained with EA and IAA as CS and tested immediately after training.
(A) oamb286/Df(3R)6679 and oamb584/Df(3R)6679 trans-heterozygote exhibited severely
impaired learning while Df(3R)667/+ showed performance similar to that of Canton-S
(AVOVA, F3,29 = 18.9, p < 0.0001, n ≥ 6 for all groups; asterisks, significant difference
by post hoc Tukey-Kramer tests). a hypomorphic mutant and oamb null mutants
displayed deficit in learning (ANOVA: F6,63 = 3.88, p < 0.01, n ≥ 6; asterisks, significant
difference compared to ry by post hoc Tukey-Kramer tests). (B) oamb96/Df(3R)6679,
oamb286/Df(3R)6679 and oamb584/Df(3R)6679oamb showed normal performance.
(ANOVA: F3,23 = 0.34, p = 0.798; n =6) and oamb mutants have normal performance in
acquisition of aversive conditioning (ANOVA F3,23 = 0.64, p = 0.599; n = 6).
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4.3.2 Reward learning requires OAMB in MB
To test whether OAMB is required at the time of learning or throughout
development, we employed the heat shock (HS)-GAL4, which allows expressing OAMB
only after heat treatments. When oamb mutants carrying HS-GAL4 with UAS-OAMBK3 and/or -AS were reared at 22 o C, they showed poor learning similar to oamb mutants
(Figure 4-2A). However, after treated with heat shock for 1h at 37o C, their performance
scores were similar to those of Canton-S treated with the same heat shocks (Figure 6-2B).
These data indicate that OAMB is required in the adult, but not during development for
reward memory formation. .
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Figure 4-14: Rescue of the oamb mutant’s phenotype in reward learning.
(A) The restricted OAMB expression in the adult rescued the learning phenotype of oamb
mutants. oamb mutants carrying hs-GAL4 and OAMB-KS or OAMB-AS reared at 22°C
showed poor performance immediately after training; however, performance of the same
genotype with heat shocks was not significantly different from that of Canton-S
(ANOVA: F7,47 = 20.87, p < 0.0001; n =6; asterisks, significant difference by TukeyKramer tests).
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We next explored whether the learning phenotype of oamb mutants is due to
deficient OAMB function in the MB neurons rather than in the ellipsoid or other neurons.
MB247-GAL4 drive GAL4 expression specifically in a subset of the MB neurons (Schulz
et al., 1996; Schwaerzel et al., 2002; Krashes et al., 2007). The transgenic oamb286 or
oamb96 mutants containing UAS-OAMB-AS and/or OAMB-K3 along with MB247GAL4 had the performance scores similar to those of Canton-S while oamb286
homozygous or oamb286/ oamb96carrying MB247-GAL4 had the poor learning scores in
sugar-mediated conditioning (Figure 4-3). Thus, OAMB expressed only in the subset of
the MB neurons is necessary and sufficient to rescue the impaired learning of oamb
mutants, indicating a crucial role of OAMB in reward memory formation.
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Figure 4-15: Impaired learning of oamb mutants rescue by recoverd OAMB expression
in MB.
The OAMB expression in the MB driven by MB247-GAL4 was sufficient to rescue the
learning phenotype of omab mutants (ANOVA: F8,53 = 14.5, p < 0.0001, n = 6). Asterisks
denote significant difference by Tukey-Kramer tests.

