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Chapter One

1 Introduction
1.1 Learning and Memory

Learning and memory are correlated to the strengthening of existing responses or
formation of newly learned behaviors to existing stimuli. However, in order to perform the
strengthening of existing responses or form learned behaviors, the reaction to the existing
stimuli should be encoded, stored and later retrieved in order to execute a certain behavior.
Indeed, learning and memory can be divided into declarative or explicit and non-declarative or
implicit. Explicit or declarative refers to knowledge or facts — which is the recognition of
places, things and other species by an animal. A non-declarative or implicit type of learning
and memory refers to the information that aid an animal to perform a certain behavior.
However, the implicit type of memory is divided into non—associative and associative. The
habituation and sensitization form the two types of non—associative memory. Habituation is
the decrease in response to a harmless stimulus when it is represented repeatedly. Sensitization,

on the other hand, is the enhancement of a certain response to many different stimuli.

Moreover, for associative learning, two stimuli are associated with each other or that a
response is associated with a given event. The associative type of learning is divided into
classical conditioning and operant conditioning. Classical conditioning was well experimented
by Ivan Pavlov, and in his paradigm; he presented meat powder (US) to a dog, causing it to
salivate (UR). He repeated the presentation and each time the dog salivated. After all, he
repeatedly rang the bell, pairing it with the meat powder (CS), the animal then associated the
bell with the presentation of the meat powder, and began to salivate (CR) when the bell was
rung. The dog associated the ranging of the bell with salivation when it was presented alone.
Conversely, in the operant conditioning, the animal’s behavior changed in response to a
comparison between an animal’s own behavioral activity and its experiences (Skinner, 1938).
Nonetheless, positive experiences tend to enforce a certain behavior, whereas negative

experiences tend to suppress an animal’s own behavior.
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1.2 Drosophila as a model organism

Drosophila melanogaster was among the first organisms that were used for genetic

analysis. Most organisms share similarities in their genetic make-up, and hence,
comprehension of the genetics, transcription and replication of fruit flies will help us in
understanding these phenomena in other eukaryotic species, including human. Thomas Hunt
Morgan began a pioneering research in fruit flies in his laboratory at Columbia University in
1910. He embarked on this adventure with fruit flies by using bottles to rear the flies and
handheld lenses for observing their traits. Thomas Hunt Morgan together with his colleagues
further replaced the handheld lenses with microscopes, which enhanced their observations.
Also, in succession to Thomas Hunt Morgan, Konopka et al. (1971) published “Clock mutants
of Drosophila melanogaster”, this paper described the first mutations that affected animals’
behavior. In addition to this, the first learning mutants i.e. dunce and rutabaga were isolated in
the laboratory of Seymour Benzer. These mutants were investigated to harbor several
intracellular signalling pathways involving cAMP, PKA, and a transcriptional factor known as
CREB. Certainly, these molecules were shown to be involved in synaptic plasticity in Aplysia

and mammals.

In Drosophila, several critical tools have been developed that pose to be pivotal for the
dissection of neural circuits. A noticeable part of these genetic tools includes; GAL4 and Split-
GALA4 system (Figure 1). The GAL4 system is a biochemical process that is used to study gene
expression in the fruit fly. This system was invented by Hitoshi Kakidani and Mark Ptsahne,
(1988). The GAL4 system is made up of two parts; the GAL4 gene which encodes the yeast
transcription activator protein and the UAS sequence. The UAS is an enhancer to which the
GALA4 binds specifically to activate gene transcription (Figure 1A). Henceforth, a new modern-
day technology has been developed which is also based on the GAL4-UAS system. This system
allows more spatially defined expression of the desired transgenes. The Split-GAL4 UAS
system which is synonymous to the GAL4 phenomenon, with the only exception being the
splitting of the GAL4 into two stable domains (Figure 1B). The transgene of each GAL4
protein is placed under the control of the endogenous promoter element. This is observed when

the UAS- transgene only occurs in cells in which the DBD and the AD are both present.

In addition to the GAL4 system, other toolsets that enable the stimulation and inhibition of

specific neurons using neuron-specific GAL4 drivers are TrpAl and Shibire”! respectively.
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The transgenic expression of the temperature sensitive ion channel TrpAl activates specific

sets of neurons at high temperatures (Hamada et al., 2008).

Conversely, the Shibire®! transgene can be used for blocking specific neurons using neuron
specific GAL4 drivers at higher temperatures (Kitamoto, 2001). This hinders the release of
specific neurotransmitters for a particular function. More specifically, this is normally due to
the fact that the transgene encodes a dominant negative, temperature-sensitive dynamin which

blocks neurotransmitter reuptake, such that the readily releasable pool becomes diminished.

A
= e M (o))

B
promoter .
_) . m transiene
promoter . >
Figure 1. GAL 4-UAS and Split-GAL4 UAS
(A)This shows a GAL4 system which comprises of GAL4 and UAS system. The GAL4 is under the control of an
endogenous promoter. In cells in which GAL4 is expressed further binds to the UAS and triggers expression of

the downstream transgene. (B) The DBD and AD form a functional GAL4 transcription factor in cells in which
they are both expressed triggering transgene expression (modified from Lawrence Lewis et al., 2015).

In addition to the above toolsets, the establishment of RNA interference appears to be very
beneficial to the modern-day research as shown in Figure 2. The dsRNA in the cell is processed
by RNAase III enzyme Dicer (Knight, 2001). This dsSRNA possesses a sequence which is
compatible to a gene of interest (Cerutti, 2003; Enerly et al., 2003; Giordano et al., 2002;
Kalidas and Smith, 2002; Roman, 2004). The dicer then produces 21-23 nucleotides of dSRNA
fragments with two nucleotides 3’end overhangs. i.e. siRNAs. These siRNAs interact with the
RISC and then cleaved it into ssRNAs that further leads to the degradation of the
complementary endogenous mRNA (Bernstein et al., 2001). Thus, gene expression is

inactivated specifically at the post-translational level. This posttranscriptional knockdown can
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be made very specific by placing the RNAi construct under the control of UAS and driving it
at the appropriate GAL4 lines. Although the RNAi technique in fly research serves as an
important tool, the problem of off-targets normally arises (Moffat et al., 2007). This problem
normally arises when the nucleotide sequence of the introduced RNA matches with the mRNA
of other genes. In summary, the availability of many sophisticated toolkits has made the

Drosophila versatile in performing various forms of research.

L

vinding sIRNA

- 5IRNA-RISC complex

JULLULL R <« Sense strand u -

_ u F w

uam
Degradation
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u \

nwm .“*'_
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[
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Figure 2. RNAi mechanism (RNA interference). Long dsRNAs are sliced by the dicer into approximately 21-
23 nucleotides referred to as siRNA. These siRNAs interact with RISC which is then cleaved to ssSRNA. This
ultimately yields degradation of the complementary endogenous mRNA (Taken from Japtap et al., 2011).

1.3 Aversive Olfactory Conditioning in the Drosophila

The most predominant studied form of learning and memory in Drosophila is the
olfactory classical conditioning. This is attributed to the ability of the fruit fly to learn odors in
a laboratory environment. In addition to this, the olfactory nervous system in insects is

homologous to that of vertebrates (Davis, 2005). Olfactory classical conditioning (Pavlovian
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Conditioning) requires the fruit flies to associate an odor (CS) to an electric shock (negative
stimulus) or a sucrose reward-positive stimulus (US). Classically, this process is performed by
alternately subjecting two groups of flies to both CS and CS*, with the latter (CS™) presented
simultaneously with the US (Tully et al., 1985; Quinn et al; 1974; Beck et al., 2000) (Figure
3). Thus, the memory of this conditioning is then tested when flies are introduced into a T-
maze to make a choice between these two odors (Figure 3). Thus, increasing the time between

acquisition and testing, it is then feasible to measure STM, MTM and LTM.

Training Test

. ® @

‘o o o

Figure 3. Aversive olfactory learning scheme. This shows the illustration of the olfactory classical conditioning
in the Drosophila. (A) The conditioned stimulus (CS*)- i.e. when the odor is paired with a reinforcer i.e. an electric
shock (US). The fly is then subjected to a different odor (CS"), after a short resting period and then introduced
into the T-maze to choose between the two odors (CS¥) and (CS). (B) Alternatively, another group of flies are
used for this conditioning. Here, the flies are exposed to the latter odor in A which is paired with electric shock
(as shown in the color coding). The flies are then allowed to rest for a short time and then presented with the
second odor. The flies are further introduced into the T-maze to make a choice between the two odors.

Several memory phases have been described following an olfactory classical conditioning.
These memory phases include STM, MTM which comprises of ASM and ARM and LTM.
One of the main objectives of neuroscience is to unravel the dynamics of these memory phases.
Although, the investigation of the main dynamics of these forms of memories has proven to be
elusive. These memory traces can, however be registered as changes in neuronal excitability,
gene or protein expression, or growth or loss of neuronal processes existing between neurons
that establish new or remove old connections. Evidence has suggested that both ASM and

ARM are regulated at the neuronal and molecular level (Lee et al., 2011; Wu et al., 2013;
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Zhang et al., 2013; Bouzaiane et al., 2015; Dudai, 1988; Folkers et al., 1993; Schwaerzel et al.,
2007; knapek et al., 2010; Knapek et al., 2011; Scheunemann et al., 2012; Widmann et al.,
2016).

1.4 The Molecular Coincidence detector of the CS and US pathway

Most of the molecules involved in the olfactory learning in the Drosophila are observed
in the MB which serve as the place where memories are formed (Davis,1993; Davis, 1995).
One of these molecules is AC which encodes rut. Mutant flies for rut are deficient in olfactory
learning and restricted expression in the MB of the wild-type of rut restores learning defect
(Mao et al., 2004; McGuire et al., 2004; Zars et al., 2000). Additionally, the AC has been
postulated to be very critical for CS and US integration (Dudai, 1988). The enzyme is also
sensitive to Ca?*/Calmodulin and G-protein stimulation (Levin 1992, Livingstone, 1984). All

in all, the association of odor with shock initiated the coincidence detection phenomenon.

The stimulation of the US pathway is linked to the G-protein activation that is coupled
with dopaminergic or octopaminergic receptors. Conversely, stimulation of the CS pathway

initiates the release of Ca®" in the MB through VGCC.

Furthermore, functional imaging experiments in the cultured Drosophila brains revealed
that cAMP signals are elevated with the application of DA or OA (Tomchik et al., 2009). The
application of Ach to the calyces and dopamine to the lobes together rendered a combined
increase in the cAMP signal. This effect on cAMP signalling is reliant on the rut AC; rut
Drosophila brains fail to show this synergy (Figure 4).

Moreover, a followed-up report further reaffirmed rut AC as a coincidence detector for CS and

US by imaging the activity of Protein Kinase A (Gervasi, 2010).
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Figure 4. Neural Circuit of CS and US. This model shows the integration of CS and US in the MB after
olfactory classical conditioning (Davis, 1993; Han et al., 1996, 1998). The olfactory information (CS) is
transmitted into the dendrites of the MB where it is either integrated with information about either positive
reinforcers or negative reinforcers. The CS is further modified by the simultaneous activation of the G-protein
coupled octopamine receptor which is generated from the octopaminergic inputs to the MB neuron dendrites for
appetitive learning. However, information reflecting aversive US stimuli is modified in the MB neurons by
dopaminergic neuronal receptors on the axonal tracts of the MB neuron. The dopaminergic inputs adjust the CS
information presented simultaneously to the MB neuron through the activation of AC. Thus, the increase in the
cAMP and activation of PKA modulates the synaptic output to the downstream mushroom body neurons (Taken
from Han et al., 1998).
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1.5 Different Memory Phases of Aversive Olfactory Learning

Prior experiments displayed ASM and ARM, after single training session (Tempel, 1983;
Quinn, 1976; Tully et al., 1994). Nevertheless, massed training (10 training sessions) produce
stronger memory retention and this memory is not sensitive to the protein synthesis inhibitor
known as cycloheximide. Thus, the memory produced by massed training can last up to 3 days.
Conversely, spaced training i.e. 10 training sessions with 15 minutes resting interval between
each cycle form a protein synthesis-dependent memory lasting up to one week (Tully et al.
1994). To sum it up, spaced repetition produces better LTM retention in comparison to massed
training which produces ARM. Also, the study of mutant and transgenic flies genetically
dissected the olfactory memory phases into four types and these include; STM, ASM, ARM
and LTM.

Surprisingly, in flies, dunce and rutabaga mutants identified the cAMP component in
STM (Tully 1985; Dudai, 1976; Livingstone, 1984). STM can be disrupted by cold-induced
anesthesia directly after training (Quinn and Dudai, 1976; Tully et al., 1994). In addition,
several genes have been investigated to be needed for various memory phases, and they are;
latheo, linotte, 14-3-3 (Leonardo), scaborous (volado), fasll and DCO (PKA) (Boynton and
Tully, 1992; Cheng et al., 2001; Dura et al., 1993; Grotewiel et al., 1998; Skoulakis and Davis,
1996, Skoulakis et al., 1993).

Moreover, ASM which forms the cold sensitive type of memory is impaired in amnesiac
mutant gene, which principally encodes the mammalian homologue of PACAP (Feany and
Quinn, 1995; Moore et al., 1998).The amnesiac mutant gene, on the other hand, is exclusively
expressed in the DPMs of the Drosophila, and it is very important in stabilizing both aversive
and appetitive memories (Feany and Quinn, 1995; Keene et al., 2006; Keene et al., 2004;
Moore et al., 1998; Quinn et al., 1979; Tamura et al., 2003; Waddell et al., 2000; Yu et al.,
2005).

Lastly, ARM is referred to as a cold resistant memory form of MTM. In addition, the
radish gene is specifically required for ARM (Dudai et al., 1998; Folkers et al., 1993; Isabel et
al., 2004; Quinn and Dudai, 1976; Schwaerzel et al., 2007; Tully et al., 1994). ARM is also
resistant to anesthetic agents (Quinn and Dudai, 1976) which cause retrograde amnesia in both
vertebrates and invertebrates. Indeed, Bouzaiane and colleagues (2015) found that ARM is not
a singular memory form, and can be divided into three successive components that are spatially

segregated in the Drosophila olfactory network.
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Figure 5. Temporal Phases of Memory. The figure shows the various memory phases that are established when
a fruit-fly learned an experience. The distinct memory phases are STM, ITM/MTM, ARM and LTM (Taken from

Davis, 2005).
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1.6 Olfactory Information Processing in Drosophila

Dissecting the neural circuitry of memory acquisition, consolidation and retrieval are
pivotal in understanding the fundamental aspects of how animals react to external stimuli that
affect its survival, feeding and mating. Drosophila melanogaster provides a suitable model for
understanding these phenomena. The manageable size of the fly brain that contains
approximately 100,000 neurons coupled with the sophisticated molecular genetic techniques
for selective visualization and perturbation of specific neurons and recent advances in
recording neural activity makes Drosophila a powerful system for analyzing the neural circuits

of behavior (Olsen and Wilson, 2008).

1.6.1 Peripheral Odor Detection

Despite invertebrates not possessing noses, their olfactory circuit system is apparently
analogous to the olfactory system in vertebrates. Across species, odors are detected by ORNs
that express ORs (Hallem et al., 2006; Benton et al., 2009; Touhara & Vosshall, 2009). In most
cases, ORs work in conjunction with other molecules, e.g. coreceptors (Silbering & Benton,
2010). These neurons bathe their dendrites in a sensillar lymph (Leal, 2013). The lymph
possesses several accessory molecules, where olfactory binding proteins are housed (Figure 6).
ORN:Ss are located along the insect antennae, and in other appendages in some species (e.g. the

maxillary palps in flies and mosquitoes).

The molecular characterization of the receptors has been thoroughly studied in the
Drosophila, where most antennal and palp receptors belong to the odorant receptor family
(Clyne et al., 1999; Gao et al., 1999; Vosshall et al., 1999) which includes 45 receptors
expressed in adult olfactory receptors (Couto et al., 2005). These 7 transmembrane receptors
appear to form a novel insect-specific protein family, whose membrane topology is inverted
compared to the G-protein-coupled receptor superfamily that includes vertebrate odorant
receptors (Benton et al., 2006). Nevertheless, in Drosophila, Or83b is an example of an odorant
receptor which is expressed in most olfactory receptors, where it is required for odor responses
(Larsson et al., 2004). It further heterodimerizes with other odorant receptors, and hence
required for their trafficking to the dendrites and may act as a co-receptor (Benton et al., 2006;

Neuhaus et al., 2005). Current studies (Sato et al., 2008; Wicher et al., 2008) have proposed
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that Or83b contributes to an odorant gated or relies on an intermediate cAMP second

messenger.

1.6.2 The Antennal Lobe (AL)

Numerous studies have been performed on the AL of the Drosophila with major
emphasis on the physiological properties and anatomical framework. The AL is also referred
to as the first information processing unit of the olfactory circuit. Firstly, AL circuits respond
uniquely and reliably to single or combinations of odors, maintain a dynamic range of sensory
neurons, and propagate processed olfactory information to higher brain areas. (Bhandawat et
al., 2007; Chou et al., 2010; Silbering & Galizia, 2007). Secondly, the functional unit in the
AL of the Drosophila are the olfactory glomeruli. The glomeruli collect all axons of the

respective ORNs that express the same ORs, hence inheriting their odor-response profiles.

Importantly, local interneurons (LNs) which have branches and extensive arborizations
in the AL branch within and between glomeruli are involved in gain-control and population
coding in the AL, and they are apparently involved in tuning the signal in the AL whereby the
refined signal is sent to the higher centers of the brain by the PNs. The PNs have axons that
exit the AL and project to the MB and to the LP. The MB and LP are both needed for odor

identification and evaluation.

Current Biology

Figure 6. The Drosophila olfactory pathway. ORNs in sensillae on the third antennal segments and the
maxillary palps project their axons bilaterally into individual glomeruli in the AL. In these glomeruli, ORN
input is integrated and processed by the action of mostly multi-glomerular excitatory and inhibitory LNs.
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Processed odor information is then relayed to the CA of the mushroom body (MB) and the lateral horn (LH)
by uniglomerular projection neurons (taken from Perisse et al., 2013).

1.6.3 Local Interneurons (LNs)

In insects, GABAergic output within the AL is predominantly known to be provided
by LNs (Homberg and Miiller, 1999), but little is known about specific functional roles of
various classes of interneurons. In order to investigate the functional roles of the different
classes of interneurons, Tanaka and colleagues (2009) performed screening of Drosophila for
GAL-4 enhancer trap strains and then identified two distinct strains that label GABAergic LNs
specifically (GAL4-LN1 and GAL4-LN2) (Sachse et al., 2007; Okada et al.,2009). In addition,
GAL4-LN I and GAL4-LN 2 labelled about 18 and 37 LNs respectively (Sachse et al., 2007).
Furthermore, anti-GABA antibody staining revealed that 95 % of each population of the LNs
were GABAergic (Okada et al., 2009). Although, the functional arrangement of both LNs in
the glomeruli appeared to be different, one group of LNs innervated parts of the glomeruli

lacking the terminals of receptor neurons (LN 1) (Tanka et al., 2009).

Nonetheless, the LN 2s were widely branched and possessed an extensive arborization
within the glomeruli (Tanaka et al., 2009). Henceforth, to test the functional roles of both LN
groups, Tanaka and colleagues (2009) used a temperature-sensitive dynamin mutant gene
known as shibire to block the chemical transmission from both LN groups. This manipulation
revealed the more widely branching population of LNs i.e. LN2 to be necessary for generating

odor-elicited oscillations that are phase-locked to the LFP of the MB.

In order to fully understand the mechanism and the knowledge behind this novelty, a thorough
comprehension is needed in deducing the reasons behind the present of oscillatory decoding in
some organisms and not the others. In locusts, odors evoke strong network oscillations in the
AL, including PNs. These oscillations further synchronise the activity of odor-specific groups

of PNs (Wehr et al., 1996).
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Figure 7. Spikes of LNs locked to the MB (A, B) Representative odor evoked responses in two types of LNs
and simultaneously recorded LFPs (top:5 to 30-Hz band- pass). (C, D) Phase relationships between spikes in LN
1 (C) or LN 2 (D) and the LFP oscillations (5 to 15- Hz) are consistent (taken from Tanaka et al., 2009)

1.6.4 Projection Neurons (PNs)

Shreds of evidences have proven that PNs do not only convey information to higher
centers of the fly brain but, do actively take part in memory formation in the fly brain. Various
experiments performed in the PNs have been very thorough in showing the PNs involvement
in memory formation. Previous cellular imaging experiments monitoring synaptic transmission
from PNs showed that conditioning induces neural plasticity for approximately 5 mins after
conditioning by recruiting new synaptic activity into the representation of the newly learned
odor (Yuetal., 2004). Secondly, expression of rut cDNA in PNs rescued the appetitive memory
deficit of rut mutants but not the aversive memory deficits (Thum et al., 2007). This discovery
suggested that neural circuitry for appetitive learning requires some processing by rut encoded
AC in the projection neurons that are not needed for aversive learning.

Lastly, RNA1 knockdown of polyglutamine tract-binding protein-1 in PNs impaired
aversive memory. This effect was potentially attributed to the reducing levels of NMDA
receptor subunit 1 (Tamura et al., 2010). More studies are needed to be done in order to unravel

the major role of projection neurons in the olfactory memory formation.
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1.6.5 Mushroom Body (MB)

MBs are the primary olfactory learning center in the Drosophila with approximately
2500 KCs per hemisphere. (Technau et al., 1982; Davis 1993). They integrate olfactory input
with punishment or reward and they are referred to be part of the driving force for behavioral
response. The MB neurons are further involved in various temporal phases of memory
formation. Blocking synaptic transmission from the MB neuron impairs the expression of
olfactory memory, and it is consistent with the plastic events underlying the representation of
olfactory memories within the MBs themselves or at prior nodes of information flow within
the olfactory nervous system (Dubnau et al. 2001; McGuire et al. 2001). MB intrinsic neurons
are now divided into three main subtypes, o/p, a'/f’and y MB neuron with regards to the
trajectory and the final destination of their axons into different neuropil. The axons of o/ and
a'/B” neurons divide into vertical oo and a'lobes, and horizontal 3 and "lobes. The y neurons
on the other hand, form only the horizontal lobes (Crittenden et al., 1998). Functional
neuroanatomical and physiological studies that use the transient block of various MB neurons,
suggest that the MB neuron types perform different roles at different time windows during

acquisition, consolidation and retrieval of memory.

1.6.5.1 MB y neurons

The MB y lobe neurons have shown clear evidence to be involved in memory

acquisition and memory retrieval.

First, blocking of the y neurons’ synaptic transmission specifically during retrieval at 15
minutes after conditioning impairs both aversive and appetitive memory expression
(Cervantes-Sandoval et al. 2013). Also, previous experiments revealed the necessity of the y
lobe for the initial formation of aversive memory (Blum et al. 2009; Qin et al. 2012). In addition
to this, memory acquisition and expression of STM has been linked to several locations of the
olfactory nervous system with mediation largely by the y MB neurons, possibly by coincidence
representation of CS and US. In addition, stimulated conditioning of flies with odor and
thermogenetic activation of DA revealed that neuronal plasticity occurs primarily in the y MB
neurons (Boto et al., 2014). This phenomenon was displayed through functional imaging using

G-CaMP of subsequent calcium responses to odors.

24



These above observations are apparent with a clear definition of the y lobe involvement
in the process of acquisition and expression of early memories. Nevertheless, pieces of
evidence disclosed the requirement of the synaptic outputs of both the y and o/p lobe neurons
in the retrieval of early aversive and appetitive memories. This discovery may help to rethink
how aversive and appetitive memories are processed from memory formation to memory

retrieval.