Chapter 5
Discussion

5.1 Classical reward conditioning
We described a novel conditioning system called Sliding box for testing flies’
capacity to learn and remember the smell associated with sugar reward. This paradigm
offers several advantageous features. First, mechanical stress that flies receive during
training (via gentle sliding) is likely milder than that caused by passive transfer of flies
from one tube to the other in sugar-tube conditioning (Schwaerzel et al., 2003). The flies
may therefore pay better attention to the relevant cues for learning. This may account for
better performance (PI right after training, 30 to 40) in Sliding box compared to sugartube conditioning (PI right after training, 17.7) (Schwaerzel et al., 2003). Second, while
flies in the counter-current as well as the sugar-tube apparatus are housed in the same
compartment for air exposure during training, flies in Sliding box were placed in different
compartments before, between, and after CS. This would likely reduce cross
contamination of CS and US, improving learning scores. Third, the Sliding box paradigm
represents classical conditioning similar to commonly utilized electric shock-mediated
conditioning. Moreover, the same CS odors and testing apparatus (T-maze) were used in
Sliding box and electric shock-mediated conditioning. Consequently, differences in flies’
performance in these classical conditioning assays could be correlated only with the
nature of US information that flies receive during training. Thus, comparative analysis of
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various mutants in these assays may provide valuable insights into common vs. distinct
molecular, cellular and neural components for processing punishment vs. reward
information.
Comparing Canton S flies’ performance in Sliding box, counter-current, and
sugar-tube appetitive conditioning, we noted several differences and similarities.
Performance after two cycles of training with a 1 min inter-training interval in Sliding
box was similar to that in the operant counter-current paradigm but was better than that in
the classical sugar-tube paradigm. No information is available regarding whether more
than two cycles of training enhance performance in the counter-current assay, whereas
four cycles of training with 1 min inter-training interval did not improve performance in
Sliding box and sugar-tube conditioning. This suggests that physiological processes
mediating two classical conditioning types, Sliding box and the sugar tube, may be
comparable. It is conceivable that increased training involving more than two cycles in
Sliding box may affect long-term memory, but not learning or short-term memory,
similar to electric shock-mediated conditioning (Tully et al., 1994). Performance scores
for memory retention at 30 min, 1h and 3h after training in Sliding box were maintained
between 20 and 30 but were dramatically reduced at 6 and 12 h post-training (Figure 4).
Although no information is available on memory retention in sugar-tube conditioning,
memories formed in operant counter-current conditioning declined slowly as only a small
decay is noticeable at 6 and 12 h post-training (Tempel et al., 1983). It is conceivable that
different memory decay kinetics in Sliding box and counter-current conditioning may be
associated with distinct types of learning (passive learning in classical Sliding box
conditioning vs. active learning in operant counter-current conditioning). Nonetheless,

87
substantial memory retention up to 3 h after training in Sliding box should be sufficient to
identify and characterize molecules important for learning and short-term memory in
reward conditioning, as shown with the tβh mutant.
Notably, Schwaerzel et al. (Schwaerzel et al., 2003) have elegantly demonstrated
common as well as distinct components essential for electric shock- and sucrosemediated conditioning. While both conditioning types require rutabaga-adenylyl cyclase
function in the mushroom body intrinsic neurons, US inputs for aversive electric shock
and appetitive sucrose are delivered by dopamine and octopamine neurons, respectively,
to the mushroom bodies. Consistently, two dopamine and one octopamine receptors that
activate cAMP increases are shown to be highly enriched in the mushroom bodies (Han
et al., 1996; Han et al., 1998; Kim et al., 2003; Lee et al., 2003). The newly implemented