1.6.5.2 MB «’/p’ neurons

Blocking neurotransmission from o’/f’ during aversive or appetitive training or at any
time for up to approximately 90 minutes after conditioning impairs memory performance
(Krashes et al. 2007; Cervantes — Scandoval et. 2013). Also, disruption of the synaptic neuronal
output activity for up to approximately 90 minutes after aversive conditioning impaired
memory expression but didn’t affect memory expression drastically (Cervantes- Scandoval et
al. 2013). The above experiments of Cervantes-Scandoval and colleagues (2013) indicated that
activating communication from o’/f’ mushroom body neurons to their postsynaptic partners
are absolutely required for the expression of appetitive memories up to 3 hours, but only
partially required for the expression of aversive memories up to 90 minutes. These findings
show that the appetitive odor memories are present in these neurons for up to 3 hours after
conditioning. To add to this, it further reiterates that the synaptic transmission from these
neurons is required for memory expression through some other set of neurons. The partial
effect from blocking the synaptic output activity of a’/’ lobes reaffirm the existence of parallel

neural circuits for this type of memory outside of the a’/” MB neurons.

1.6.5.3 MB o/ neurons

A vivid function for o/ was clearly shown to be recruited during retrieval of memory.
Henceforth, blocking of the synaptic output of these neurons after appetitive conditioning using
shibire strongly diminishes retrieval of protein synthesis-dependent LTM after 24 hours
(Dubnau et al. 2001; McGuire et al. 2001; Cervantes- Sandoval et al. 2013). This finding

revealed that the retrieval of 24h memory is solely dependent on o/} neurons.

Strikingly, blocking both a/f and y MB neurons simultaneously after appetitive conditioning

blocks all performance across all time points (Cervantes- Sandoval et al. 2013; Xie et al. 2013).
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Indeed, this indicates that there are two separate channels for memory expression up to 24
hours after conditioning, one prominent in o/§ mushroom body neurons and the other through
the y mushroom body neuron. In a nutshell, early memories are dependent on o’/f” mushroom

body neuron function, while LTM in the same fly are independent.

A similar observation was shown in a unique experiment testing the integrity of LTM
for one odor, and the impairment of STM of another after insult to o’/ mushroom body
neurons in flies trained to learn both odors (Cervantes-Sandoval et al. 2013). This shift in
overall dependence to different neuron sets for the expression of early vs. late memories has

strong similarities with systems consolidation in mammalian systems (Dudai 2004; Cervantes-

Sandoval et al. 2013).
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Figure 8. Sub regions within the MB. The various lobe systems of the MB are dismantled to paint a vivid picture
of their arrangement. Their anatomical positions within the MB are shown in Figure 1.

1.6.6 Dorsal Paired Medial Neurons (DPM), and Anterior Paired Lateral
Neurons

The DPM neurons completely ramify throughout the MB in the adult Drosophila brain,
and the lobes of the MB are innervated by a pair of neuro-peptidergic amnesiac expressing
DPM neurons, which are pivotal for MTM (Waddell et al. 2000). Also, the APL neuron is a
GABAergic neuron that broadly innervates the MB. Moreover, reducing GABA synthesis in
the APL neuron enhanced olfactory learning, suggesting that APL suppressed learning by

releasing the inhibitory neurotransmitter GABA.
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A related experiment revealed that the APL and DPM neuron, form heterotypic gap junctions
within the MB (Wu et al. 2011). Also, Wu and colleagues (2011) revealed that innexin 7 is
required in the APL neuron, and innexin 6 is needed in the DPM neuron to form hemichannels
that function in 3 hrs. ASM. Pitman and colleagues (2011) confirmed enriched APL-DPM
contact in the KCs prime lobes, where markers of presynaptic APL sites are also highest. The

inhibitory neurons were required to sustain ASM in Drosophila MB.

1.6.7 Mushroom Body Output Neurons (MBON:s)

The MB lobes are composed of approximately 2500 neurons. They include seven KCs,
21 MBONSs and 20 DANSs cell types (Aso et al., 2014). Each DAN cell type projects axons to
one or at most two of the of the compartments defined by MBONSs (Aso et al., 2014). The
arrangement of DANs axons with compartmentalized KC-MBON synapses creates an isolated
unit for learning that can transform the disordered KC representation into the ordered MBON

output.

The MBONSs send axonal projections to five discrete neuropils outside of the MB, hence
providing loci for the convergence of all the information needed for learned associated
responses (Aso et al., 2014). The neuropil regions are medially and laterally located in the

vicinity of the vertical lobe of the MB. These neuropils include SIP, SMP and CRE.

MBON:Ss also innervate the lateral horn and several parts of the MBs. Moreover, the MBONSs
innervating the horizontal lobe of the MB drive aversion and the corresponding MBONs
innervating the vertical lobe drive attraction (Aso et al., 2014). The horizontal lobe ( 3, B’ and
y) of the MBON:Ss that drives aversion are glutamatergic. The vertical lobe (o and o”) of the
MBON:Ss that drives attraction are cholinergic and GABAergic (Aso et al., 2014; Hattori et al.,
2014; Sitaraman et al., 2015). A current study revealed that the decorrelated and sparse
representations of odors at the level of the Kenyon cells broadly activates MBONSs innervating
both MB lobes (Hige et al., 2015; Aso et al., 2014).

Thus, it can be considered that the KC-MBON may be the part in the fly brain where
olfactory odor identity is largely preserved and generalized into the positive and negative
categories that may, in turn, drive attraction or aversive motor programs depending on the

make-up of the olfactory sensorium (Hige et al., 2015).
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Figure 9. Correlation of MBONS to behavior. MBON compartments define a total of 15 different compartments
in the lobes. The colors indicate neurotransmitter released by each MBON. Also, behavioral consequences of
MBONS activation are shown by the color of the thick contours around different compartments (Aso et al., 2014)

1.6.8 DANs-MB Input

The DANs are the most prevalent modulatory neurons in the MB and dopamine is
thought to act locally to modify KC-MBON synapses (Aso et al., 2010; Waddell, 2013). DANs
activity are further required during learning (Schwirzel et al. 2003; Aso et al, 2010, 2012;
Burke et al., 2012; Liu et al., 2012), and exogenous activation of DAN subpopulations serve
as US in associative learning paradigms (Schroll et al., 2006; Claridge — Chang et al., 2009;
Aso et al., 2010, 2012; Burke et al., 2012; Liu et al., 2012). The Drosophila possess four
receptors which include dDA1, DAMB, DopEcR and DD2R. Two of the receptors i.e. dDAI
and DAMB were cloned first and appear to be members of the D1-like receptor family. The
D1-like receptor family are coupled to the G protein Gso/Goir. Gso Subsequently activates
adenylyl cyclase increasing the intracellular concentration of cAMP (Neve et al., 2004). The
D2-like proteins, on the other hand, are coupled to the G protein Gi, which directly inhibits the

intracellular concentration of cAMP.

Three clusters of dopaminergic neurons (PPL1, PPL2ab and PAM) project their
terminals to specific regions within the MB lobes and further transmit information about
reward and punishment to the MB to guide learning (Schwaerzel et al., 2013; Claridge — Chang
et al., 2009; Mao and Davis, 2009; Aso et al., 2010, 2012; Burke et al., 2012; Liu et al., 2012).
Aso and colleagues (2014) identified over 100 DANs of 20 types. Each DAN type contains a
small number of neurons: The DAN types from PPL1 clusters contained one or two cells per
hemisphere and the corresponding DAN types of PAM cluster contained approximately 20
cells per hemisphere. Nevertheless, in classical conditioning paradigms, different DAN types

responded to the US (Riemensperger et al., 2005; Mao and Davis, 2009; Burke et al., 2012;
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Liu et al., 2012). The different clusters of the various DANs have a specific section of the MB
in which they project.

The PPL1 cluster, made up of 12 neurons, consists of four subtypes that differ in their
final projection pattern to the vertical lobes of the MBs. The four regions of the vertical lobe
targeted by these neurons are 1) the tip of the a lobe, 2) the tip of the o’ lobe, 3) the upper stalk,
and 4) the lower stalk and its junction with the horizontal lobe (Figure 5). The PPL2ab cluster

extends its axons to the MB calyx, and the PAM neurons innervate the horizontal lobes.

PPL1

PPL2ab

Figure 10. Schematic representation of Dopaminergic neurons
Of the MB. This figure correlates with how the various clusters of Dopaminergic neurons innervate the MB.

Thus, the different color coding is synonymous with MB insertions (calyx, o/p, a’/p’ and y). Adapted from Aso
etal., 2014
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1.7 Presynaptic Active Zone

Active zones are highly specialized microdomains designed to regulate neurotransmitter
release on a millisecond timescale. In Drosophila, the AZ-specific protein set includes Liprin-
o (Fouquet et al., 2009; Kaufmann et al., 2002), Syd-1 (Owald et al., 2010), Uncl3
(Aravamudan et al., 1999; Béhme et al., 2016), RIM (Graf et al., 2012; Miiller et al., 2012) and
Fife [related to mammalian Piccolo; (Bruckner et al., 2012)], RIM-BP [‘RIM-binding protein’;
(Liu etal., 2011)] and the CAST/ELKS homolog Brp. However, the active zone presents at the
Drosophila NMJ is very elaborate as compared to other species (Zhai et al., 2004). Thus, have
been given the name of “T bars” due to their morphology of a meshwork on a pedestal (Koenig
et al., 1996). Initial studies identified Brp to be a key component in the formation of the T bar.
Bruchpilot shows a similar homology to the mammalian active zone protein ELKS/CAST/ERC
(Figure 7) which binds RIM1 in a complex with Bassoon and Munc13-1(Wagh et al., 2006).
In addition, Brp is very essential in the clustering of Ca?* channels beneath the T-bar at the
center of the active zone (Fouquet et al., 2009), which bring the Ca?* source close to the fusion

machinery.

1.8 Bruchpilot

Synaptic communication is enhanced by the fusion of neurotransmitter-filled vesicles
with the presynaptic membrane at the active zone (AZ); a process triggered by Ca®*- influx
through clusters of voltage-gated calcium channels (VGCCs) (Zhai et al., 2004). However, in
Drosophila, MAB nc82 specifically labels active zones. Nc82 was previously used to identify
Brp which was a previously unknown active zone component. Brp shows homology to the
human active zone protein ELKS/CAST/ERC, which further binds RIM1 in a complex with
Bassoon and Muncl13-1. Notably, pan-neural reduction of brp expression by RNAi in adult
Drosophila rendered the loss of T bars at the active zones. Thus, the brp protein provides an
entry point to the study of general active-zone formation and function in this species (Wagh,

2006).

Moreover, it is speculated that brp may combine functions of ELKS/CAST/ERC and a
cytoskeletal structural protein in a single polypeptide that is highly conserved among insects
(Wagh, 2006). Further studies also reveal that brp mutants Ca>* channels are reduced in

density; evoked vesicle release is depressed and short-term plasticity is further altered.
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In addition, brp-like proteins seem to establish proximity between Ca?* channels and
vesicles to allow efficient transmitter release and patterned synaptic plasticity (Kittel, 2006).
Drosophila bruchpilot has been shown to be pivotal for the maturation of active zone assembly.
Importantly, synaptic vesicles fuse at the AZ membranes where Ca?" channels are clustered
and are henceforth decorated by electron-dense projection. Interestingly, mutants of the
Drosophila ERC/CAST family protein (Brp) were revealed to lack dense projections (T bars)
and to suffer from Ca?* channel-clustering defects (Fouquet, 2009). Brp was also shown to play
arole in localizing Unc13A to the active zone and hence co-operated functionally with Unc13A
by facilitating synaptic vesicle delivery to the docking sites (Bohme, 2016). A recent study by
Fulterer and colleagues (2018) further show that two orthogonal scaffold proteins i.e. Brp and
Syd-1 cluster-specific (M)Uncl3 release factor isoforms either close or further away from
VGCCs respectively across synapses of the Drosophila olfactory system, resulting in different
synapse-characteristic forms of short-term plasticity. High Brp/Unc13A levels spear-headed
high release probability at the first relay synapse of the olfactory system (ORNs > PNs), and

consequently, supported a fast but depressing releasing component (Figure 8).
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Figure 11. Brp Kinetics. (A) Immunohistochemistry staining showing the bouton of a larval neuromuscular
junction which comprised of several synapses and an individual synapse in the lateral view. (B) This reveal an
ultrastructure of the active zone. The arrow-head pointed at the T-bar. Synaptic vesicles clustered next to it
(Andlauer and Sigrist, 2012). (C) Model of the active zone with respective Brp filaments isoforms arranged in an
alternating pattern (Matkovic et al., 2013). (D) Average miniature excitatory postsynaptic currents (Mini) and
compound excitatory postsynaptic currents from both the control and BRP mutant (brp) Drosophila NMJ (Kittel,
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2006). (E) Shows the interpretation of the difference in the vesicle fusion. This reveal that fast and slow vesicle
relate to the average distance between Ca?*channels and vesicles (Modified from Kittel, 2006).

1.9 Synaptic plasticity and NMDA

N-methyl-D-aspartate (NMDA) receptors are part of the three pharmacologically distinct
subtypes of ionotropic receptors that mediate a majority of excitatory neurotransmission in the
brain via endogenous amino acid, L-glutamate. The Drosophila encodes two homologues of
NMDARSs and these are dNR1 and dNR2. In addition, dNR1 and dNR2 constitute functional

NMDARs with several of the distinguishing molecular properties observed for vertebrate

+

2
NMDARs, including voltage/Mg - dependent activation by glutamate. The NMDAR channel
is very permeable to Na* and Ca?" channels, and its opening requires simultaneously binding

of glutamate and postsynaptic membrane depolarization (figure 9).

Once activated, the NMDAR channel allows calcium to enter the postsynaptic cell
where calcium triggers several biochemical cascades (Xia, 2005). Cellular studies have
attributed the NMDAR channels to be involved in synaptic plasticity, long-term depression
and long-term potentiation. However, NMDAR-mediated Ca?" influx is suppressed at voltages
near the resting membrane potential due to Mg?* block (Figure 9), a mechanism in which the
pore of the NMDARSs is blocked by external Mg?* ions (Mayer et al., 1984; Nowak et al.,
1984).

NMDARSs have also been proposed to function as “Hebbian coincidence detectors”
(Single et al., 2006). Moreover, disruption of NMDARSs has also been proven to be essential
for associative learning in Drosophila (Wu et al., 2007; Xia et al., 2005, Miyashita et al., 2012).
In addition to this, NMDARs activity are required for the formation of neural networks
(Adesnik et al., 2008; Bellinger et al., 2012; Hirasawa et al., 2003; Liithi et al., 2001; Tian et
al., 2007). In addition, consolidation of LTM (long-term memory) required functional

NMDARs (Wu et al., 2007).
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Figurel2. Sequential events of NMDARSs. Glutamate serve as an excitatory neurotransmitter which binds to the
NMDAR receptors. This interaction further activates the NMDAR which then propel the passage of Ca?" through
the channel to enhance further biochemical reactions (Mayer et al., 1984)
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1.10 Thesis aim

Although various strides have been made to thoroughly understand molecular processes
and synaptic mechanisms underlying various memory phases of the Drosophila olfactory
memory, hardly anything is known about the dynamics of their neural network circuits.
Nonetheless, I use the presynaptic active zone protein Bruchpilot (Knapek et al., 2011), Mg?*
blocked of the Drosophila NMDA receptors and the functional NMDA receptors (dsNR1I and
dsNR2) of the Drosophila to unravel the mechanism of Anesthesia-Resistant Memory (ARM)

neuronal network circuit.
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Chapter Two

2 Materials and Methods

2.1 Fly Care and Preparation

Flies were raised at 24°C and 60% relative humidity with a 14:10 h light-dark cycle on
cornmeal-based food following the Wiirzburg recipe (Guo et al., 1996). Genetic crosses were
performed according to the standard procedures. The F1 progeny of the various respective

crosses, controls and genetic controls were used in the aversive olfactory conditioning.

For the Bruchpilot experiments, homozygous UAS-bruchpilot-RNAi lines were used. The
combination of RNAi5? and RNAi“® yielded w; RNAi?3 ©® which was on the III chromosome.
The effector line w; RNAiB* 8 as virgin females were crossed to various GAL4, MBONs

(Glutamatergic and Cholinergic) and DANs Split-GAL4 which served as males.

However, to ensure the knockdown with bruchpilot-RNA1, all the vials were shifted

from 24°C to 30°C when the larvae reached late 3™ instar state for these experiments.

The Split-GAL4 driver lines were generated at the Janelia Farm Research Campus by Aso et
al. (2014). To ensure the temporal requirements of LN2, NP2426-GAL4 as males were crossed
with UAS-Shibire”! (Kitamoto, 2001) as virgin females and underwent olfactory behavioral

experiments.

In relation to the Dopaminergic neuron receptors effect on ARM; UAS-dNR 1(wt), UAS-dNR?2
(wt) and Mg?* blocked NMDA UAS-dNRI(N631Q) transgenic lines were used as female
virgins and crossed with DANs Split-GAL4 driver lines which included MB087¢ (PAM B’ 2a),
MBO056B (PAM B’2m, PAM [°2p), MB299B (PAM a1) and MB315¢c (PAM v5).
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2.1.1 Selected GAL4 lines used

Neuronal Targets

Genotype

References

Olfactory receptor neurons

white; OR83b; (II)

Vosshall et al., 2000

Local Interneurons

white; GH298 (III) LN1

white, NP2426; ;(X)

(Stocker et al., 1997; Tanaka
et al., 2009)

(Das et al. 2008; Tanaka et al.
2009)

Projection neurons

white; NP225; (1I)

(Tanaka et al., 2004)

APL neuron white; NP2631; (II) (Tanaka et al. 2008)
a/B,y KCs white;;mb247 (111) (Connolly et al., 1996)
a/p KCs white; 17d,; (1I) (Zars et al., 2000)
vy KCs white; NP1131; (1) (Tanaka et al., 2008)
ao‘/BKCs white; ¢305a; (11) (Krashes et al., 2007)
BRP-RNA; w; RNAi®3- €8 (1I0) (Wagh et al., 20006)

Table 1. Selected GALA4 lines used to investigate aversive ARM
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2.2 Behavioral Experiments

Flies to be tested in behavioral experiments were transferred to fresh food vials 48 hrs.
before the experiments. Behavioral experiments were done in a dim red light at 70% relative

humidity and a temperature of 24 °C in a barrel assay (Figure 15).

Conversely, in relation to the UAS-Shibre™! (Kitamoto, 2001) behavioral experiments, flies
were either trained or tested within a chamber with a temperature of 30 °C. The olfactory cues
that were used included ethyl acetate (EA) (1/100 dilution in a mineral oil presented in a 14
mm cup) and 3-octanol (OCT) (1/150 dilution in a 14 mm cup). The US (unconditioned
stimulus) used was 120 V DC electric shock with 1.3s duration. Performance of MTM and
ARM were determined after 3hrs. of training. Flies were then transferred to neutral containers
without food during the resting period. Henceforth, for the separation of consolidated ARM
from labile ASM, two groups of flies were trained separately and one group was cooled on an
ice at 0 °C for 90 s at the 2.5 hrs. mark after training. These flies were then tested for odor
memory after 30 minutes of recovery (Cold + group). Exposing the flies to cold shock totally
erases the ASM part of the memory which is labile, and thus the performance of the cold +
group is mainly due to ARM. Calculation of behavioral indices was done as shown;

PI = (((EA— OCT)/(EA + OCT)) = 100) + ((OCT — EA)/(OCT + EA) * 100))/2

Figure 13. The barrel assay. Flies were trained with shock tubes lined with copper wire gauze either as CS*
stimulus or CS™ stimulus. The odor stimulus that were used were 1/100 ethyl acetate (EA) and 1/150 3-octanol
(OCT). After training, flies were removed from the machine and placed into a neutral container. Flies were then
loaded into the training wheel from the training positions into an empty elevator space. The shock tubes were then
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replaced by four testing tubes in front and 4 testing tubes behind the training wheel for the test situation (modified
from Schwaerzel et al., 2003).

2.3 Statistical Analysis

All data were analyzed using GraphPad Prism 7. In the case of BRP RNAI effect on
ARM and ASM, a non-parametric test was used (¢ tests), and in the case of UAS-Shibire™!
effect on LN2 (NP2426-GAL4), Mg** blocked (N631Q) and the knockdown of the relevant
functional receptor subunits of NMDA (dsNR1 and dsNRZ2), one-way ANOVA was used. In

the case of statistical differences, Bonferroni post hoc comparison was used.

ASM values were calculated from the difference of the performance index (PI) values of MTM
and ARM. The error bars (SEM) of the ASM were determined by adding the variances (c?) of
single PI values of MTM and ARM according to the following formula:

SEM.sv = (V [I/N * 62 (MTM) + 62 (ARM)]) (Scheunemann et al. 2013)
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Chapter Three

3 Results

3.1 Brp effect on ARM is required in the antennal lobe

Brp mutant active zones are associated with loss of electron-dense projections referred
to as T-bars, reduction of Ca?" channels density, depression of evoked vesicle release and
alteration of short-term plasticity (Kittel., 2006; Wagh et al., 2006). Nonetheless, performing
brp knockdown at the level of the antennal lobe displayed ARM effect in LN2 (Okada et al.,
2009) and PN drivers (Figurel4C), whereas ORNs and LNI showed a normal ARM
(Figure14B). These results showed the evidence of brp effects on ARM in the antennal lobe.
Kittel et al. (2006) showed that brp is dependent on a low-frequency stimulation to establish a
close proximity of Ca?" ion channels with the synaptic vesicles. This type of conformity at the
presynaptic active zone enables the precise release of neurotransmitter to the postsynaptic
receptors. Thus, tuning the active zone for proper transmission of information (Fulterer et
al.,2018). Also, succeeding parts of the Drosophila olfactory lobe network were investigated

with brp knockdown- and these include; MB, APL, DPM and Th-GALA4.

3.2 Brpis required in the mushroom body

The MB of the Drosophila constitute as a primary learning center with approximately
2500 KCs per hemisphere (Technau et al., 1982; Davis, 1993). They integrate olfactory input
with punishment or reward and are part of the driving force for the behavioral response.
Expression of Brp-RNA1 in the MB drivers i.e. MB247 (o/p} and y neurons (Zars et al., 2000),
17d driver ( o/p neurons ) and lastly, NP1131 (y neurons) caused a significant effect on ARM
(Fig 14D) (MB247: t test: t3), t=2.48, p<0.05, 17d: t test: ty), t=2.82, p<0.05 and NP1131: t
test: t1), t=2.22, p<0.05). However, Brp knockdown in the prime lobes (Figure 14D, C305a)
showed no ARM effect. The outcome of this experiment suggest that ARM requires Brp-
dependent mechanism at the level of the mushroom body. This finding is in accordance with

previous experiment (Knapek et al., 2011).
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3.3 Brpis not required in APL and DPM

The APL and DPM are large and electrically coupled neurons with fibers extending
throughout the MBs, providing connections to numerous KCs. APL and DPM neurons possess
heterogenous gap junctions between them that are essential in forming recurrent activity in
o’/B> KC-DPM and APL-KC loop. The loop created is important in stabilizing ASM formed
in the o/ Kenyon cells (Wu et al., 2011). Here, performing brp knockdown in both APL and
DPM revealed no ARM effect (Figure14E and Figure14F). Thus, showed that MB-APL/DPM-
MB feedback loop which formed part of the circuit required for memory consolidation (Wu et

al., 2011), not to be part of brp-dependent ARM neural circuit.