conditioning described here provides an additional tool to address specific roles of these
receptors and to uncover new players, which will ultimately help delineate the
neurobiological underpinnings of punishment vs. reward olfactory learning and memory.
In addition, it should also be feasible to establish other types of conditioning by adopting
different US or CS in Sliding box. For example, olfactory CS may be replaced with
visual CS by applying distinct colors or visual patterns to filter papers. This would help
identify molecular and cellular components involved in olfactory vs. visual learning and
memory.
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5.2 Expression pattern of dDA1 in CNS
Another member of Drosophila D1 family DAMB is also localized in the MB and
CC (Han et al., 1996). Comparison of dDA1 and DAMB immunoreactivities reveals
overlapping, yet distinct, expression patterns as summarized in Table 5-1. Both dDA1
and DAMB were present in the MB lobes; however, their relative abundance was
different in the lobe substructures. While dDA1 was more prominent in the γ/heel, a
higher DAMB immunoreactivity was found in the α' /β' lobes (Han et al., 1996).
Moreover, dDA1 and DAMB displayed distinct expression patterns in the CC. DAMB is
confined to a few neuronal tracts of the upper layer of FB with considerably lower
abundance compared to that in the MB (Han et al., 1996). On the other hand, a substantial
level of dDA1 was detected in three out of four CC structures. Another major difference
between dDA1 and DAMB is the absence of DAMB expression in the ventral ganglion of
adult and larval CNS. Therefore, the overall dDA1 expression pattern was more
widespread compared to that of DAMB.
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Table 5-1: Expression Patterns of dDA1 and DAMB in Drosophila CNS
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The honeybee also contains two D1 receptors, named AmDOP1 and AmBAR6.
AmDOP1 displays a high sequence identity and a similar pharmacological profile with
dDA1 while AmBAR6 is similar to DAMB (Blenau et al., 1998). In situ hybridization
analyses reveal that the honeybee brain contains more AmDOP1- than AmBAR6-positive
cells while the MB neurons express both receptors (Blenau and Baumann, 2001).
Similarly in mammals, D1 and D5, two members of the D1 receptor family, display
overlapping as well as discrete expression patterns in the CNS. For example, transcripts
for both D1 and D5 are relatively abundant in the human prefrontal and temporal cortices
(Meador-Woodruff, 1998); however, the distinct localizations of D1 and D5 are
noteworthy in the striatum and hippocampus. While the high level of D1 transcripts is
present in human striatum, D5 transcripts are barely detectable. On the other hand, D5
transcripts are abundant in all structures of hippocampus but D1 transcripts are primarily
present in CA1. Overall, D1 transcripts are more prevalent in mammalian CNS compared
to D5 transcripts.
Distant sequence identity between Drosophila and mammalian receptors make it
difficult categorize dDA1 and DAMB. Nevertheless, biochemical and pharmacological
analyses suggest that dDA1 is similar to mammalian D1 and DAMB to mammalian D5.
Dopamine has approximately ten times higher affinity to mammalian D5 compared to D1
(Missale et al., 1998). Similarly, dopamine has higher efficacy on DAMB than dDA1 to
increase the cAMP levels (Sugamori et al., 1995). Furthermore, both mammalian D1 and
dDA1 display higher affinities to the antagonist butaclamol than to flupenthixol, which
are reversed in DAMB and D5 [Feng, 1996 #16; Han et al., 1996). The present study
demonstrates a broader expression pattern of dDA1 compared to DAMB and its
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prominent expression in the CC whose function is similar to mammalian striatum in
controlling motor function. This corroborates the notion that dDA1 is a Drosophila
counterpart of mammalian D1.
In this report we describe the localization of dDA1, a member of D1 dopamine
receptor family that activates the cAMP cascade, in the adult and developing CNS. Its
expression pattern was rather specific to the brain structures that mediate higher order
brain functions such as learning, memory and motor control. This information should
help elucidate how dopamine mediates diverse physiological processes in Drosophila.

5.3 Roles of dDA1 in olfactory learning

5.3.1 dDA1 in punishment (aversive) learning
Previous research on olfactory conditioning in Drosophila has largely focused on
the intracellular components, many of which are involved in learning and/or memory
processes in MB (McGuire et al., 2005). Although those studies have revealed important
insights, the receptors that initiate signaling cascades into motion in the MB neurons are
unknown. Our results presented here provide the first demonstration of a MB receptor
essential for aversive learning. The dDA1’s role in this behavioral plasticity is
physiological, rather than developmental. This is consistent with the findings that
synaptic output of tyrosine hydroxylase-positive neurons is necessary during training
(Schwaerzel et al., 2003) and the learning phenotype of rut mutants is rescued by the
restricted expression of rut-AC, a potential dDA1 effector, in the adult MB (McGuire et
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al., 2003; Mao et al., 2004). Moreover, the dopaminergic processes projecting to the MB
gamma lobe strongly respond to electric shock (US) and show altered activities upon
CS+ exposure (Riemensperger et al., 2005). These data together strongly implicate dDA1
as a receptor conveying aversive US information in the MB lobes for memory formation.

Two additional neuromodulator systems are previously implicated in aversive
olfactory conditioning in Drosophila. One neuromodulator system is the glutamate
NMDA receptor composed of dNR1 and dNR2 subunits. Flies with decreased dNR1
expression show diminished performance in electric shock-mediated conditioning (Xia et
al., 2005). While dNR1 in the MB is crucial for anesthesia-resistant and mid-term
memories, dNR1-dependent learning occurs outside of the MB (Lin, 2005). Another
putative modulator involved in olfactory learning is Amn, which has sequence homology
with mammalian neuropeptide PACAP. While amn mutants are largely defective in midterm memory, they are mildly impaired in learning when BA is used as CS+ and learning
of BA depends on the synaptic output of Amn-expressing DPM neurons projecting to the
MB lobes (Keene et al., 2004). Thus, it has been suggested that putative amn-encoded
neuropeptides, upon binding to their receptor(s) in the MB neuropil, may mediate
memory formation; however, the predicted Amn neuropeptides or their receptors remain
unidentified. Therefore, dDA1 is the only MB receptor identified to date that is essential
for aversive learning. Notably, dumb mutants, similar to MB-less flies, show negligible
learning (de Belle and Heisenberg, 1994). This indicates that the MB neurons absolutely
require dDA1 for aversive memory formation.
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5.3.2 dDA1 in reward learning
The data presented here demonstrate the crucial role of dDA1 in sugarmediated olfactory learning as well. Interestingly, dumb mutants have diminished, yet
significant, performance scores, implicating an additional receptor(s) for this type of
learning. Indeed, tβh mutants lacking octopamine show poor performance in reward
conditioning and their phenotype is rescued by feeding octopamine before, but not after,
training (Schwaerzel et al., 2003; Kim et al., 2006). This indicates octopamine as a
crucial neuromodulator for reward learning. Since the MB is a primary neural substrate
for reward conditioning, reward memory formation is likely mediated by dDA1 and an
octopamine receptor(s) in the MB neurons.

The previous study of TH-GAL4/UAS-Shits flies, in which endocytosis of the
dopamine neurons expressing TH-GAL4 can be temporally controlled by dominant
negative dynamin Shits, suggests that dopamine is not involved in reward conditioning
(Schwaerzel et al., 2003). This is contrary to the learning phenotype of D1 dopamine
receptor mutants dumb. Nonetheless, the discrepancy may be reconciled by several
reasonable possibilities. First, TH-GAL4 used in the previous study to drive Shits may not
be expressed, or expressed at low levels, in a subset of the dopamine neurons critical for
reward learning. Second, dopamine neuronal output conveying sugar information may
not be completely inhibited by Shits. Third, dopamine crucial for reward learning may be
secreted by dynamin-independent pathway. These possibilities may be tested by
investigating pale mutants that are unable to synthesize dopamine; however, such flies
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die during development due to an essential role of dopamine in cuticle formation (Budnik
and White, 1987). Future studies on conditional pale mutants should help resolve this
issue.

5.3.3 Punishment (aversive) and reward signals activated by dDA1 in the MB
neurons
We have shown here that dDA1 expression driven by MB247-GAL4 fully rescues
the learning phenotypes of dumb mutants in electric shock- as well as sugar-mediated
conditioning. This indicates that reward and aversive memory formations are mediated by
dDA1 in the same subset of MB neurons (~30% of all MB neurons). This poses an
intriguing question as to how those MB neurons distinguish aversive vs. reward
information delivered by dDA1 to generate avoidance vs. preference behavioral output.
The key to answering this question may be intracellular effectors in the MB neuropil. rutAC is crucial in the MB neurons expressing MB247-GAL4 for both aversive and reward
learning (Schwaerzel et al., 2003). Notably, rut mutants retain some learning capacities in
electric shock- and sugar-mediated conditioning whereas MB-less flies or the flies with
inhibited MB synaptic output exhibit no trace of learning in both assays (de Belle and
Heisenberg, 1994; Krashes et al., 2007). This implicates additional cellular components
crucial for aversive and reward memory formation. Since dumb mutants are rather
completely impaired in aversive learning, dDA1 may activate rut-AC and other cellular
components to process aversive information.
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G protein-coupled receptors including dopamine receptors can recruit multiple
effector systems through heteromeric G proteins or through cross interactions of diverse
signaling components (Lidow et al., 2001; Pierce et al., 2002). Thus for aversive learning,
dDA1 activated by electric shock US input may recruit the MAP kinase cascade in
addition to the cAMP pathway. The activated protein kinase A and MAP kinases may act
on ion channels or cell adhesion molecules such as integrin and fasII to modify MB
synaptic output, leading to avoidance behavior (Yoshihara et al., 2000; Berke and Wu,
2002; Koh et al., 2002; Selcher et al., 2002). Consistently, the flies defective in 14-3-3
and S6KII, which are involved in the MAP kinase cascade, and

-integrin and fasII

mutants are poor learners in electric shock-mediated conditioning (Skoulakis and Davis,
1996; Grotewiel et al., 1998; Cheng et al., 2001; Putz et al., 2004).