In a nutshell, the above outcome shows the effect of brp on the conditioned stimulus (CS)
pathway in the formation of ARM. However, ASM (Figure S2) which forms part of the Middle-
Term Memory (MTM) was normal. Kittel et al. (2006) showed that brp null mutant had a
decreased quantal content in response to the first arrival of action potential. Moreover, vesicle
release after high-frequency action potential spikes was less affected, further revealing the
relevance of vesicle release at low-frequency stimulation (Fulterer et al., 2018; Kittel et al.,
2006; Wagh et al., 2006). Thus, proved brp-dependent low-frequency stimulation to be
necessary for ARM. The next objective was to show whether brp knockdown which is
associated with spatiotemporal changes in Ca’?" influx (Kittel et al., 2006) would have a

profound effect on DANs (US providing signal) in the formation of ARM.

3.4 Brpisrequired in TH-GAL4 (DANs)

Dopamine play an important role in associative learning in both vertebrates and
invertebrates. In the case of aversive learning, the US reinforcement is carried out by a specific
subset of DANs that respond to electric shock (Chang et al., 2009; Mao and Davis, 2009; Aso
et al., 2012). Surprisingly, expressing Brp-RNAi in Th-GAL4 which possess PPL1, PAM and
PPL2 ab clusters (Schwaerzel et al., 2003; Mao and Davis, 2009; Aso et al., 2012; Burke et al.,
2012) showed a significant ARM effect i.e. Th-GAL4 ARM (Figure 16G and 16H) t test: ¢(14),
t=4.02, p<0.05.Thus, show that brp manipulations at the active zone of dopaminergic neurons
are essential for ARM. In conclusion, brp effect on ARM is predominant in both the CS and
US (DANSs) pathway.
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Figure 14. Brp RNAi on ARM

(A) This shows a schematic diagram of the CS pathway of the Drosophila olfactory pathway. ORNs = olfactory
receptor neurons, PNs = projection neurons, LN = local interneurons MB = mushroom body neurons. (B)
Performance indices of brp RNAi knockdown in ORNs (Or83b) and the two types of LN1s (NP1227944 and
GH298%H). Or83b ARM.: test: to= 0.06, p=0.10 and for ASM: test: t)=0.33 p=0.74. In the case of NP1227
ARM: test: t 12), t=0.60 p=0.59 and for ASM: test: tq2), t=1.02 p=0.33. In addition to this, GH298 ARM: fest:
tan, t=0.45 p=0.79 and for ASM (Fig S2): test: t(1), t=1.02 p=0.33. Thus, showed that ORNs and LN1 not to be
part of the ARM neural circuit. (C) Brp knockdown in LN 2 and PNs. NP2426 ARM ftest: t(2), t=2.83 p<0.05,
and for ASM (Fig S2) test: t10), t=0.50 p=0.62. In the case of AL I ARM fest: t3), t=2.80 p<0.05 and for ASM
test: t 13, t = 0.60 p = 0.56. NP225 depicts projection neurons. ARM test: t 1), t=2.83 p<0.05 and for ASM ftest:
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t 12, t=0.57 p=0.29. Thus, also review brp knockdown effect in LN2 and projection neurons. (D) Brp knockdown
effect in the mushroom body Kenyon cells./7d ARM ¢ test: t), t=2.82, p<0.05 for ASM t test: t9), t=0.83, p=0.43
and y neurons i.e. NP1131 ARM ttest: t1), t=2.22, p<0.05 and for ASM t test: t (12), t=0.35. Fory and o/}, mb247
ARM ¢ test: t 13), t = 2.48, p< 0.05 & for ASM ¢ test: ta3), t=0.39, p=0.70. In the case of o’/p’, C305a ARM ¢
test: t ), t=0.30, p=0.77. E and F show a schematic representation and ARM performance for APL and DPM.
NP2631 ARM t test: tas), t=0.024, p=0,98; for ASM ¢ test: t 13, t =0.87, p=0.398 and for DPM V764246 ARM ¢
test: t 1, t =0.77, p = 0.46, ASM ¢ test: t a1, t =0.12, p = 0.884. APL and DPM had normal ARM and ASM
memory formation. G and H show schematic representation and ARM performance for Th-GAL4, ARM ¢ test:
tay, 1=4.02, p<0.05 & ASM ¢ test: t (14, t=0.19, p=0.85. Error bars indicate mean + SEM of 7-10 biological
repetitions. Statistical differences at level of p < 0.05 are denoted by different letters or asterisks. In this and
other panels, statistical significance of differences from the control groups is indicated as follows ***p<0.001,
**n<0.01, *p<0.05, n.s. p>0.05.

3.5 LN2 acquisition oscillations are required for ARM

Interestingly, brp knockdown effect in the LN subsets produced contrasting effects on
ARM i.e. for LN1 (NP1227 and GH298) and LN2 (NP2426 and AL1). Henceforth,
investigating the temporal phase of the aversive learning of LN2 drivers for ARM by
performing shibire block revealed a significant ARM effect during acquisition phase i.e. one-
way ARM ANOVA: F 324)=3.25, p < 0.05 (Figure 15E). On the contrarily, the retrieval phase
displayed a normal ARM i.e. one-way ANOVA: F 324)=0.14, p=0.94 (Figure 15H).

This outcome disclosed LN2 driver acquisition phase neurotransmission to be required
for ARM. Moreover, the LN1 drivers innervated parts of the glomeruli lacking terminals of
receptor neurons, whereas the LN2 driver branched more widely, and innervated throughout
the glomeruli (Okada et al., 2009). Notably, Tanaka and colleagues (2009) used the
temperature-sensitive dynamin mutant gene, shibire (kitamoto, 2001) to block the chemical
transmission from the LN2 driver. The LN2 driver i.e. NP2426-GAL4 was necessary for
generating odor-elicited oscillations. The odor-elicited oscillations generated in the LN2 were
in phase-locked with the PNs and the LFP of the MB. This effect was also apparent in locusts
(Laurent et al., 1994). These oscillations originated in the fast-GABA-mediated IPSPs induced
by the LN.

In conclusion, the phase-locked firing of the LN2 and the PNs may establish a temporal
encoding of olfactory information necessary for ARM by establishing binary code for each

neuron at each phase peak, i.e. whether the neuron fires or remain silent.
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Figure 15. Anatomy of the Local interneurons

(A and B) LN 1 driver lines (A) NP1227 and (B) GH298 which exhibited heterogenous pattern. (C and D) LN 2
driver lines (C) NP2426 and (D)AL 1 exhibited homogenous pattern of the DL3 in the glomerulus. The LN 2
populations overlap with the terminals of ORNs. (E and F) Expressing temperature-sensitive dynamin mutant
gene shibire in NP2426-GAL4 revealed both ARM and MTM effects during acquisition. (one-way ANOVA:
F20=3.25 p<0.05 and F;.24) = 3.19, p < 0.05 for MTM). Anesthesia-sensitive memory (ASM) on the other-
hand displayed no Effect with shibire block i.e. F(327=0.1911, p=0.9016 (F) Conversely, expressing temperature
— sensitive dynamin mutant gene shibire®! to conditionally and reversibly block the NP2426 GAL4 driver during
the retrieval phase showed no ARM effect (one-way ANOVA: F;,24 =0.14, p=0.94 for ARM). Error bars indicate
mean = SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical differences at the level of p < 0.05 are
denoted by different letters or asterisks. In this and other panels, statistical significance of differences from control
groups is indicated as follows: ***p<0.001, **p<0.01, *p<0.05, n.s. p>0.05. (Immunohistochemistry done by
Diana Hilpert)

3.6 Clusters of Dopaminergic neurons

Two clusters of the Dopaminergic neurons (PAM and PPL1) project their axon terminals
to specific regions within the MB lobes and transmit information about reward and aversive
learning to the MB to guide learning (Schwaerzel et al., 2003: Claridge-Chang et al., 2009;
Mao and Davis, 2009; Aso et al., 2010, 2012; Burke et al., 2012; Liu et al., 2012). The tyrosine-
hydroxylase Gal4 displayed ARM effect (Fig 14G and 14H). The outcome from this then

43



showed the involvement of the US pathway in the Brp-dependent neural circuit for ARM. The

two clusters that were investigated included PAM and PPL1 clusters.

The PAM cluster of approximately 100 neurons provide positive reinforcement and they
preferentially innervate the 3, B and y lobes (Burke et al., 2012; Liu et al., 2012). However,
MB-M3 which forms part of the subset of PAM clusters, is involved in providing negative
reinforcement (Aso et al., 2012). The PPL1 clusters on the other hand, project onto the vertical
o, o’ lobes, or heel or onto the surface of the peduncle which convey negative reinforcement

value during learning (Riemensperger et al., 2005; Aso et al., 2012).

3.7 Bruchpilot is not required in PPL1 neurons for ARM

During learning, dopamine as a neuromodulator, is released to induce plasticity at the
synapse between odor-activated Kenyon cells synapse and mushroom body output neurons
(Owald et al., 2015; Perisse et al. 2016; Aso et al. 2014). Dopamine released from particular
dopaminergic neuron clusters alters the efficacy of the specific KC-MBON connections, which
further imposes a skew in the overall drive of the output network, and hence tips the balance
of behavior towards approach or avoidance (Owald et al. 2015) as shown below in figure 16A.
Notably, the various expression patterns of both PAM and PPL1 cluster neurons are also shown
in figure 16B.

Furthermore, the PPL1 split GAL4 drivers included; MB060B and MB058B (Figurel7A
& Figurel17B). The sites of innervation of the mushroom body of MB060B were; PPL1-0'202
(MB-V1), PPL1-03, PPLI-0'3 and PPL1-y2a'l. However, the MB0O60B driver displayed a
normal ARM 1i.e. Figure 18A ¢ test: t (13, t = 0.60, p=0.56. Also, the MB058B driver which
specifically marks PPL1-a’2a2 (MB-V1) also had normal ARM (Figure 17B) i.e. ¢ test: t/2),
t=0.87, p= 0.40. Thus, the outcome of brp knockdown in the PPL1 clusters play no part in the
brp-dependent ARM circuit.

44



o
g
h
=

PAM

MBO087c
MBO056B
MB299B
MB060B
MBO058B

IMB315c¢

PPL1ylpedc (MP1)
: : PPLIy20'|(MBMV1)
v PPL1 0202(MB-V1)

KC v PPLI- o3

PPLI- o3

PAM ? PPLI1-v1
chuster |.

<« PAMY5
oo 5
‘ ©0 PPLI PAM-B2a
I < ..‘ luster
¢ PAM-B2p2a

PAM-B2

PAM-B2m

PAM-B2p

H PAM-y4<yly2

v PAM-B1(MVP1)
Conditivesd PAM-Blped
PAM-al 0
PAM-y3

PAM-B'lap

PAM-'lm

Figure 16. Schematic representation of DANs

(A)This shows the schematic arrangement of various dopaminergic neuron clusters i.e. PAM and PPL 1 and with
their innervation sites in the mushroom body (MB). PPL 1 signifies conditioned avoidance during Drosophila
olfactory conditioning (Modified from Tanaka et al., 2008; Mao and Davis, 2009; Aso et al., 2014). (B) The table
2 shows DAN Split-GAL4 line expression pattern. Each fly line shown with (MB----) targets expression to
corresponding cell types as indicated with greyscale rectangles. Black shaded square signifies strongest expression
and light grey signifies weakest expression. The Neuronal destinations are indicated on the far left. These
anatomical and expressional analysis were carried out by Aso et al. (2014). The names of the DANS in the brackets
shows the old MB nomenclature system.
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Figure 17. Brp in PPL1 for ARM

(A and B) Shows the innervation of the specific DANs (A) MB060B and (B) MB058B, and the aversive
ARM performance indices. ARM performance index of MBO60B i.e. ¢ test: t 13), t = 0.60, p=0.56,
and ARM performance for MB0OS58B i.e. # test: t2), t=0.87, p= 0.4 Error bars indicate mean £ SEM
of 7-10 biological repetitions (i.e., N = 7-10). Statistical differences; ns = Not significant. Statistical
significance of differences from control groups is indicated as follows: ***p < 0.001, **p < 0.01, *
p <0.05 n.s. p>0.05

3.8 Bruchpilot is required in PAM neurons for ARM

Intriguingly, brp knockdown in three PAM neurons innervating the horizontal lobe of
the MB displayed ARM effect i.e. MB315c driver with strong expression in y5 compartment
(Figurel8A) t test: t 1), t = 2.728, p<0.05, MB087¢ driver with strong expression in the 3’2a
compartment of the horizontal lobe (Figure 18B) i.e. ARM ¢ test: t(5), t=3.516, p<0.05 and
MB299B driver which possess a strong expression in the al compartment of MB (Aso et al.,
2014a; Yamagata et al., 2015) (Figure 18D) ARM: ¢ test: t(15), t = 2.041, p < 0.05. Interestingly,
MBO056B driver which specifically marks 3°2m and B’2p compartments of the MB displayed
normal ARM (Figure 18C) ¢ test: t(14), t=0.2756, p=0.3934. Thus, the PAM neurons play a part
in the US related plasticity in the brp-dependent ARM circuit.

Prior report revealed that MB-M3 neuron which forms part of the PAM cluster to be
essential for aversive labile-ASM (Aso et al., 2012). This shows that several subsets of the
PAM cluster neurons function at different vesicle releasing probabilities which may play a

fundamental role in dissociating various memory phases.
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Figure 18. Brp in PAM neurons for ARM.

(A) The sketch reveals the expression pattern of MB315¢ (PAM v5). ARM performance: ¢ test: ¢, t =2.728,
p<0.05. (B) This shows the innervation and expression pattern of MB087c (PAMf’2a).

(C) The PAM neuron innervates ’2m and B’2p (MBO056B) compartment of the horizontal lobe. ARM
performance: ¢ test: taq, t=0.2756, p=0.3934. (D) The PAM ol (MB299B) send input into the ol MB
compartment. ARM performance: ¢ fest: tus), t = 2.041, p < 0.05. Error bars indicate mean + SEM of 7-10
biological repetitions (i.e., N = 7-10). **Statistical differences; (p < 0.05), ns = Not significant.
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3.9 DANs-MBON:Ss interactions

During learning, dopamine is released to induce plasticity at the synapses between odor-
activated Kenyon cells and the mushroom body output neurons (MBONSs) (Owald et al., 2015;
Perisse et al., 2016; Cohn et al., 2015; Hige et al., 2015). However, the presynaptic terminals
of these dopaminergic neurons i.e. PAM and PPLI clusters encoding positive or negative
valence occupy further non-distinct overlapping partitions of the mushroom body neuropil
which are further matched by the dendrites of discrete mushroom body output neurons (Aso et
al., 2010; Burke et al., 2012; Claridge-Chang et al., 2009; Liu et al., 2012; Schroll et al., 2006;
Aso et al., 2014; Waddell et al., Yamagata et al., 2015).

Kenyon cell
Satiety ‘Flail ‘Stilr
Shock Shock Water Sugar

MBONs

\/

GABA ACh GABA G

Glu

c

Approach Avoidance

Sleep Wake

Current Biclogy

Figure 19. Illustration of DANs modulation of Kenyon cells synapses in MBON:Ss (y lobe). The y Kenyon cell
form en passant synapses with mushroom body output neurons (blue). The dopaminergic neurons send their
presynaptic terminals to various compartments of the MB lobes. The reinforcement stimuli provided by these
dopaminergic neurons include water, electric shock, sugar, flailing, satiety. These dopaminergic neurons also
inhibit other dopaminergic neurons (Not shown). In addition, the MBONS illustrated in blue color release various
neurotransmitters ranging from GABA, Acetylcholine (Ach) and glutamate (Glu). The activation of the individual
MBONSs enhance approach or avoidance and sleep or wake behaviors. The dopaminergic neurons depress or act
on various receptors and channels to skew the MBONs toward a certain behavior (Taken from Scott Waddell et
al., 2016)
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3.10 Glutamatergic MBON:Ss are part of Brp-dependent ARM circuit

To identify MBONSs involved in the brp-dependent ARM neural circuit, various Split-
GALA4 lines from the collection of MBONSs described in Aso et al. (2014) were selected. Here,
expressing Brp-RNAI in the glutamatergic MBONSs (Figure 19A, 19B, 19C and 19D) which
mark the horizontal lobe of the MB displayed ARM effect, whereas there was no ARM effect
in the cholinergic MBON s (Figure 19E, 19F and 19G) which mark the vertical lobe of the MB.
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Figure 20. Brp in glutamatergic MBONs Split-GAL4

(A) This shows the expression pattern of MBO11B Split-GAL4 i.e. B’2mp_bi, y5°2a (M6) and 3’ 2mp (M4).
ARM ttest: tag), t=2.113, p<0.05. (B) The MB002B Split-GAL4 included f’2mp (M4) and y58°2a (M6). ARM
t test: tug), t=3.475, p < 0.05. (C) Brp knockdown specifically in M6 neuron i.e. VT46095 ARM ¢ test: t9),
t=4.721 ***p < 0.0001. (D) Expressing brp in MB310c driver line marked a1 compartment. ARM ¢ test: .1,
1=3.392, p<0.05.(E) MB093c ARM ¢t test:tu7), t=0.09937, p=0.4610. (F) MB080c ARM: ¢ test:tu7,t=1.223,
p=0.1190. (G) MB542B driver ARM ¢ test: te1), t=0.1632, p= 0.06. Error bars indicate mean + SEM of 7-10
biological repetitions (i.e., N = 7-10). Statistical differences; (p < 0.05), ns = Not significant. Error bars indicate
mean = SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical difference; ns = Not significant.
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It should be noted that the plastic changes observed at the level of the glutamatergic MBONS’s
are in principle of brp presynaptic origin which possesses an impact on the postsynaptic

receptors.
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:

Table 2. MBON Split-GAL4 line expression patterns Each fly line (MBxxxB) targets expression to the
corresponding cells are indicated by grayscale rectangles. The shaded black portion corresponds to the strongest
expression whereas, the light grey corresponds to the weakest expression (Aso et al. 2014). The green and orange
margins correspond to glutamatergic MBONSs cholinergic MBONS respectively
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3.11 Crosstalk and Feedback in Dopamine Circuits

Brp knockdown in the Th-GAL4 (Figure 17-18) displayed PAM clusters to be recruited
for ARM, and a similar effect on ARM was observed in the corresponding MBONSs (Figure
19). Nevertheless, the MBONSs axons and the dendrites of the dopaminergic neurons (DAN5)
form substantial connectivity outside of the MB. Thus, this connectivity forms a feedback and
a degree of interconnectivity between these circuits (Aso et al., 2014). Several experiments
have shown numerous recurrent loop network existing in the Drosophila Olfactory learning
(Perisse et al., 2016; Ichinose et al., 201; Owald et al., 2015). The recurrent loop existed
between PAMal - a IMBONs and PAMYS5, PAM’2a — M6 MBON (y53°2a).

These microcircuits (Figure 20) provide stimulus re-evaluation functions. The stimulus
re-evaluation functions include integration of the MB output neurons and reinforcing stimulus
information. Some of the reinforcing stimulus-specific information include; the reliability of
the shock and the relative shock value (Perisse et al., 2013). The next questions were to
investigate ARM effect by using Mg?* block of the NMDARs (Mayer et al., 1984) of the
respective PAM neurons (Figure 20) and the knockdown of the respective NMDARS subunits
(dNR1 and dNR2) in the PAM neurons (Figure 20). Here, the focus was to observe if the
glutamatergic feedback of MBON a1 and MBON y5B°2a (M6 MBON) further augment the
US provided by the PAM neurons (Figure 21).

Figure 21. Brp-dependent Feedback Loop for ARM. A closed feedback loop involving the MBON from the
v5B’ 2a and a1 compartment, the a/p’ Kenyon cells and the DANSs innervating the al and y58°2a compartments.
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3.12 NMDA-dependent plasticity is required for ARM

A voltage-dependent Mg?" block of NMDARs allows them to function as Hebbian
coincidence detectors (Mayer et al., 1984; Nowak et al., 1984). Binding by glutamate alone is

insufficient for channel activation as Mg?* remains bound to a site in the channel pore,

effectively blocking ion transport. Eviction of this Mg2+ ion additionally requires membrane
depolarization. Thus, the coincidence of presynaptic glutamate release and strong depolarizing
potential in the postsynaptic neuron is required for the opening of NMDAR channels.
Miyashita et al. (2012) showed that Mg?" block mutations do not alter odor specificity of
learned associations. Here, they performed olfactory conditioning by pairing a single CS* odor

with electric shocks (US), and then tested the flies to the CS* odor as well as unrelated odors.

Henceforth, the avoidance of the CS* odor increases as compared to the nonconditioned

odors. Thus, show that odor-specificity during learning remains intact in Mg?* block mutations

(N631Q). Subsequent Ca’ influx through the open channel serves as a trigger for synaptic

plasticity. Miyashita and colleagues (2012) investigated the role of coincidence detection in

Drosophila specifically through the Mg2+ block mechanism of NMDAR for learning and

memory.

Expression of the Mg?* block in the NMDARs of the respective PAM neurons displayed
ARM effect (Figure 21, 22 and 23). Thus, Mg?" block mutations in the NMDARs of the PAM
neurons may cause further suppression of the NMDA-dependent signaling that exist in the

various recurrent loop (Figure 21).

3.13 Functional NMDA Receptors in PAM neurons are required for ARM

NMDA receptors in Drosophila consist of two subunits, i.e. dNRI and dNR2. These
NMDARs are expressed widely in the adult Drosophila brain (Xia et al., 2005). The main
objective was to observe whether glutamatergic input to the PAM neurons is required for ARM
by downregulating the expression of glutamate receptors in MB299B-GAL4, MB087¢c-GAL4
and MB315¢c-GALA4. Intriguingly, knockdown of either dNRI or dNR2 in the above PAM
neurons impaired ARM (Figure 21-23) i.e. dsSNR1/MB315c; ARM one-way ANOVA: Fg.15) =
3.695, p<0.05, dsNR2/MB315c; ARM one-way ANOVA, Fgoe = 3.388, p<0.05,
dsNR1/MB087c: ARM one-way ANOVA: Fg3, 29) = 3.839, p<0.05, dsSNR2/MB087c; ARM:
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one-way ANOVA: F3 23 = 0.9669, p<0.05 and dsNR2/MB299B ARM: one-way ANOVA: F
3,24y =12.53, p < 0.0001.
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Figure 22. Mg** and NMDA Receptors in MB315¢ (PAM y5) driver for ARM