For reward-mediated learning, sugar US input may impinge on at least two
receptors, dDA1 and an octopamine receptor, in the MB neuropil. Their simultaneous
activities may recruit a distinct combination of intracellular effectors that possibly
include rut-AC, protein kinase C, MAP kinases and CaM kinase II. The biochemical
changes collectively activated by these effectors may alter MB synaptic output to
generate preference behavior. The aversive and reward effectors may be at work in
separate areas of the same MB neuropil or in different MB neurons or neuropils, which
are differentially innervated by dopaminergic axons conveying electric shock input or by
dopaminergic and octopaminergic axons conveying sugar input. At present, there is
limited information on intracellular components involved in reward learning. Future
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studies in this venue will help attest this model. Taken together, concurrent CS+ and US
received during training may activate dDA1 (for aversive US) or dDA1 and an
octopamine receptor (for reward US) to induce distinctive biochemical changes, leading
to avoidance or preference behavior, respectively.

5.3.4 D1 dopamine receptor in Pavlovian conditioning
Multiple lines of evidence indicate that dopamine in the amygdala, the nucleus
accumbens and the medial prefrontal cortex in mammals is crucial for acquisition,
expression and/or extinction in aversive Pavlovian conditioning (Pezze and Feldon, 2004).
However, the receptors mediating the dopamine’s functions are unclear. Studies
employing D1/D5 dopamine receptor antagonist SCH23390 in rats suggest the significant
role of D1-type receptor in the amydala and the nucleus accumbens during acquisition in
fear conditioning and conditioned taste aversion (CTA), respectively (Guarraci et al.,
1999; Fenu et al., 2001). However, mice lacking D1 or D5 receptor show normal
acquisition in fear conditioning (El-Ghundi et al., 2001; Holmes et al., 2001). Likewise,
D1-deficient mice show normal learning of CTA to salt (CS) paired with LiCl (US)
although they do not develop CTA to sucrose (Cannon et al., 2005). The discrepant
findings of the pharmacological and genetics studies may be either due to other receptor
types affected by SCH23390 or due to compensatory adaptations in D1 or D5 knockout
mice. The studies reported here support the latter and clarify an indispensable role of D1
dopamine receptor in aversive Pavlovian conditioning. Additionally, pharmacological
studies reveal the significant role of D1-type receptors in appetitive Pavlovian
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conditioning in mammals (Beck et al., 2000; Baker et al., 2003; Eyny and Horvitz, 2003;
Dalley et al., 2005) and possibly in Aplysia (Reyes et al., 2005) although no information
is available on D1 or D5 knockout mice in this type of behavioral plasticity. Therefore,
the studies described here elucidate, for the first time, the critical role of D1 receptor in
appetitive Pavlovian conditioning.