(A and D) Expression of Mg?* block in MB315¢ driver (PAM 75) had a tremendous effect on ARM formation
and had no ASM effect. ARM; one-way ANOVA: F 37 = 10.35, p < 0.0001, n=40 and ASM: one — way
ANOVA: F 5,15 = 1.283 p = 0.314. (B and E) Knocking down NMDA functional receptor subunit (dsNR/) in
MB315c driver (PAM 75) affected ARM formation and hence no ASM effect. ARM: one-way ANOVA: F 3,15 =
3.695, p < 0.05. and for ASM: one-way ANOVA: F .16)=1.232 p = 0.3306, n = 20. (C and F) Knocking down
NMDA functional receptor subunit (dsNR2) in MB315¢ (PAM v5) displayed an impairment in ARM memory
formation with no apparent display of ASM effect. ARM: one — way ANOVA, F 26) = 3.388, p < 0.05, and for
ASM: F 321)=10.2905 p = 0.8317, n = 25. Error bars indicate mean + SEM of 7-10 biological repetitions (i.e., N
= 7-10). ** Statistical difference; p < 0.05, ns = Not significant.
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Figure 23. Mg** and NMDA Receptors in MB087¢ (PAM f°2a) driver for ARM. (A and D) Mg?" blocked in
MBO087c driver line which innervates the 3’2a compartment of the horizontal lobe proved to be required for ARM
formation and had no effect on ASM (Anesthesia sensitive memory) memory. ARM: one-way ANOVA, F 328) =
6.029, p < 0.05 n = 32. ASM: one-way ANOVA: F 322) = 0.2564, p = 0.8559. (B and E) Knocking down of
NMDA functional receptor subunit (dsNR1) in MB087c¢ driver (PAM [’2a) displayed ARM impairment and had
normal ASM. ARM: one-way ANOVA: F 328)= 6.029, p < 0.05 n = 32, and ASM: one-way ANOVA: F o4 =
2,091, p = 0.1281, n = 28. (C and F) Knocking down NMDA functional receptors subunit (dsNR2) in MB087c
driver (PAM [’2a) was essential for ARM memory formation and had no effect on ASM. ARM: one-way
ANOVA: F 3,23)=0.9669, p < 0.05. For ASM: one-way ANOVA: F , 15) = 0.2949 p=0.8286. Error bars indicate
mean + SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical difference; p < 0.05, ns = Not significant
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Figure 24. Mg?* and NMDA receptors in PAM a1 (MB299B) for ARM. (A and C) Mg?* blocked in MB299B
GALA4 driver displayed ARM memory effect with no effect on ASM memory. ARM: one-way ANOVA: F 30 =
4.85, p < 0.05, n = 33 and ASM: one — way ANOVA; F 322) = 0.393, p= 0.7593. (B and D) Knocking down
NMDA functional receptor subunit (dsNR2) in MB299B GAL 4 driver showed an effect on ARM memory
formation. The ASM memory which forms a component of 3 h MTM was normal, and one-way ANOVA: F 3,22
=0.4041 p = 0.7515. Error bars indicate mean + SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical
difference; p < 0.05, ns = Not significant.
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Chapter Four

4 Discussion

The MTM of the Drosophila aversive olfactory conditioning after a single training cycle
is functionally divided into labile ASM and consolidated ARM (Scheunemann et al., 2013;
Quinn and Dudai, 1976). Prior reports have shown the impact of presynaptic active zone
protein on these memory phases (Knapek et al., 2010). Brp which forms part of the cytomatrix
active zone (CAZ) was revealed to have an effect on ARM at the level of Mushroom body
Kenyon cells (Knapek et al., 2011). This project however, identified brp to be required in a

much broader neural circuit (Figure 14).

Firstly, the antennal lobe brp ratios were apparently noticed to be high in a separate
experiment (Fulterer et al., 2018). Thus, tuning their effective coupling distance, and then
supporting (Bohme et al. 2016) fast, phasic release probability at ORN > PN synapses. The
above phenomenon was present in the LN2 driver (Figure 15) when it’s chemical transmission
during the training phase was blocked with temperature sensitive dynamin gene. In addition to
this, the LN2 driver possess extensive arborizations within the glomeruli, and it may play a
part in filtering signals present in the antennal lobe (Bhandawat et al., 2007; Olsen and Wilson,
2008; Okada et al., 2009) using odor-elicited oscillations to determine neurons that would fire
or not. Moreover, brp effects on ARM was apparent in the mushroom body y and o/} neurons
(Figure 14D). Indeed, this outcome was in accordance with a separate report (Knapek et al.,

2011).

Secondly, brp knockdown in the Th-GAL4 had an impact on ARM (Figure 14). Here,
performing brp knockdown effect on ARM in the various clusters of the 7h-GAL4 proved ARM
effect in PAM neurons (Figure 18), whereas PPL1 neurons (Figure 17) showed no ARM effect.
Notably, MB-M3 neuron which form part of the PAM clusters had an effect on ASM when
blocked with temperature-sensitive dynamin gene shibire (Aso et al., 2010). Hence, the above
results show the involvement of PAM neurons in the US-related signal in the case of ARM.
The subsequent glutamatergic MBONS’s of the various PAM neurons also had ARM effect when
combined with brp (Figure 21). Lastly, Mg?" block and knockdown of Drosophila NMDA
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receptors in the PAM neurons displayed ARM effect, and this further identified the importance
of NMDA dependent signaling in the formation of ARM.

In a nutshell, brp effect on the Drosophila olfactory network circuit deduced a neural
network analysis and mechanism for ARM. Brp effect observed in this large neural confirms
that a close proximity of the Ca®* channels to synaptic vesicles and low-frequency dependent
release of vesicles are paramount in the formation of ARM. In addition, the proposed model

for ARM formation and retrieval is shown below.

4.1 ARM Neuronal Network Circuit Model

4.1.1 Odor specificity of the KCs and MBONSs

Odor stimulus during (CS*) an aversive Drosophila olfactory learning produces spike
in some subsets of KCs (Figure 25A). The spikes generated here are due to the endogenous
dopaminergic signal produced by the PAMyS. The endogenous dopaminergic input into the
KCs act through the D1 receptor which functions in augmenting the cAMP levels (Nutt et al.,
2015). Conversely, the response to the non-reinforced odor (CS) is represented by different
subsets of KCs, and may act through D2-like receptors which functions in abating the cAMP
levels (Doya et al., 2008; Nakano et al., 2010) to maintain a constant homeostasis. Bouzaiane

and colleagues (2015) showed that the o/ KC-V2a output neurons (Cholinergic MBONS)
response to odor stimulus in a binary manner. Here, training decreased flies respond to cs’

odorant as compared to CS™. This V2o output neuron was shown in a separate study to be

required for the retrieval of LTM (Sejourne et al., 2011; Aso et al., 2014b).

Conversely, the glutamatergic M6 neurons showed a prolonged response to CS+, and was
required for the retrieval of ARM (Bouzaiane et al., 2015). Thus, explained why various
distinct memories are not visible in the same KCs and MBONs (Figure 18) (KC-MBON).
Notably, much is not known for this spatiotemporal difference, and the possibility of
antagonistic effect within the same or different synapses may play a role in this phenomenon.
Henceforth the homeostatic balance between D1-like receptors and D2-like receptors at various

KC-MBON synapses may a pivotal role (Figure 25B).
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4.1.2 Postsynaptic coincident activity of glutamatergic MBON:Ss activity gate
US

The aversive reinforcements in the form of electric shocks are provided by MB-MP1
(PPL1-ylpedc) which innervates the heel and peduncle, and MV1 (PPL1-y2a’1) (figure 25)
neuron which innervates the y2 compartment (Aso et al., 2014; Owald et al., 2015). It is
however apparent that, simultaneous presentation of odor and electric shock would lead to the
depression of KC and MBONSs synapses, and hence this would render depression of the
GABAergic MOBON (MVP2) response to CS™ (Hige et al., 2015; Aso et al., 2014). The
GABAergic MBON (MVP2) are feedforward inhibitory interneurons (Figure 25A). Thus, their
depression would further lead to the potentiation of the PAM neurons through concurrent

activation of the glutamatergic MBONS response to the CS* (Bouzaiane et al., 2015).

Importantly, the activation of the NMDA receptors of the PAM neurons require
concurrent delivery of glutamate and depolarization in order to allow the entry of calcium
(Ca*") (Murphy and Glanzman, 1997; Bao et al., 1998). This phenomenon is dependent on the
enhanced activity in the glutamatergic MBONSs to CS* and depolarization by the PAM neuron
(Figure 25A). Ueno et al. (2017) proposed the postsynaptic glutamatergic activity in gating the
presynaptic dopaminergic neurons plasticity. Indeed, it is apparent to assume that gating of the
dopaminergic US signal provides the local activity of DA signal in the recurrent network circuit

(Figure 22, 23-24).

The recurrent loop activity generated from the termini of the MBON y2a’1 and the
glutamatergic MBON (M6) together with the dendrites of the PAM y5 form a gating
mechanism that drives the presynaptic activity of the Kenyon cells and the glutamatergic
MBONSs (M6) in creating a readout for ARM memory (Figure 25A). A similar connection is
apparent between the PAM a1l and MBON a1 (Figure 21).

4.1.3 Dopaminergic neuron receptors homeostasis is crucial for ARM

Dopaminergic neuron receptors are G-protein coupled receptors. D1 receptors augment
the cAMP activity by activating type 1 Adenylyl cyclase (ACls), whereas D2 receptors inhibit
type 1 adenylyl cyclase (ACls) by halting the production of cAMP which further activates
PKA (Neve et al., 2004; Bonci and Hopf, 2005). The recurrent activity that existed between
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the KC-DANs-MBON synapses are kept in the state of homeostasis by the equilibration of the
D1 and D2 receptor. D2R inhibits neural circuits activity in order to maintain a state of
equilibration (Figure 25B). The knockdown of D2R in the Drosophila olfactory network was
shown to have an effect on consolidated ARM (Scholz-Kornehl et al.,2016). Here, the
knockdown of D2R in the a/f and y Kenyon cells of the mushroom body lobes had an effect
on ARM. Thus, further show the necessity of having equilibration between the D1 and D2
receptors between the KC-MBONSs.

Moreover, it is possible that the disturbance of the homeostasis between the D1 and D2
receptors would have an impact on ARM in the KC-MBONSs synapses (Figure 25C). This may
be attributed to the hyperexcitability of the KC-MBONSs synapses due to the elevation of cAMP
signal which then instigate the release of subsequent signaling molecules. This would occur

when there is no inhibition from D2R.
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Figure 25. Schematic representation of ARM neural network circuit. (A) Aversive reinforcement is provided
by the MP1 and MV1 neuron. The pairing of the odor and the electric shock render the Kenyon cells and the
MVP2 sypnases to be depressed. The depression of these synapses further removes the inhibition of the
glutamatergic MBON (M6). This then enhances the response of the glutamatergic MBON to the CS+. The
enhanced activity in this MBON is enabled by the concurrent activity within the PAM neuron through the D1
receptor. Thus, creates specificity within the M6 neuron. However, in the non-reinforced odors i.e. CS- are
represented by different set of KCs and may react through separate dopaminergic receptor i.e. D2R. D2R abates
the cAMP activity in order to establish homeostatis. The US signal provided in this recurrent loop depends on the
concurrent activity of glutamatergic MBONSs that stimulate glutamate coupled with depolarization of the the PAM
neurons. (B) D2R inhibits neuronal excitability in the normal state. Henceforth the neural circuits that associate
CS+ with US maintain a normal excitability. (C) Here, knockdown of D2R in KC-MBONSs synapses further
release this inhibition of the D1 receptor activity and further augments cAMP signaling activity that further
activates subsequent signaling cascades. This was evident for ARM (Scholz-Kornehl et al., 2016), and may play
role in this ARM neural circuit.
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Chapter Five

5 Summary and Outlook

Brp which forms part of the CAZ functions in the release of neurotransmitters by
establishing a close proximity of Ca®* ion channels with synaptic vesicles and formation of T
bars. Reducing Brp levels specifically in KCs via genetically targeted RNA-interference
[RNAi; (Wagh et al., 2006) impairs the formation of aversive ARM (Knapek et al., 2011).
Furthermore, Histone Deacetylase 6, which influences transmitter release from neuromuscular
AZs by shaping the spatial arrangement of Brp also participates in ARM (Perry et al., 2017).
This thesis however, performed circuit analysis of brp effect on ARM. Brp effect on Drosophila
olfactory aversive ARM learning showed a broader effect than reported earlier on in a separate
study (Knapek et al., 2011). Brp effect on the KC-DANs-MBONSs synapses showed a recurrent
loop activity that existed in the circuits. The recurrent activity in the loop required a concurrent
activation of the glutamatergic MBONs and depolarization of the dopaminergic neuron in order

to gate the activity of the presynaptic plasticity.

Lastly, the presynaptic activity may involve two dopaminergic receptors i.e. D1 and D2.
Equilibration between DI1R and D2R are very pivotal in formation of ARM. The thesis laid
down the foundation of possible mechanism of ARM. Henceforth, thorough research on the
specificity of the Kenyon cells and MBONSs synapses coupled with cross-talk between DANs-

MBONSs connections need to be addressed in relation to their memory valence.
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6 Zusammenfassung

Brp, ein Teil der CAZ-Funktion, ist mitverantwortlich fiir die Freisetzung von
Neurotransmittern, indem es eine enge Verbindung mit den Ca?* Ionenkanilen herstellt und
zusammen mit synaptischen Vesikeln T-Stdbe erzeugt. Die Reduzierung des Brp-Levels,
insbesondere durch genetisch gezielte RNA-Uberlagerungen [RNAi; (Wagh et al., 2006),
beeintrachtigt die Bildung von aversivem ARM (Knapek et al., 2011). Dariiber hinaus beteiligt
sich auch Histone Deacetylase 6 am ARM Prozess. Histone Deacetylase 6 verursacht die
Freisetzung der Transmitter vom neuromuskulidren AZs, indem es die raumliche Anordnung

anpasst (Perry et al., 2017).

Im Gegensatz dazu konzentriert sich diese wissenschaftliche Arbeit auf die
Schaltkreisanalyse des Brp-Effekt auf das ARM. Der Brp-Effekt auf das olfaktorische aversive
ARM-Lernen von Drosophila zeigte eine weitaus groflere Wirkung als es zuvor in anderen
Studien berichtet wurde (Knapek et al., 2011). Tatsdchlich demonstrierte der Brp-Effekt auf
die KC-DANs-MBONSs eine wiederkehrende Schleifenaktivitidt innerhalb des Schaltkreises.
Dieser wiederkehrende Prozess innerhalb der Schleife erfordert eine gleichzeitige Aktivierung
der glutamatergen MBONSs und Depolarisation des dopaminergen Neurons, um die Tatigkeiten

der prasynaptischen Plastizitit zu steuern.

Insgesamt kann die prasynaptische Aktivitit zwei dopaminerge Rezeptoren umfassen:
D1 und D2. Das Gleichgewicht zwischen D1R und D2R sind entscheidend fiir die Bildung von
ARM. Diese Doktorarbeit legt den Grundstein fiir einen moglichen Mechanismus des ARM.
Zukiinftig sollte eine griindlichere Untersuchung der Kenyon-Zellen und MBONSs-Synapsen
genauso wie den Wechselwirkungen zwischen den DANs und MBONs-Verbindungen im

Hinblick auf ihre Gedédchtnisvalenz vorgenommen werden.
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8.1 Supplementary Data
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Supplementary figure 1. Brp knockdown effects on MTM. The figure above shows the effect on the brp
knockdown on MTM after aversive olfactory memory as explained in the material and methods section. (A) brp
knockdown in ORNs (or83b%Al4) LN1s (GH298%AM and NP12276AM), MTM for or83b%AM: fest, t), t =0.4143
p = 0.3442. MTM for GH2985: ¢11),t =0.01104 p = 0.9914. MTM for NP12275A%: ¢ 1), t=1.064 p = 0.3082.
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The results here display that these neural circuits in the Drosophila olfactory circuit pose no effect on aversive 3
h MTM. (B) The driver lines used here were NP225%A* (PNs), and NP24269A4 (LN2) and AL 16AM(LN2).
NP225CAM MTM: 1112, t = 4.998 p<0.05. NP2426A4 (LN2) MTM: t12), ¢t = 2.415 p<0.05. AL 192M(LN2): t113), t
= 2.928 p<0.05, brp knockdown in LN2s and PNs proved pivotal in the formation of MTM. (C) brp knockdown
in the mushroom body Kenyon cells proved to be important in the formation of ARM memory in a previous
experiment (Knapek et al. 2011). However, in the case of MTM, (a/B) 17dAM: test: tw),t = 4.213 p<0.05. Also,
in the case of NP11316AX MTM: fest: tuo), t = 3.326 p<0.05 , and in the scenario of mb247%AM: fest: tay), t =
2.719 p<0.05. This reaffirms the effect that was seen in the Knapek et al. (2011) publication. (D) Conversely, a
different outcome was observed in APL, DPM. There was no effect on Middle term memory in these driver lines
for APL (NP26316AM MTM: t13),¢t = 0.8274 p = 0.4229; VT6424652 MTM: test: tant = 1.069 p =0.3081 and
in the case of Th-GAL4, MTM effect was observed. This then signifies the involvement of the US pathway; MTM
test: tas),t = 3.767 p <0.05. Error bars indicate mean + SEM of 7-10 biological repetitions (i.e., N = 7-10).
**Statistical differences; (p < 0.05), ns = Not significant.
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Supplementary figure 2. brp effect on ASM memory formation. Anesthesia-sensitive memory (ASM) forms
part of the Middle-term memory as shown in the methods section. It’s deduced by subtracting the performance
index of ARM from MTM i.e. PIM™ _ PIARM ;5 impairment revealed no apparent effect on ASM. Thus, shows
a specific effect only on Anesthesia-resistant memory (ARM). (A) ASM effect had no effect on ORNs (Or83b),
NP1227 (LN1) and GH298 (LN1). i.e. Or83b, ASM: 9= 0.33 p = 0.74. ASM for NP1227: test: t 12, t = 1.02 p
= (.33. In addition to this, GH298%AY ASM: test: t (11, t = 1.02 p = 0.33. (B) The ASM for LN2s and PNs were
normal apparently. ASM for NP24265AM: fest, o)t = 0.50, p = 0.62 and for AL19AM, ASM: test, tu3) t = 0.60,
p = 0.56. Also, ASM for NP2255A: test, ta2)t = 0.57, p = 0.29.(C) ASM for 17d (o/B) and NP1131(y) displayed

no effect. ASM for 17d (o/P): test, 1ot = 0.83, p = 0.43 and in the case of NP1131(y): test, t12t = 0.3,
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p =0.72. ASM for mb247°*™ (y + o/B) proved to be normal memory: test, t;3) t = 0.39, p = 0.70.(D)
For VT6424654 ASM(DPM): test, tu t = 0.12, p = 0.884, and for NP2631°***, ASM (APL): fest,
tay t=0.87, p = 0.398. Hence, ASM formation in APL, DPM and Th-GAL4 proved normal.In the case

of Th-GAL4; ASM: test, tay t = 0.19, p = 0.85.Error bars indicate mean £ SEM of 7-10 biological
repetitions (i.e., N = 7-10). **Statistical differences; (p < 0.05), ns = Not significant.
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Supplementary Figure S3. Brp effect on MBON Split-GAL4 MTM. The figure showed here display the
schematic representations of various MBONs in the lobes and the corresponding performance indices. (A)
MBO011B Split-GAL4 driver line is composed of three expression patterns and they are; MB-M4, MB-M6 and
B’2mp_bilateral. The MTM performance index of MBO11B: ¢ test, ¢ (15),t = 2.1 p < 0.05.(B) MB002B Split-GAL4
driver line included both M4 MBON and M6 MBON. MTM for the performance index: ¢ fest, t 16, t = 3.28 p <
0.05.(C) In the case of VT46095 driver line which was specifically for M6 MBON driver line, MTM for the
performance index included: ¢ test, ¢ (12, t = 3.032 p < 0.05.(D) In the case of MBON al i.e. MB310c, MTM of
the performance index was; ¢ test, ¢ (17t = 2.054 p < 0.05. Error bars indicate mean + SEM of 7-10 biological
repetitions (i.e., N = 7-10). **Statistical differences; (p < 0.05), ns = Not significant.
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Supplementary Figure S4: brp effect on ASM formation in MBONSs Split-GAL4 drivers. The above figure
shows a schematic representation of various MBONSs and their performance indices. (A) MB011B Split-GAL4
driver lines are made up of M4, M6 and ’2mp bilateral. ASM formation was normal during the aversive olfactory
conditioning i.e. MBO11BCAM: ASM ¢ test: ts),t = 0.718, p = 0.25.(B) ASM Formation in MB002B Split-GAL4
driver line was apparently not affected. ASM for MB002B: ¢ test: ¢ (11),t = 0.2569, p = 0.8020.(C) The same ASM
scenario observed in A and B was also seen in C.Hence, the VT46095 driver line which specifically marks the
M6 MBON had a normal ASM.VT46095 ASM: ¢ test: t (11),t = 1.596, p = 0.1389.(D) ASM formation in the case
of MBON a1 was also normal. MB310c, ASM: ¢ test: ¢ (14,t = 0.1696, p = 0.4339.
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Supplementary Figure S5. PAM cluster DANSs are required for the formation of MTM.

Above figures show the insertion pattern of PAM y5 (MB315c¢), PAM B’2m, PAM B’2p (MB056B) and PAM
a1(MB299B).(A) This reveals the schematic insertion and performance index of PAM y5. brp knockdown in the
PAM 75 proved to be essential for 3 h MTM formation. MTM: ¢ test: tar), t = 2.195 p < 0.05.(B) In the case of
MBO056B, MTM: ¢ test: tui), t = 0.03659 p=0.4857. The MTM performance in the MB056B which marks the
’2m, PAM B’2p of the horizontal lobe was normal. (C) The MB299B driver line marks the a1 component of the
mushroom body (MB).brp knockdown in this line proved essential for the formation of MTM. Error bars indicate
mean = SEM of 7-10 biological repetitions (i.e., N=7-10). Statistical differences; (p < 0.05), ns=Not significant.
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Supplementary Figure S6. Brp knockdown effect on PAM DANs ASM formation. brp knockdown had no
effect on aversive ASM formation in PAM DANSs cluster.(A) As shown in Figure S5, PAM y5 had a tremendous
effect on both ARM and MTM formation without influencing ASM component. ASM for MB315c: ¢ test; t 1), ¢
=0.0519, p = 0.4798.(B) brp effect on ASM of the MB056B was normal. ASM: ¢ test; t 1), t = 0.1685, p =
0.4346. Error bars indicate mean + SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical differences;
(p < 0.05), ns = Not significant.
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Supplementary Figure S7. Mg?* and NMDA Receptors in MB315¢ driver (PAM ¥5 ) are required for
MTM. (A) Mg** blocked in PAM v5 (MB315c¢) (N631Q) was essential for the formation of MTM.

MTM of MB315¢c (PAM v5): one-way ANOVA, Fss3s) = 5.203, p < 0.05. (B) Knocking down the functional
NMDA receptor (dsNR1) in PAM y5 (MB315c) was also essential in the formation of MTM. MTM: one-way
ANOVA, Fi26) = 4.334, p < 0.05.(C) Knocking down the functional NMDA receptor (dsNR2) in PAM vy5 was
also essential for the formation of MTM. MTM: one-way ANOVA, F,25 = 5.67, p < 0.05. Error bars indicate
mean = SEM of 7-10 biological repetitions (i.e., N=7-10). Statistical differences; (p < 0.05), ns= Not significant.
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Supplementary figure S8. Mg?>* and NMDA Receptors in PAM f°2m and 2p (MB087c¢) are required for
MTM. (A) Mg** blocked in MB087c¢ also proved to be needed for MTM formation. MTM: one-way ANOVA,
MTM: one-way ANOVA: F (39 = 7.856, p < "70.001. (B) Knocking down the functional NMDA receptor
(dsNR1) in MB087c displayed impairment of MTM formation. MTM: one-way ANOVA: F 325)=8.031 p < 0.05.
(C) knocking down the functional NMDA receptor in MB087c¢ displayed impairment of MTM formation. MTM:
one-way ANOVA: F 3,29)=6.721 p < 0.05.Error bars indicate mean + SEM of 7-10 biological repetitions (i.e., N
= 7-10). Statistical differences; (p < 0.05), ns = Not significant.
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Supplementary figure S9. Mg?" and knockdown of NMDA Receptors in MB299B driver (PAM al).

(A) Mg*" block in PAM al (MB299B) affected MTM formation. MTM: one-way ANOVA: F 331 = 4.703; p <
0.05(B) functional knockdown of dsNR2 in PAM al affected MTM formation. MTM: one-way ANOVA, F ¢, 27)
= 5.227; p < 0.05. Error bars indicate mean £ SEM of 7-10 biological repetitions (i.e., N = 7-10). Statistical

differences; (p < 0.05), ns = Not significant.
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