5.4 Roles of OAMB in olfactory learning
The dopamine receptor dDA1 is involved in reward learning as shown in Chapter
4-2. While dumb mutants are mildly defective in appetitive conditioning, oamb mutants
show severe impairment in the same assay. These data suggest a more significant
contribution of OAMB, compared to dDA1, in activating the signaling cascade(s) in the
MB neurons to mediate reward information.
Interestingly, transgenic OAMB expression driven by MB247-GAL4 with UASOAMB-AS or –K3 fully rescues the learning phenotype of oamb mutants. This indicates
that OAMB-AS and OAMB-K3 may be functionally redundant and replaceable when
they are expressed in the same neurons. Nonetheless, it is possible that OAMB-AS and
OAMB-K3 have the differential expression pattern in the brain and have distinct roles in
associative learning or other behaviors.
It is notable that restoring dDA1 and OAMB in the same subset of the MB
neurons (~30% of all MB neurons) is sufficient to fully rescue the learning phenotype of
dumb and oamb mutants, respectively. This raises an intriguing question regarding
mechanism. As mentioned above, both dDA1 and OAMB activate cAMP increases. If
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dDA1 and OAMB are expressed in the same neurons, how do the MB neurons
distinguish the signals from dDA1 and OAMB to activate the cAMP pathway for
punishment and reward memory formation. To address this question, it is important to
determine whether dDA1 and OAMB are co-expressed in the same neuron. At the light
microscopic level (400X magnification), dDA1 and OAMB are expressed in the same
MB lobes with different expression levels (Han et al., 1998; Kim et al., 2003; Lee et al.,
2003) (data not shown). It is difficult to conclusively determine whether dDA1 and
OAMB are expressed in the same neurons by immunohistochemisty due to highly
compact neuronal processes in the MB lobes. Nonetheless, if they are expressed in the
same MB neuropil, it is possible that dDA1 and OAMB may recruit different downstream
effectors and their potential effectors are rut-AC, protein kinase C, MAP kinases and
CaM kinase II (Figure 5-1). Further studies on downstream effectors of dDA1 and
OAMB will clarify the issue on how the MB neurons mediate the punishment vs. reward
information.
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Figure 5-1: Working model of dDA1 and OAMB functions in aversive and reward learning.
The top panel depicts a schematic fly brain: The MB calyx colored light blue receives odor information from the antennal lobe (AL;
green) during electric shock- and sugar-mediated conditioning. Electric shock input received in the legs is delivered to the MB lobes
(dark blue) via dopamine (DA) neurons in the subesophageal ganglion (SG; pink) or DA neurons activated by SG neurons. Similarly,
sugar input received in the tarsi and/or the proboscis is delivered to the MB lobes via DA and octopamine (OA) neurons in SG or DA
and OA neurons activated by SG neurons. When activated by DA conveying punishment (electric shock) input, dDA1 in the MB lobes
triggers the signal transduction cascades involving cAMP and MAP kinases to modify synaptic output of MB, leading to avoidance
behavior (red pathway). On the other hand, DA and OA conveying reward (sugar) input bind to dDA1 and OAMB, respectively, to
activate multiple signaling cascades, some of which may be interacting with each other (not shown for simplicity). The collective
biochemical changes generated by these reward effectors may be distinct from those activated by dDA1 alone and alter the MB
synaptic output favoring preference behavior (blue pathway). Putative downstream molecules crucial for modifying the MB synaptic
output are shown in the red- and blue-shaded boxes.

Chapter 6
Summary
Drosophila is a powerful system with experimental advantages including a short
life cycle, a relatively small brain, and distinctly less complex behavior, compared to
rodent models, for studying the physiological, cellular and molecular mechanisms of
behavioral plasticity. Especially, the genetic amenability of Drosophila allows
identifying the molecules involved in behavioral plasticity relatively straightforward. In
addition, olfactory conditioning in Drosophila is widely used and well-characterized.
In the first part of my thesis, I describe the work, the expression pattern of the
dopamine receptor dDA1 in the central nervous system (CNS) of Drosophila. dDA1 is
exclusively expressed in the CNS but not in other tissue types. In the fly brain, the
mushroom bodies (MB) and the central complex have intense dDA1 immunoreactivities.
Since the MB is a crucial structure for associative learning and memory, we gained an
insight to further pursue the experiments to study the role of dDA1 in associative learning
and memory.
In the second part, a novel assay system for classical olfactory conditioning
utilizing positive reinforcement is presented. The new training equipment was designed
to improve the learning performance and decrease the variability of behavioral scores.
With the new assay system, we have shown that the memory traces formed in appetitive
conditioning are robust and the strength of an unconditioned stimulus changes learning
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performance. The new appetitive conditioning provides a useful tool for comparative
studies in aversive and appetitive conditioning.
In the third part of the thesis, the crucial roles of dDA1 in both aversive and
appetitive learning are described. When two dDA1 mutants dumb1 and dumb2 tested in
aversive conditioning, they exhibited negligible learning. The dumb mutants also showed
moderately impaired learning in appetitive conditioning. The impaired learning of dumb
mutants in aversive and appetitive conditioning was fully rescued by restoring dDA1
expression in the MB neurons. The results suggest that the roles of the dDA1 in the MB
are crucial in punishment as well as reward memory formation.
In last part of the thesis, the essential role of one of the octopamine receptors
OAMB in appetitive conditioning is described. OAMB mediates appetitive, but not
aversive, learning in classical olfactory conditioning. oamb mutants showed severely
impaired learning in sugar-mediated conditioning while they exhibited normal learning in
electric shock-mediated conditioning. The oamb mutant’s impaired performance in
appetitive learning was rescued by restoring OAMB in the MB neurons, indicating the
critical role of OAMB in the MB for appetitive learning.
Taken together, my thesis studies on two key neurotransmitter receptors in
Drosophila provide an important insight into molecular components and cellular
pathways crucial for classical olfactory conditioning.
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